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Introduction

Global electricity demand is growing at an unprecedented rate following the post-COVID
recovery, with an annual increase of approximately 4% [1]. A significant portion of this
growth can be attributed to the rising energy consumption of artificial intelligence data
centers and increasingly frequent heat waves across the globe. In 2024, renewable energy
accounted for less than 34% of the global electricity supply, with the majority of electrical
power still delivered by nonrenewable sources such as coal, gas, nuclear, and oil [2].
Utilizing sustainable and renewable energy sources is essential for mitigating the impacts
of the global climate crisis.

Solar energy is considered one of the most promising renewable energy sources due to
its vast and virtually inexhaustible reserves. Solar energy can be converted into electricity
through solar panels, which offer several advantages, including the absence of moving
parts and minimal maintenance requirements [3]. The global installed capacity of solar
energy grew by 520 GW in 2024, and is expected to make up 80% of the total global
renewable electricity capacity increase in the coming years [3,4]. The total global capacity
of solar energy production has now reached over 2.2 TW [5], which makes up about 26.7%
of the total share of renewable electricity produced in 2024 [3].

97% of the solar energy technologies are based on crystalline silicon, which is a widely
researched material with solar cell efficiencies nearing the theoretical efficiency maximum
of 31% [6]. The increase in solar energy capacity is set to double over the next five years,
increasing the need for Si materials [3]. Silicon is also a key material in the electronics
industry and in solar panels that are used in space applications. Growing demand has
led to higher raw material costs of Si [7]. As a result, there has been significant research
focused on discovering cost-effective alternatives for use in solar cells. Suitable alternative
solar energy materials must be available in abundance, be non-toxic for the environment,
and deliver similar power conversion efficiencies in devices.

Pyrite FeS, has emerged as a promising candidate for low-cost and environmentally
sustainable solar cells. The widespread availability of iron and sulfur, coupled with
the ability to process FeS, at significantly lower temperatures than silicon, offers the
potential for the most cost-effective electricity production among all known solar cell
materials [8]. FeS, is a semiconductor with a simple cubic crystal lattice, a suitable
band gap of around 0.95 eV, and an exceptionally high light absorption coefficient in
the visible range - o > 10° cm™ for hv > 1.3 eV, enabling to absorb more than 90% of
sunlight in a 100 nm thick pyrite layer [9, 10]. These characteristics make pyrite solar
cells theoretically capable of achieving efficiencies as high as 25%. Due to its promising
efficiency and low cost, FeS, has been considered for extraterrestrial applications, with
ongoing research focused on developing solar cell technologies for future lunar habitats.
As part of NASA and the European Space Agency’s Artemis missions, research efforts are
being focused on establishing a sustainable human presence on the Moon while using
as many locally available materials as possible — a process known as in-situ resource
utilization (ISRU) [11]. A key challenge in this endeavor is the development of reliable
energy systems to support lunar infrastructure. Given that solar energy is the most
accessible and abundant power source on the Moon, this study, in collaboration with the
European Space Agency, explores the potential of pyrite-based solar cells as a sustainable
energy solution for lunar applications.

Despite intermittent research efforts over several decades, the efficiency of pyrite
solar cells has not exceeded 3% [10, 12]. The efficiency deficit has been attributed
to the low open circuit voltage (Voc) of the pyrite devices and the so-called surface
inversion phenomenon. The surface of pyrite has been demonstrated to exhibit lattice



contortions with broken sulfur bonds, causing the iron ion in the pyrite lattice to change its
coordination from the Fe 3d state and split into four energy levels, including levels inside
the band gap [10, 13]. This, together with the pinning of the Fermi level, creates a leaky
internal barrier within the pyrite crystal, with the surface exhibiting p-type conductivity
and the bulk n-type conductivity.

Sulfur vacancies have been identified as another important variable in producing
high-quality pyrite absorber material. Pyrite's n-type bulk is unintentionally doped by
these vacancies, which act as deep donors [14, 15]. The concentration of S vacancies
and thus the electronic transport properties of pyrite can be adjusted during crystal
growth by varying the sulfur vapor pressure, with higher sulfur pressures leading to fewer
vacancies. However, a discrepancy remains between theory and experiment. Individual
sulfur vacancies have high calculated formation energies, yet experiments show they
are abundant [16]. Density functional theory suggests that vacancy clusters have lower
formation enthalpies, and a tetra-vacancy complex with high binding energy has been
proposed. Such clusters may therefore explain the observed n-type doping in pyrite.

The majority of previous research in pyrite devices concerns thin film applications
where the properties of the pyrite surface are more prevalent compared to the bulk.
Doping pyrite with halogens, which behave as donors, has been attempted to control
its electrical properties better [17]. Doping and alloying with transition metals has been
demonstrated to tune the band gap of pyrite [18, 19] while As-, Se-, and Te-substituted
pyrites have been shown to exhibit p-type conductivity [20]. Voigt et al. [21] were the first
who demonstrated p-type doping of pyrite crystals with phosphorus in 2023. However, a
significant research gap remains in understanding the effect and control of impurities and
the behavior of the inverse surface layer in pyrite.

The novelty of this study is in the synthesis-growth of individual pyrite microcrystals
to further utilize the crystals as the absorber of a monograin layer solar cell. Synthesis
conditions to obtain FeS, microcrystals with suitable morphology are identified. Different
molten fluxes, such as sulfur, K, Lil, Csl, and Na,Sy, and different synthesis temperatures
are compared. The effect of alkali metal impurities in pyrite is addressed as a research
gap in the doping studies of pyrite. It is found that impurities in the bulk of the material
have a strong effect on the recombination mechanisms of the charge carriers in pyrite,
as well as on the height of the valence band maximum and the position of the Fermi
level. Lastly, phosphorus-doping is addressed as one of the most promising strategies
to obtain thoroughly p-type pyrite crystals with uniform properties. A unique approach
to phosphorus doping is developed that allows the treatment of thousands of crystals
simultaneously.

This thesis comprises three chapters and is based on four publications. The first
chapter gives a literature overview of the existing photovoltaic technologies and the
monograin layer solar cell technology that is central to this study. State-of-the-art research
on FeS, solar cells is outlined, with research gaps identified. The experimental procedure
and characterization methods are described in the second chapter. The third chapter
presents the results and discussion of the experimental work, including the findings of
the four research papers this thesis is based on. The last section of the chapter concludes
this thesis.
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Abbreviations, terms and symbols

« Light absorption coefficient

CIGS Cu(In, Ga)Se,

c-v Capacitance-voltage

DSSC Dye-sensitized solar cells

Ecgm Energy of the conduction band minimum

Ecutoff Secondary electron cutoff energy

EDX Energy dispersive X-ray spectroscopy

Er Energy of the Fermi level

E; Activation energy of donors

ESA European Space Agency

Evem Energy of the valence band maximum

HR-SEM High-resolution scanning electron microscopy
hv Energy of a photon

ICPMS Inductively coupled plasma mass spectrometry
ISRU in-situ resource utilization

-V Current-voltage

Jsc Short-circuit current density

MEH-PPV Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-vinylene]
MGL Monograin layer

NASA National Aeronautics and Space Administration
Np Bulk donor concentration

0sC Organic solar cells

P3HT Poly(3-hexylthiophene)

PCBM [6,6]-phenyl-C61-butyric acid methyl ester

PCE Power conversion efficiency

PEC Photoelectrochemical

PEDOT:PSS Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PL Photoluminescence

ppm Parts per million

PV Photovoltaics

RT Room temperature

TCO Transparent conductive oxide

ToF-SIMS Time-of-flight secondary ion mass spectrometry
UPS Ultraviolet photoelectron spectroscopy

uv Ultraviolet

Voc Open-circuit voltage

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

10} Work function

P Band bending, calculated from the wave function
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1 Literature Review

1.1 Photovoltaic technologies and absorber materials

Over the past 70 years, photovoltaic (PV) or solar energy technologies have made
significant advancements, with several technologies now approaching their theoretical
efficiency limits. The maximum efficiency of a solar cell, known as the Shockley-Queisser
limit, is determined by the band gap of the absorber material. Silicon, which currently
dominates approximately 97% of the solar energy market, benefits from a nearly ideal
band gap of 1.1 eV and has achieved a record efficiency of 27.8% [22]. With global PV
capacity reaching 2.2 TW in 2024 [5] and silicon’s established role in the electronics
industry, demand for silicon-based technologies continues to grow.

Other PV technologies offer complementary advantages and expand the range
of usable materials and device architectures for a variety of applications. Thin-film
Cu(In, Ga)Se, (CIGS) solar cells, while representing a smaller share of the market, have
achieved a competitive efficiency of 23.6% [23] and demonstrate strong performance in
diverse practical applications [24]. CdTe solar cells, with a record efficiency of 23.1% [23],
continue to develop as an important thin-film technology, particularly as research
progresses toward scalable manufacturing approaches [25]. Perovskite solar cells, which
have reached efficiencies of 27%, have attracted considerable attention for their tunable
optoelectronic properties and compatibility with various device architectures [26].
Ongoing research aims at further improving their operational stability and fabrication
reproducibility. GaAs solar cells, with a record efficiency of 29.1%, remain highly valued
in the space industry due to their excellent radiation tolerance [27], and advancements in
epitaxial growth methods continue to support progress in this area. Figure 1, showing the
best research-cell efficiencies from the National Renewable Energy Laboratory, highlights
the collective progress of these diverse PV technologies.
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Figure 1: Best Research-Cell Efficiencies chart by the National Renewable Energy Laboratory

showcases the progress that has been made in efficiencies of main photovoltaic device technologies
throughout the years [23]. The chart is from January 2025, and some values have already increased.

As many leading PV technologies approach their single-junction efficiency limits,
future developments are increasingly focused on expanding material choices,
reducing environmental impact, and improving manufacturing accessibility. In this
context, exploring non-toxic, abundantly available, and easily processed materials can
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complement existing silicon-based technologies and contribute to a more diversified and
resilient PV landscape. Rather than replacing established technologies, these emerging
thin-film materials offer opportunities to address specific application needs and broaden
the overall portfolio of sustainable solar energy solutions.

1.2 Low-cost and Earth-abundant solar cell materials

Several alternative solar energy materials have been proposed to complement silicon
and broaden the range of technologies available for sustainable photovoltaics. A clear
example of sustainable and low-cost photovoltaics includes kesterites with a variable
chemical formula of Cu,ZnSn(S, Se)s. Kesterites are a promising group of materials due
to their composition of Earth-abundant elements copper, zinc, tin, and sulfur and/or
selenium. The theoretical maximum efficiency of kesterite solar cells is 30% with record
cells reaching 16.5% [28] in 2025. Kesterites are primarily used in thin film solar cells,
which is advantageous as it reduces material usage.

Emerging inorganic chalcogenide materials have attracted considerable interest for
photovoltaics due to their excellent chemical stability, tunable band gap, and high light
absorption coefficient [29]. Among them, Sb-based chalcogenides such as Sb,S3, Sb,Ses,
and their solid solutions show particular promise, as they can be deposited by a wide
variety of different techniques with efficiencies reaching 10.7% [30].

Organic solar cells (OSCs) have gained considerable interest in recent years because of
their tunable absorption spectra, adjustable energy levels, lightweight nature, flexibility,
and semi-transparency [31]. The efficiency of OSCs has progressed rapidly, now exceeding
20%. However, the high efficiency achieved in current OSCs relies on the use of highly
toxic solvents such as chloroform or chlorobenzene.

Dye-sensitized solar cells (DSSCs) have emerged as promising solar energy technology
due to their straightforward design, scalability, cost-effectiveness, and efficiency currently
at 13% [32]. Compared to silicon solar cells, DSSCs offer several advantages, including
lower costs, minimal environmental impact, and ease of manufacturing, but the use of
platinum remains the primary counter-electrode catalyst in DSSCs.

Pyrite FeS, has been proposed as a potential PV material, as it may offer pathways
toward low-cost energy production. In a comparative analysis [8], 23 candidate materials,
including silicon, were assessed based on their annual electricity production potential and
production cost (¢ per W). FeS, outperformed all other materials, revealing that a 4%
efficient FeS, solar cell could deliver power at a cost comparable to that of a 19% efficient
silicon-based solar cell. Despite very promising material properties, pyrite absorbers have
not been very successful in practical devices with a power conversion efficiency below 3%
and open circuit voltage <0.3 V [10, 12, 13]. Several theories have been proposed by the
research community as the possible reason for the poor performance.

1.3 Chemical and physical properties of pyrite FeS,

Also known as "fool’s gold" because of its gold-like appearance, pyrite rose to materials
researchers’ attention in the 1970s, with focus increasing in the 1980s following the global
oil crisis [13]. Pyrite has a band gap of 0.95 eV and demonstrates a high absorption
coefficient (o > 10° cm™ for hv > 1.3 eV) [9, 10, 33] which suggests that only a 100 nm
thin pyrite absorber layer could absorb up to 90% of sunlight. Pyrite exhibits a minority
carrier diffusion length of 100-1000 nm, a high electron mobility up to 360 cm?V's™ and
hole mobility around 11 cm?V-'s™ at room temperature [34]. These characteristics bring
pyrite solar cells’ theoretical efficiency up to 25% [35].
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Pyrite belongs to the group of transition metal sulfides, which also entails iron sulfide
forms like pyrrhotite, mackinawite, and troilite. Iron disulfide specifically occurs in two
polymorphs: pyrite and marcasite [13, 36]. Due to the multitude of possible Fe-S phases
with different chemistries, it is of utmost importance to follow the correct regions of
the Fe-S system phase diagram [37], shown in Figure 2, to benefit from the suitable
semiconductor properties of the pyrite phase. The pyrite phase exists in the temperature
region between 445-617 °C in a stoichiometric ratio of 66.6 atomic% (at%) S and 33.3 at%
Fe. Pyrrhotite, which is a non-stoichiometric variant of FeS, starts to form above 617 °C.
Marcasite phase begins to dominate below 445 °C.
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Figure 2: Phase diagram of the iron-sulfur system [37]. Greek symbols correspond to the different
space groups. aFeSz (marcasite) belongs to the space group of Pnnm and has an orthorhombic
structure. BFeSy (pyrite) belongs to the Pa3 space group and has a cubic structure.

Pyrite adopts a simple cubic structure similar to that of sodium chloride (NaCl),
where iron atoms take the place of sodium and sulfur dimers replace chloride. In this
arrangement, four iron atoms and eight sulfur atoms make up the unit cell, resulting
in a 1:2 atomic ratio, with the chemical formula FeS,. The unit cell contains four FeS,
formula units. Pyrite’s crystal structure is classified within the space group Pa3 and its
lattice parameter measures 5.415 A under standard conditions [38]. In the cubic structure,
low-spin iron atoms at the corners and face centers are coordinated with six sulfur atoms,
forming an octahedral coordination. Meanwhile, disulfide groups (522‘ ) are positioned at
the center of the unit cell, where sulfur atoms are bonded to three iron atoms and one
sulfur atom, forming a fourfold coordination.

The Fe-S and S-S bond lengths are 0.23 nm and 0.21 nm, respectively, while the Fe-Fe
distance is 0.382 nm along the (110) face. The bond angles between Fe-S-Fe, S-S-Fe, and
S-Fe-S are 115.5°, 94.34°, and between 85.66° and 94.34°, respectively [36]. The crystal
structure of pyrite FeS, is depicted in Figure 3.

1.4 Electrical transport properties and surface inversion layer

Undoped pyrite is known to exhibit electronic transport behavior that is strongly
influenced by intrinsic lattice defects, particularly iron and sulfur vacancies. Among
these, sulfur (S) vacancies are typically the most abundant and act as donor defects,
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Figure 3: FeSy pyrite structure. Pyrite belongs to the Pa3 space group, Fe ion (faded in orange) is
bonded to six equivalent S ions (yellow) to form corner-sharing octahedra [39].

causing the natural n-type conductivity observed in bulk FeS,. Electronic transport studies
have confirmed [14, 40] that sulfur vacancies can reach concentrations on the order
of 10%° cm™, forming deep donor levels within the band gap. The ionization of the
deep donor states produces a nonuniform charge distribution and an unusually narrow
surface space-charge region. This narrow region restricts the achievable barrier height in
pyrite and has been linked to the low photovoltage and limited photovoltaic performance
reported for pyrite-based solar cells. Furthermore, the high density of deep donor
states is believed to inhibit minority-carrier diffusion within the nonconstant space-charge
region [40].

In contrast, pyrite also contains surface acceptor states that largely govern the
interfacial charge equilibration in single-crystal FeS, [14, 41]. These acceptor states are
associated with iron vacancies, which act as hole generators. Such defects typically
originate during the synthesis or growth of pyrite materials. Ultimately, and because of
these very characteristic defects, pyrite has been shown to behave as an n-type material
in the bulk but as a p-type material at its surface, leading to significant inversion [13, 14,
41-43]. This phenomenon has also been addressed as the internal p-n junction of pyrite.
The creation of a p-type layer on the surface of pyrite crystals results in band bending and
Fermi level pinning in pyrite, also shown in Figure 4, and is believed to be the main reason
for the low efficiency and open-circuit voltage in pyrite devices.

Liang et al. used the Hall effect to explain the presence of the reverse surface layer [44].
Their findings suggest that traditional models and mechanisms can not be used to fully
understand the electron transitions between the conduction and valence bands of pyrite.
It has been suggested that the rich surface states on pyrite originate from the loss of
sulfur ligands at the surface, a hypothesis that has been revisited using scanning tunneling
spectroscopy [45]. The dangling sulfur bonds seek an electron to neutralize and may
borrow it from a nearby Fe?* ion. The dangling bonds oxidize the Fe?* into a Fe®" state,
which causes the Fe 3d state to degenerate and split into four energy levels, with levels
inside the band gap [46]. These hypotheses were confirmed by Liang et al. [44] by direct
transport measurements and numerical modeling. They found that the Fermi level on the
surface is close to or even enters the valence band, as shown in Figure 4. Sharp upward
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Figure 4: Schematic band diagram of bending energy bands a few nm deep in the pyrite surface [44].
Where ) stands for the barrier height, Np stands for the bulk donor concentration, and E; for its
activation energy.

bending of the energy bands, induced by these surface states, leads to the formation of
a thin tunneling region, which is thought to be responsible for the observed low Voc.
Numerical results showed strong upward band bending of 1.08 eV, effectively pinning the
Fermi level below the valence band maximum by about 300 meV.

1.5 Effects of alloying and doping

Introducing impurities or dopants into the crystal lattice of pyrite is an effective strategy
for altering or enhancing its properties, particularly for photovoltaic applications. An
increasing number of studies have been published on adjusting pyrite’s band gap and
electronic properties through doping and structural modifications.

Zuniga-Puelles et al. examined the effects of arsenic doping on the properties of
pyrite [47]. Arsenic was incorporated up to 0.01 at%, forming FeAs,S,_x, which altered
the transport mechanism and turned pyrite from n-type to p-type. It also reduced the
band gap of pyrite from 0.96 eV to approximately 0.2 eV. Doping with silicon dioxide,
titanium dioxide, and zirconium dioxide was examined in the same study, but no influence
on the electrical transport properties was found. However, it did decrease pyrite’s thermal
conductivity.

Metals such as osmium, ruthenium, and zinc have been shown by Liu et al. to increase
the band gap of pyrite when codoped with oxygen [48]. The study employed density
functional theory calculations along with other simulations and found that the band
gap of pyrite increased with the incorporation of oxygen atoms by approximately 12.5%.
Structures doped with ruthenium and osmium exhibited even higher band gaps when
combined with oxygen, while the codoping of zinc and oxygen led to a reduction in the
band gap compared to undoped FeS,.

Zhao et al. investigated doping with oxygen and selenium to enhance the photovoltaic
properties of pyrite [49]. They found that replacing sulfur with oxygen in the pyrite
crystal lattice resulted in an increased band gap, which they attributed to oxygen'’s higher
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electronegativity and smaller atomic radius. Conversely, the introduction of selenium led
to a decrease in the band gap, which was linked to its similar electronegativity to sulfur
and larger atomic radius.

The effects of cobalt doping in pyrite have been studied by Shi et al. among others [19,
50, 51]. They found that Co altered the electrical properties of pyrite by converting the
material from p-type to n-type. The most significant changes were observed at a cobalt
concentration of 4 at%, beyond which the charge carrier mobility started to reduce from
6.52 to 4.3 cm?V's™ with increasing cobalt concentration. Doping with Co had little
impact on the structural and optical band gap. In a separate study, Voigt et al. focused
on using metallic CoS, contacts to address the internal p-n junction of pyrite and access
the interior properties of the crystals [52]. Co was diffused into pyrite from the contacts
and introduced a shallow donor, which resulted in heavy n-type doping of the surface.
They also introduced Co and S vacancies and defined donor activation energies as low as
5meV for Co in FeS,. The work of Voigt et al. [52] improved the understanding of electron
mobility in pyrite crystals and identified an additional transport regime in the lattice.

The first unambiguous and controlled p-type doping in FeS, crystals was demonstrated
in 2023 by researchers at the University of Minnesota [21]. According to their study,
pyrite was doped with phosphorus (P) during the chemical vapor transport growth. The P
levels reached up to 100 ppm, which introduced around 10" holes/cm? at 300 K, without
affecting the crystal structure or quality. Pyrite crystals, which are naturally n-doped due
to sulfur vacancies, transitioned to p-type as the phosphorus concentration increased to
25 ppm and 55 ppm, as confirmed by Seebeck and Hall effect measurements, respectively.
Detailed transport measurements showed that the phosphorus acceptor level is located
175 = 10 meV above the valence band maximum. These results confirmed that the
transition to p-type occurs within the bulk material rather than being a result of hopping
conduction.

1.6 Pyrite-based photovoltaic devices

Over the past four decades, pyrite has been explored in a variety of photovoltaic device
configurations, most commonly as a thin-film absorber exhibiting p-type conductivity.
Despite intermittent research activity during this period, the power conversion efficiency
of practical pyrite-based solar cells has generally remained around ~3% [10, 12,
16], whether in photoelectrochemical cells with liquid junctions or in solid-state
heterojunction devices. To date, no homojunction devices have been demonstrated, even
though pyrite can exhibit both n- and p-type conductivity [9, 53, 54]. This absence is
primarily due to the persistent challenges and uncertainty surrounding the control and
understanding of doping mechanisms in FeS, [21]. Some of the most significant results
from recent years include the work of Prabukanthan [55] and Law [42, 56, 57].
Prabukanthan and colleagues have reported the highest known efficiency of
pyrite-based photovoltaic devices [55]. They successfully deposited cobalt-doped pyrite
thin films using electrochemical deposition and evaluated their performance in a
solar cell with the ITO/FeS,/ZnSe/Au configuration. Their findings indicated enhanced
photoresponse and improved stability when 3 mol% Co?* was introduced, achieving a
power conversion efficiency of up to 5.42%. The improved performance was attributed
to the partial substitution of Fe?* by Co?*, which reduced the material’s band gap and
promoted more efficient charge separation at the ZnSe interface. They also conducted a
comparative analysis with undoped pyrite in a similar device structure, which exhibited
lower values for power conversion efficiency (PCE) and open-circuit voltage. Although
Prabukanthan et al. reported an efficiency exceeding 5% for their pyrite-based solar cell,
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the research community continues to recognize Ennaoui’s original result of 2.8% [12] as
the benchmark for the highest reliably achieved efficiency.

The research group led by Matt Law at the University of California, Irvine, has
dedicated over ten years to the investigation of pyrite films and crystals as a photovoltaic
absorber, including studying the surface defect chemistry [15, 42] and several surface
passivation techniques, different junction partners to pyrite (ZnS, NiO, CdS, ZnO) [57],
and alloying with oxygen to increase the band gap of pyrite [58]. These substantial
contributions in understanding the optoelectronic properties of pyrite concluded with
the fabrication of pyrite-based diodes [56], incorporating a layered structure of
glass/Mo/MoS,/pyrite/ZnS/i-ZnO/contact. The heterostructures exhibited open-circuit
voltages exceeding 400 mV, with peak values reaching up to 610 mV under ~ 1 sun
illumination at room temperature (RT). The highest Voc values were achieved using
pyrite films synthesized through the solution-phase elemental ink method. Despite
the promising photovoltages, the devices demonstrated low short-circuit current (Jsc)
densities of approximately 10 uA, causing the efficiencies to range from 0.0002% to
0.0014% for the devices. The underlying cause of the high Voc and low Jsc was not fully
understood, but the electronic band offset between FeS, and ZnS was suggested as a
possible reason.

Table 1: Summary of research on pyrite-based solar cells since the 1990s, highlighting the highest
reported power conversion efficiencies and corresponding device architectures.

Method PCE Ref.

FeS,/1:13 PEC cell 2.8% Ennaoui, 1993 [12]
TiO,/FeS, nanocrystals/PEDOT 3% Lingli Luo, 2015 [59]
P3HT/FeS, nanocrystals/PEDOT 0.16% Lin, 2009 [60]

FeS,/ZnS 0.0014% Law, 2015 [57]
Co?* doped FeS,/ZnSe 5.42% Prabukanthan, 2017 [55]
FeS,/ZnSe 1.98% Prabukanthan, 2017 [55]
FeS, nanocrystals/CdS 11% Kirkeminde, 2012 [61]
P3HT:PCBM:FeS, quantum dots 3.62% Alam Khan, 2014 [62]
PEDOT:PSS/MEH-PPV polymer:FeS, 0.064% Middya, 2014 [63]
P3HT:PCBM:FeS, nanocrystals 2.79% Richardson, 2013 [64]

Table 1 provides an overview of the research on pyrite-based solar cells reported
in the literature. The data presented focus specifically on the efficiencies and device
architectures of solid-state FeS, photovoltaic junctions, as these are most relevant to
the scope of this thesis. As a notable exception, the photoelectrochemical cell results
from Ennaoui et al. [12] are included, as their work represents the first documented
demonstration of pyrite functioning as a photovoltaic material with measurable efficiency.
This study [12] is widely regarded in pyrite-related literature and serves as a reference
point for much of the subsequent research in the field.

1.7 Monograin powder technology

As outlined in the previous chapter, experimental pyrite-based solar cells have
predominantly been explored in thin film and nanocrystal configurations [55, 59-61, 64].
The properties of films are strongly influenced by pyrite’s surface properties, which
can pose significant challenges during fabrication and device integration [42, 44]. As
an alternative, employing discrete pyrite crystals in photovoltaic applications may offer
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distinct advantages. The monograin layer solar cell concept combines the benefits of
thin, membrane-like solar cells, such as reduced material consumption, with the use
of semiconductor microcrystals as the absorber layer, rather than a continuous thin
film [65-68]. The monograin layer (MGL) technology decouples the fabrication of the
absorber material from the assembly of the solar cell module and allows the development
of flexible, lightweight, and cost-effective solar panels. The production of MGL solar
cells is relatively straightforward and does not rely on high-vacuum environments,
high-power inputs, or extensive specialized equipment - requirements often associated
with traditional thin film technologies. The MGL technology has not been previously
applied to fabricate pyrite-based solar cells.

The MGL solar cell structure is schematically shown in Figure 5. It adopts a superstrate
configuration, consisting of the following layer sequence: back contact / absorber / buffer
/ transparent conductive oxide (TCO) [65-68]. This layered structure is adhered to a
supportive substrate, typically glass or a polymer film. The absorber is composed of
a single layer of nearly monodisperse semiconductor powder crystals, embedded in a
polymer matrix, usually an epoxy, whose thickness is less than the diameter of the crystals.
Each crystal surface is uniformly coated with a thin buffer layer, typically applied through
solution-based deposition, to facilitate the formation of a p/n junction. Following buffer
layer deposition and subsequent mild thermal treatment, each coated crystal effectively
functions as an individual photovoltaic microcell. All microcell crystals are connected in
parallel.

p/n junction partner
transparent front contact

back contact

FeS, microrystals

Figure 5: Schematic drawing of the monograin layer solar cell structure. Pyrite microcrystals serve
as the absorber layer.

In this thesis, pyrite absorber crystals are synthesized using the monograin powder
technology [65-68]. This process requires suitable precursor materials, which are
consumed during the formation of the semiconductor compound, as well as a flux salt
that serves as a medium for crystal growth. The precursors for pyrite synthesis are
weighed in stoichiometric ratios (one mole of iron for two moles of sulfur) and placed
in quartz ampoules. A flux salt is added so that the volume of the molten phase
would approximately match the volume of the solid precursors. The ampoules are then
degassed and hermetically sealed. These sealed ampoules are subsequently heated in
a furnace to elevated temperatures, where the flux becomes molten while the forming
semiconductor crystals remain in the solid phase. During synthesis, both the precursors
(along with any residual impurities) and the synthesized crystals dissolve in the molten
flux, up to their solubility limit at the given synthesis temperature. Once the primary
reaction is complete, crystal growth proceeds via recrystallization through the Ostwald
ripening mechanism [69], wherein larger crystals grow at the expense of smaller dissolved
particles. The growth rate is governed by the solubility of both the precursors and the
product crystals in the flux; higher solubility enhances mass transport, leading to faster
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and larger crystal formation [68]. Depending on the required semiconductor and the
used flux, the synthesis of microcrystals with sizes ranging from 30 to 200 um requires
approximately 5 to 14 days [65, 70, 71]. The size of the resulting crystals follows the
Gaussian size distribution.

1.7.1 Flux Materials
Flux materials are employed in monograin powder technology to synthesize
semiconductor microcrystals with the morphology and physical properties required
for the fabrication of monograin layer solar cells. Ideally, these microcrystals, referred
to as monograins, should be monocrystalline, exhibit smooth surfaces and uniform
shapes, and fall within the size range of 50 to 150 um. The most effective method
for producing such monograins is the molten salt synthesis-growth method. In this
method, the salt or flux forms a liquid phase at the synthesis temperature, enabling the
dissolution of precursors and small semiconductor seed crystals. Flux salt is added to the
synthesis ampoules in quantities that ensure the volume of the resulting liquid phase is
approximately equal to that of the solid microcrystals [72,73]. This specific volume ratio
promotes the independent growth of semiconductor, or FeS, particles, during synthesis,
as repulsive capillary forces act to separate and space them apart. Following the crystal
growth process, the flux is removed, leaving behind the synthesized microcrystals.
Several important criteria must be considered when selecting the flux material:

¢ The melting point of the flux must be lower than that of the semiconductor.

The flux must not react with the precursor materials or with the semiconductor.

The flux should be readily removable after the synthesis-growth process, preferably
through dissolution in water.

The precursors should be soluble in the liquid phase of the flux material.

The vapor pressure of the flux should be low at the process temperatures.
¢ The flux material should be affordable and environmentally sustainable.

The research group led by M. Law has conducted extensive studies on the synthesis
of pyrite crystals using flux materials [42, 74]. In their work, sodium polysulfide (Na,5x)
was employed as the flux, selected for its low melting point across a broad range of
compositions and temperatures [75]. The Na-S system exhibits eutectic points as low as
240 °C and features a wide region of binary liquid immiscibility above 253 °C [75]. NaySy
also shares a common anion with pyrite and contains a cation that does not significantly
incorporate into the growing crystal structure [42]. Salk et al. [74] synthesized pyrite single
crystals isothermally in quartz ampoules at 780 °C for six hours using Na,Sy as the flux.
After synthesis, the flux was removed by dissolution in water. This method yielded pyrite
single crystals several millimeters in diameter. A similar synthesis regime was utilized by
Uchiyama [76], who heated the pyrite precursors and Na polysulfides at 810 and 600 °C
for 6 h and 10 days, respectively, and obtained FeS, crystals with a diameter of about 7
mm.

Zavrazhnov et al. [77] synthesized pyrite in the liquid phase of iron(ll) halides (FeXs,
where X = Cl, Br, 1) under a controlled sulfur vapor pressure. They also employed the
eutectic melts of KCI-FeCl, and NaCl-KCI-FeCl, as solvents. The experimental setup
consisted of a two-zone furnace and a sealed ampoule containing iron sulfides and halides
at one end, and elemental sulfur at the other. The authors observed that in this closed,
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non-isothermal system, iron halide melts reacted with sulfur vapors. At low pressures (<
0.4 atm), pyrrhotite was formed, whereas higher pressures favored the growth of FeS,
crystals. Notably, in the cases of FeBr, and Fel, melts, pyrite formed even without the
addition of iron sulfide precursors, due to the direct reaction of the iron halide liquid phase
with sulfur vapor.

Our laboratory has primarily employed alkali iodide salts for the synthesis of
semiconductor microcrystals, with substantial experience in the growth of kesterite and
CIGS materials using this approach [65, 68,72,78,79]. The monograin powder technology
has not yet been employed for pyrite. Considering the favorable properties of alkali
iodide salts, particularly their alignment with the selection criteria described above, it
is the logical starting point for an investigation. At the same time, it is important to
consider that, during the molten salt synthesis-growth process, constituent elements of
the flux may diffuse into and become incorporated within the semiconductor crystals
being synthesized [68, 79]. While iodide has a relatively large ionic radius [80], it is less
likely to substitute into the pyrite crystal lattice; however, alkali metal cations present in
the flux may act as unintentional dopants. This potential for alkali incorporation must be
taken into account when evaluating the purity and electronic properties of pyrite crystals
grown via this method.

1.8 Pyrite-based solar cells for lunar applications

In recent years, pyrite has garnered growing attention for its potential use in space
applications, particularly in the context of renewable energy generation for the future
lunar habitat. This interest was spurred by announcements from the European Space
Agency (ESA) and NASA [11, 81] regarding renewed efforts to return to the Moon, with
the long-term goal of establishing a permanent outpost. The conceptual layout of a
future lunar habitat is drawn by the European Space Agency in Figure 6a. As plans
progress toward sustained human presence on the lunar surface, ensuring a reliable
and autonomous energy supply becomes essential. Solar energy remains one of the
few viable options for in situ power generation. While transporting solar panels from
Earth is technically feasible, given the recent decline in launch costs, this approach
remains environmentally burdensome and logistically complex. Instead, there is a strong
incentive to enhance the sustainability of lunar infrastructure by minimizing dependence
on Earth-based resources. This has led to the proposal of utilizing locally available
materials, such as those found in the lunar regolith, to manufacture photovoltaic devices
on-site. The development of such technologies, including pyrite photovoltaics for lunar
applications, has emerged as a crucial avenue of research.

Assessing the elemental and mineralogical composition of the lunar regolith is
essential for planning to utilize lunar resources. Apollo mission samples remain the
primary reference, revealing significant amounts of silicon (mainly in oxide form),
along with iron, aluminum, calcium, magnesium, and titanium [85-87]. While silicon
is abundant and widely used in both terrestrial and space-based photovoltaics, its
application on the Moon poses challenges, including the need for high-temperature
processing around 1450 °C, high sensitivity to defects, and the necessity for extreme
purity [88, 89]. The vast amount of energy that goes into processing silicon wafers
increases the time for economic return for solar panels. That is critical in the extreme
energy scarcity conditions during the first stages of the lunar base. GaAs, which is another
widely used PV material in space applications, would be extremely challenging to source
and produce from materials available on the lunar surface. In contrast, pyrite presents
a compelling opportunity, with the potential to enable low-cost energy production, if
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Figure 6: a)Artist impression of a lunar habitat concept [82]. b) Lunar iron map, based on the data
retrieved from the NASA Clementine mission [83]. c,d) Map of the lunar water ice [84]. The lunar
South Pole region, Fig. éd, holds a significant amount of water ice and has been chosen as one of
the best candidates for a future habitat location.

greater research focus were directed toward overcoming the remaining material and
device challenges.

Pyrite has a high light absorption coefficient FeS, o > 10° cm™ [9], compared with Si
a >10° cm™ [90]. That means, a 100 pm thick layer of Si will absorb the same amount of
light as only a 1 um thick layer of FeS,. Pyrite can also be synthesized or treated at a lower
temperature, starting from 440 °C [37], making it a sustainable choice for extraterrestrial
energy production and on-site missions.

The constituent elements of pyrite can be sourced on the Moon. Iron is abundantly
present in the lunar regolith, predominantly in the form of silicate and oxide phases. The
overall iron content of the lunar crust is well-known thanks to the thorough data set of the
NASA Clementine mission, launched in 1994 [83, 91]. The Clementine data have recently
been complemented with data from the Chang’e-5 mission, run by China in 2020 [92].
Lunar highland crusts contain approximately 3 weight% of Fe, while the lower regions
contain 7-8 weight% of Fe. The majority of the lunar iron is found in oxide minerals. The
average abundance of FeO is 8.94 weight% [92]. Troilite (FeS) is the most common sulfide
mineral on the lunar surface and makes up around 0.05-0.2 vol.% of the mare basalts
and highland crust, as observed from the Apollo mission samples [93]. It serves as a
promising precursor for the synthesis of pyrite, for which an additional sulfur source must
be added. Sulfide minerals identified in lunar rocks also include mackinawite (Fe,Ni)14xS,
sphalerite (Zn, Fe)S, chalcopyrite CuFeS,, and cubanite CuFe,S3 [94]. These sulfide phases
are often associated with magmatic Fe-Ti oxides [95], a relationship analogous to that
observed in terrestrial samples, particularly when lunar mare basalts are compared to
their Earth-based counterparts. The average lunar highland geology contains up to 0.1
wt% of sulfur, and typical lunar mare soils up to 0.2 at% S [96, 97]. Although not richly
concentrated on the Moon, sulfur is present in association with other useful elements,
making the mining of lunar sulfur worth serious consideration [97].

The development of pyrite-based solar cell technology may become particularly
relevant when human exploration expands to other celestial bodies. Mars, for example,
has a higher abundance of iron-bearing minerals compared to the Moon and even the
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Earth [98]. This may support the production of FeS,-based solar cells in the future.

However, theoretical properties are of limited value without clear technological
pathways for producing efficient FeS,-based solar cells. Advancing pyrite-based
technology with significantly higher power conversion efficiencies is essential for
sustainable green energy production on Earth and beyond.

1.9 Summary of literature review and aim of the study

Photovoltaics represent one of the most promising pathways toward achieving
environmental sustainability in the energy sector. Currently, most solar panels are made
using silicon - a material that demands significant energy for extraction and purification,
and whose cost has risen due to growing demand from the electronics industry. As
a result, considerable research efforts have been directed toward the development of
Earth-abundant, low-cost, and non-toxic solar energy materials, such as kesterites, CIGS,
organic photovoltaics, and other emerging solar energy materials.

Pyrite (FeS,) has been identified as the most cost-effective material ever proposed
for photovoltaic applications [8], attracting attention both on Earth and for space
applications. Composed of abundant, non-toxic, and inexpensive elements, pyrite
attracted significant research interest in the 1980s, when Ennaoui et al. [99, 100]
demonstrated its application in a photoelectrochemical cell, achieving a power conversion
efficiency of 2.8% [12]. Despite intermittent research over several decades, the efficiency
of pyrite-based solar cells has not surpassed 5.4% [55], with many contemporary studies
still citing the 1993 result as the benchmark [13, 21, 35]. This discrepancy between the
low experimental efficiencies and pyrite’s high theoretical efficiency of 25% is primarily
attributed to limited understanding of its doping mechanisms and the so-called surface
inversion effect.

As a result of the surface inversion, pyrite crystals exhibit n-type conductivity, while
thin films are commonly reported as p-type [9, 42, 43, 45]. This inhomogeneity is largely
due to the dominance of surface states in thin-film pyrite, where surface properties
significantly outweigh bulk characteristics. These surface states lead to the formation
of an "inverse" surface layer that dictates the electrical behavior. The low Voc and
limited efficiency observed in pyrite solar cells are often attributed to strong upward
band bending at the surface, which creates a thin tunneling barrier that impedes efficient
charge separation.

The majority of photovoltaics research on pyrite has focused on thin films and
nanocrystals, while bulk pyrite crystals remain largely underexplored. One possible reason
is the limited number of photovoltaic technologies that utilize individual crystals as the
absorber. The monograin layer solar cell technology presents a potential solution; it
employs an absorber of individual microcrystals and is a simple and cost-efficient method
of fabricating solar cells [65,73]. To date, monograin powder technology has not been
applied to pyrite. This approach involves using a molten salt flux as the synthesis
medium for semiconductor microcrystals. Elements from the flux can incorporate into
the growing crystals, leading to unintentional doping and influencing their optoelectronic
properties [68]. To date, alkali metals have not been employed as dopants in pyrite.
Therefore, synthesizing pyrite in various alkali metal salt fluxes serves a dual purpose:
it provides insight into the behavior of FeS, formation in a molten salt flux environment
and enables the investigation of the effects of alkali metal incorporation on the structural
and electronic properties of pyrite.

Another potential strategy to improve the properties of pyrite is to decrease
the detrimental effects of the surface inversion layer by achieving uniformly p-type
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conductivity throughout the entire crystal. This could lead to more consistent and
predictable electrical behavior across the material. To date, only one study has reported
successful p-type doping of bulk pyrite crystals, but the community lacks a mechanistic
understanding of the doping route and a scalable doping strategy for p-type FeS, crystals.

The aim of this thesis is to apply the monograin powder technology and find the
optimal synthesis conditions to develop pyrite (FeS,) microcrystals that could be used in
the absorber of a monograin layer solar cell. The thesis seeks to deepen the understanding
of the optoelectrical effects introduced by different dopants in pyrite and to develop a
method for controlling the conductivity type of pyrite microcrystals. To reach the aim, the
specific objectives of the thesis are:

e Find the optimal synthesis-growth conditions for single-phase pyrite FeS,
microcrystals by using the molten salt synthesis-growth method and comparing two
different flux environments - potassium iodide and elemental sulfur.

e Study the effects of alkali metal impurities in pyrite by synthesizing FeS,
microcrystals in the liquid phase of K, Lil, Csl, and Na,Sy, with the aim to increase
understanding of the structural, morphological, and optoelectronic properties of
the dopants.

e Develop a doping strategy to obtain p-type pyrite crystals by introducing red
phosphorus into pyrite by three different established semiconductor doping
techniques. Illustrate the incorporation mechanism of phosphorus within the pyrite
lattice.
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2 Experimental

Divided into four parts, this chapter describes the main experimental procedures
and methods. The first three subsections describe the synthesis conditions of FeS,
microcrystals, the effects of different growth environments, and the doping routes with
phosphorus. The fourth subsection summarizes the characterization methods used in this
study.

2.1 Preparation of FeS, microcrystals

The Fe$S, pyrite materials studied in this thesis were synthesized by the monograin powder
technology in the liquid phase of a flux material. Commercially available FeS (99.9%,
Thermo Fischer) and elemental S (99.999%, Alfa Aesar) were used to synthesize pyrite.
Elemental S was also used in some experiments as the molten flux medium. Sulfur was
chosen as a flux because it shares an anion with FeS, and does not add any unwanted
impurities from the constituent elements into the pyrite crystals. In a parallel experiment,
FeS, was synthesized in the Kl (99.95%, Acros Organics) flux. The different fluxes were
considered in Paper . The precursors FeS and S were added into quartz ampoules in the
amounts necessary to receive stoichiometric pyrite. S or KI were added in the amounts
that the volume of the melt will be equal to the volume of the solid microcrystals at the
synthesis temperature. The ampoules were degassed under a dynamic vacuum, sealed
in a propane-oxigen flame, and placed into the furnace for the synthesis-growth process.
The ampoules with the sulfur flux and precursor mixtures were heated at 500, 550, and
600 °C for 7 days and then cooled by quenching the ampoules in water. The ampoules with
the Kl flux and precursor mixtures were heated at 740 °C for 7 days, then the temperature
was lowered to 575 °C, kept there for 24 h, and cooled by quenching water. Higher
temperature was chosen for the ampoules with the Kl flux because the melting point of Ki
is at 681°C [101] and its vapor pressure is not a concern at high temperatures, as opposed
to sulfur. The temperature was lowered to 575 °C to bring the ampoules into the pyrite
phase region of the Fe-S system, according to the phase diagram [37].

Some of the FeS, material obtained from the synthesis in sulfur was recrystallized in
Kl to receive a more suitable morphology and composition. The recrystallization steps are
considered in Paper Il. For the recrystallization, the obtained FeS, mixture was placed into
an ampoule, and a Kl flux was added. The ampoule was heated at 740 °C for 7 days and
cooled as described in the paragraph above. The details of finding the correct synthesis
regime are summarized in Table 2.

The sulfur flux was partially removed by vacuum sublimation, followed by etching
with a 10% KCN solution to release the pyrite crystals from the used flux. The Kl flux was
removed by leaching with deionized water in an ultrasonic bath. All the materials were
dried in a thermostat at 50 °C. For the fabrication of monograin membranes, the obtained
crystals were sieved into narrow granulometric fractions between 38-125 um.

2.2 Comparison of different growth environments

Once the optimal synthesis conditions had been established, the next step was to
investigate the impact of different fluxes and the potential impurities introduced by them.
The comparison of the effects of different fluxes is described in Paper Ill. Kl, Lil, Csl, and
Na,S, were selected, as the influence of alkali metal impurities on pyrite had not been
thoroughly studied. In contrast, alkali metal dopants in other semiconductors, particularly
chalcogenide materials such as CIGS and CdTe, have been shown to enhance efficiency
and passivate defects. Na,Sy had previously been employed as a flux for growing pyrite

25



Table 2: Synthesis conditions of FeS2 microcrystals.

Flux, Flux, Temperature regime, Temperature regime,
Precursors . S . N
synthesis recrystallization synthesis recrystallization
_ o,
FeSand S 5 - RT ->500 °C, -
rapid cooling
_ )
FeSand S s - RT>350 €, -
rapid cooling
-> 9
FeSandS S - RT . 600. <, -
rapid cooling
FeSand S S Kl /as above/ RT-> 7.40 ” 5.75 <
rapid cooling
- - o]
FeSand S K . RT > 740 > 575 7€, .

rapid cooling

crystals, making it a good reference material. The iodides were chosen due to their
solubility in water and the expectation that iodine, owing to its large ionic radius [80],
would be unlikely to incorporate into the pyrite lattice. A further objective was to
determine whether the solubility of pyrite precursors was higher in Lil, Csl, or NaySy
compared to Kl, as increasing precursor solubility could enable the growth of crystals with
a larger average diameter.

The pyrite materials were synthesized in different fluxes, similarly to the method
described above. The precursors, FeS and S, were placed in quartz ampoules in
stoichiometric amounts. The flux materials Kl, Lil (99%, Acros Organics), Csl (99.999%, Alfa
Aesar), and NaySy (99.5% AnalaR Normapur) were added into their respective ampoules,
considering that they would yield equal volumes of solid and liquid phases at the synthesis
temperature. By default, all syntheses in this thesis use the 99.9% purity FeS precursor,
acquired from Thermo Scientific. One synthesis was carried out in this series, using a
precursor with a higher purity - FeS 99.99% purity, acquired from Apollo Scientific. This
synthesis was carried out in the Kl flux. A summary of the heating regimes and used
materials is brought in Table 3. A parallel synthesis was carried out without any flux. Later,
some FeS, material that had been synthesized in the Kl flux was recrystallized with four
times and ten times the flux amounts Vqyx = 4 X Vpyrite and Vagx = 10 X Vpyrite-

Table 3: Synthesis conditions of FeS2 crystals grown in different environments and flux conditions.

Starting material Flux Synthesis temp. °C
FeSand S Kl 690
FeSand S Lil 690
FeSand S Csl 690
FeSand S Na,Sy 475
FeSand S - 500
4N FeS and S Kl 690
FeS, prepared in Kl Recrystallized in K, Recrystallized at 690
4x volume
FeS, prepared in KI Rec?(l)s)tazll(l;lzj:’]len Kl, Recrystallized at 690
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2.3 Doping pyrite with phosphorus

Paper IV focuses on the p-type doping of the FeS, microcrystals. Three doping strategies,
widely used in semiconductor processing, were employed to investigate the incorporation
of red phosphorus into FeS,. Technical-grade red phosphorus (99.5%, Reahim) was used in
all experiments. In the first series, phosphorus was introduced via the vapor phase. FeS,
microcrystals, previously synthesized in the Kl flux medium, were placed on one side of a
two-chamber ampoule, while elemental phosphorus was placed in the opposite chamber.
The chambers were connected by a narrow neck, allowing phosphorus vapor to diffuse
toward the FeS, during thermal treatment. The ampoules were sealed and heated at 500
°C for 48 hours. The schematic diagram of the heat treatment is visualized in Figure 7.1.
After cooling, the treated FeS, material was collected for analysis.

@ ©
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Figure 7: Schematic representation of the three applied doping treatments: (1) in the vapor phase,
(2) during recrystallization, and (3) during synthesis of pyrite crystals.

In the second series, phosphorus was introduced via the liquid phase during the
recrystallization of FeS, microcrystals. Red phosphorus was mixed with potassium iodide,
and this mixture was added to the recrystallization ampoules containing previously
synthesized pyrite crystals. The amounts of the mixture were calculated to achieve target
phosphorus concentrations of 40, 100, 300, 600, and 1000 ppm in FeS, on a molar basis,
corresponding to 0.004, 0.01, 0.03, 0.06, and 0.1 at%. The sealed ampoules were heated
at 690 °C for 5 days and removed from the furnace to cool naturally to room temperature.
The visualization of the recrystallization treatment is shown in Figure 7.2.

In the third series, pyrite was synthesized directly from precursors in the presence of
phosphorus. The phosphorus precursor was prepared by mixing equimolar amounts of
FeS and red P, followed by heating the mixture in a sealed ampoule at 450 °C for 3 days.
This FeS+P mixture was then added into the pyrite synthesis ampoules to achieve target
phosphorus concentrations of 2, 3, 5, 7, and 10 at% relative to sulfur in the final FeS,
crystals. The ampoules were heated at 690 °C for 10 days and allowed to cool naturally to
room temperature. The third doping approach is visualized in Figure 7.3.
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2.4 Characterization methods

The characterization methods used in this study are summarized in Table 4. More detailed
descriptions of the chosen characterization tools are provided in papers I-IV.

Table 4: Characterization methods used in this thesis.

Properties Characterization tool Apparatus Paper
Scanning Electron (HR-SEM) Merlin,
Morphology Microscopy Zeiss ULTRA 55 [1-1V]
Horiba’s LabRam
. Raman Spectroscopy HR80O0 spectrometer (V]
Phase composition Rigaku Ultima IV
X-Ray Diffraction diffractometer [1-1v]
Energy Dispersive Zeiss ULTRA 55
Ry P Bruker Esprit 1.8 [1-1V]
Y 5P by system
Kratos Analytical Axis
X rasy z?;f;ifdm” Ultra DLD 1]
Elemental P by spectrometer
composttion sec-glrrltlz-roﬁglngrr:ass IONTOF 5 [
¥ LMIG 25 keV
spectrometry
'nduffsvrilay;c;ﬁ'ed Agilent 8800 v
P ICPMS/MS
spectrometry
Soldering iron,
Conductivity type Hot probe method contacts, cables, (v

multimeter

Axis Ultra DLD

. Ultraviolet
Electronic band photoelectron
photoelectron [
structure spectrometer by
spectroscopy

Kratos Analytical

Recombination

532 nm laser, Horiba Jobin Yvon

Photoluminescence

FHR640 single grating

monochromator

[

processes spectroscopy and Hamamatsu
InGaAs photomultiplier
tube detector
P-n junction Current-voltage Keithley 2400 [10]
formation measurements source meter
Charge carriers’ Capacitance-voltage Wayne Kerr 6500B 10]
density measurements impedance analyser
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3 Results

This chapter presents the results and discussion of synthesizing pyrite microcrystals
for photovoltaic applications. Initially, optimal synthesis conditions are identified
for obtaining single-phase pyrite microcrystals with suitable morphology for use in
the absorber of monograin layer solar cells. Particular attention is given to the
characterization of the microcrystals’ outermost surface. The developed synthesis
method is further employed to investigate the effects of alkali metal impurities (Li, Na, K,
Cs) on pyrite. This understanding of impurity effects and doping methods is then applied
to develop a synthesis technique for phosphorus-doped FeS, microcrystals, enabling
p-type doping of pyrite.

3.1 Structural and elemental composition of FeS, synthesized in S flux

FeS, crystals synthesized using elemental sulfur as a flux were found by the energy
dispersive X-ray spectroscopy (EDX) and Raman analyses to be sulfur-deficient, primarily
due to challenges in removing excess sulfur post-synthesis. Since sulfur is insoluble
in water, removal was achieved via vacuum sublimation under mild heating (<100 °C),
followed by leaching in a 10% KCN solution. The results of the phase analysis by Raman
spectroscopy are shown in Figure 8. Raman spectroscopy after sublimation revealed
strong signals corresponding to elemental sulfur, indicating incomplete flux removal.
Subsequent KCN treatment significantly enhanced the pyrite signals while reducing those
of sulfur-deficient pyrrhotite (Fe,S), hematite (Fe304), and residual elemental sulfur
(paper I).
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Figure 8: Raman spectra of the FeS» materials synthesized in the sulfur flux at different
temperatures. a) black line: sulfur flux has been removed by sublimation under vacuum. Blue line:
Material has been etched with a KCN solution after sublimation. b) Comparison of pyrite materials
synthesized at different temperatures in S flux. The flux has been removed by sublimation and
etching for all samples.

Figure 9 presents the XRD analysis results of the KCN-etched samples and reveals
the presence of multiple phases - pyrrhotite, marcasite (isomer of FeS,), hematite, and
elemental sulfur - alongside pyrite. These results suggest that the sulfur removal steps
may have partially depleted sulfur from the surface of the FeS, matrix itself (paper 1).

A particularly notable observation emerged when comparing FeS, samples
synthesized at 500, 550, and 600 °C, Figure 8. All were subjected to identical sulfur
removal procedures. Raman peak positions, which typically appear at 343, 379, and

29



FeS, 600 °C S flux _
100k | etched with KGN~ 000 - Pyrite = 1
. py - pyrrhotite
2 S ma - marcassite
= ™ he - hematite
75k | .
.e o
8 N oo
2 50k | o - ~« § -
2 ET
@ = .?:’ &
E — Q'>,
= 25k} 3 ‘a o8 g
33 ‘w ‘ ‘
W \WWW
o bt by w,fww
1 1
20 30 20 50 70
26 (degrees)

Figure 9: X-ray diffraction data of the FeS, materials synthesized in the sulfur flux at 600 °C. The flux
was removed by sublimation and etching in KCN.

430 cm™ for stoichiometric pyrite [102-105], shifted by up to 9 cm™ to lower values in
the lower-temperature samples. This is an established indicator of sulfur deficiency in
chalcogenide systems [106] and indicates the increase of the Fe-S bond length due to the
stress-strain effect caused by the lower S concentration (paper I).

The morphology of the materials synthesized in S flux is illustrated in Figure 10. The
microcrystals synthesized at 500 and 550 °C are not yet formed as monograins; instead,
they consist of smaller sintered particles with an average diameter of 500 nm. The shape
of the crystallites is not uniform, and the crystal surfaces appear rough. The materials
synthesized at 600 °C have developed larger crystallites with an average size of 1 um but
the crystallites are sticking together due to sintering and are also not suitable for further
application. All the images compared in Figure 10 depict materials where the S flux had
been removed by vacuum sublimation and KCN etching.

Figure 10: SEM images of the FeS» crystals synthesized in the sulfur flux at a) 500 °C, b) 550 °C, c)
600 °C.

Elemental composition of the materials was characterized by EDX and is shown in
Table 5. The analysis revealed that the lowest FeS, synthesis temperature (500 °C) yielded
the most sulfur-poor composition with 39.2 at% iron and 60.8 at% sulfur. Higher synthesis
temperatures (550 and 600 °C) resulted in a near-stoichiometric FeS, composition of 33.1
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Table 5: Elemental composition of the materials synthesized in liquid sulfur and in potassium
iodide, analyzed by EDX.

Sample Fe (at%) S (at%)
500 °C, S flux 39.2 at% 60.8 at%
550 °C, S flux 33.1at% 66.9 at%
600 °C, S flux 33.4 at% 66.6 at%
740 °C, Kl flux 33.7 at% 66.3 at%

at% Fe and 66.9 at% S for material synthesized at 550 °C and 33.4 at% Fe and 66.6 at% S
for materials synthesized at 600 °C.

3.2 Structural and elemental composition of FeS, recrystallized or
synthesized in Kl flux

FeS, materials synthesized in S flux at 600 °C were recrystallized in Kl flux at 740 °C.
The phase analysis by Raman spectroscopy and XRD, as shown in Figure 11, indicates
that high-temperature recrystallization promotes the transformation of secondary
sulfur-deficient phases into highly crystalline pyrite. The lattice parameter of the cubic
pyrite was calculated from the XRD pattern as a = b = ¢ = 5.4154 A which corresponds well
with the published literature [77,107]. Sharp and narrow Raman peaks are positioned at
343 cm™, which corresponds to the E; mode, 379 cm™ for the A; mode, and 430 cm
for the T Raman mode. Another weak Raman peak is often shown for pyrite at 350 cm™,
which also corresponds to the T; mode [104]. Ag and T, Raman modes reflect the in-phase
and out-of-phase stretching vibrations of the sulfur dimer S,. In the Eg phonon mode,
sulfur atoms are displaced perpendicular to the axis of the S-S bond [105].
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Figure 11: a) Raman spectra and b) XRD pattern of the FeSz microcrystals synthesized in the liquid
phase of KI. The analysis revealed a high crystalline quality of only the pyrite phase.

The morphology of the pyrite microcrystals recrystallized in Kl is illustrated in Figure 12.
The individual crystals are formed as monograins and exhibit mostly uniform shapes and
smooth surfaces. Some sintering of smaller crystallites is still present, though its impact
on the final properties is less significant. The average crystal size is between 36-100 um,
suitable for application in the absorber of a monograin layer solar cell. The EDX analysis
confirmed a near-stoichiometric ratio of Fe and S with an average composition of 33.71
at% Fe and 66.29 at% S, also shown in Table 5.
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The superior performance of Kl as a flux is likely attributed to its lower viscosity
at synthesis temperatures, which facilitates improved precursor dissolution and mass
transport, promoting the growth of larger microcrystals. The viscosity of KI at 740 °C
is 0.0012 Pa*s [108], while the viscosity of sulfur at its boiling point 445 °C (below the
synthesis temperature), is 0.1 Pa*s [109].

Figure 12: SEM images of the FeSz microcrystals synthesized in the liquid phase of Kl at 740 °C.

To simplify the pyrite synthesis-growth process, some samples were synthesized
directly in Kl flux, omitting the initial sulfur-flux synthesis step and subsequent KiI
recrystallization. These directly synthesized pyrite materials exhibited similarly high
crystallinity and superior morphological quality. Due to the high similarity between the
materials recrystallized in KI and synthesized in KI, the Figures 11 and 12 represent both of
these material groups.

Hot probe measurements revealed that all FeS; crystals synthesized in Kl flux exhibit
n-type conductivity.

This synthesis method was taken as a basis to carry out all the subsequent experiments
in this thesis.

3.3 Surface composition of FeS, microcrystals synthesized in S and Kl flux

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface
composition of the FeS, crystals, as the surface chemistry of pyrite is widely recognized
as a critical factor influencing its physical and electronic properties. Crystals synthesized
in both sulfur flux and Kl flux were analyzed. For the samples synthesized in sulfur, XPS
measurements were conducted following the flux removal via vacuum sublimation, and
again after subsequent etching with a 10% KCN solution. In the case of the materials
synthesized in KI, the flux was removed by leaching in water prior to analysis. An additional
etching step was performed to investigate the surface further, using a 3:1 volume ratio of
H,S04 and H,0,. The mixture is commonly referred to as "Piranha" solution. "Piranha"
etching has been reported [57] to effectively strip the oxidized surface layer of pyrite,
exposing a cleaner, more representative surface. XPS spectra were recorded after this
treatment as well.

Due to the high surface sensitivity of XPS, it is common practice to perform mild argon
jon (Ar*) sputtering to remove surface contaminants before spectral acquisition. In this
study, XPS spectra of the pyrite materials were recorded both before and after surface
cleaning by Ar* sputtering. The Fe 2p and S 2p core-level spectra are presented in Figure 13.
Prior to sputtering, the Fe 2p region displays peaks at 707, 708, and 713.8 eV (Figure 13a).
The dominant signal at 707.0 eV is attributed to FeZ* [46], which is characteristic of
stoichiometric pyrite. The additional peaks at 708 and 713.8 eV correspond to Fe3*
species [46, 110, 111], likely resulting from surface oxidation. Following Ar* sputtering,
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these distinct peaks merge into a broader, less resolved envelope, making it difficult to
distinguish between Fe?* and Fe®* states (Figure 13a). The impact of sputtering is even
more pronounced in the S 2p region (Figure 13b). Before sputtering, the spectra exhibit a
well-defined doublet at 162.5 eV (S 2ps/») and 163.6 eV (S 2py,»), with a spin-orbit splitting
of 1.2 eV, consistent with the disulfide S,2~ species in pyrite [46,111]. After Ar* sputtering,
a new, intense peak emerges at 161.3 eV, corresponding to monosulfide 5%~ species [112].
This shift indicates that the Ar* etching not only removes surface contamination but also
induces chemical damage to the pyrite surface, altering the original oxidation states and
forming new sulfide species. This phenomenon is consistent with the surface degradation
observed during mechanical fracturing of pyrite, as previously reported by Nesbitt et
al. [46]. Given the destructive effects of Ar* sputtering on the surface chemistry, all XPS
data presented in Figure 13 correspond to measurements taken before ion etching.
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Figure 13: XPS core level spectra of pyrite samples from the Fe 2p and S 2p spectral regions. a-b) Fe
2p and S 2p spectra of FeS2 synthesized in Kl flux, the flux has been removed by leaching in water.
Green line: before (Ar') sputtering, blue line: after (Ar*) sputtering. Because the sputtering had a
strong negative effect on the readability of the spectra, the fitting and analyses for the rest of the
materials were done before (Ar*) sputtering. e,f) Fe 2p and S 2p spectra of the same material, after
etching with the "Piranha" solution (H25S04 + H202). ¢, d) Fe 2p and S 2p spectra of FeS synthesized
in sulfur flux, the flux has been removed by vacuum sublimation. g, h) Fe 2p and S 2p spectra of the
same material, after etching with a 10% KCN solution.

In the case of materials synthesized in Kl flux, the Fe?* signal at 707 eV is consistently
accompanied by Fe®* components, indicating the formation of a fractured surface even
after simple flux removal via water leaching (Figure 13a). This behavior highlights
the intrinsic instability of the pyrite surface, where S-S bonds are prone to breaking,
sometimes even under ultra-high vacuum conditions [46]. Upon cleavage of these
disulfide bonds, the resulting dangling sulfur bonds require electronic compensation,
often drawing electrons from neighboring Fe®* ions and thereby oxidizing them to
Fe3*. This surface oxidation leads to the introduction of defect states within the pyrite
band gap [10, 46, 111]. Following etching with the "Piranha" solution, the Fe?* signal
becomes more prominent relative to the Fe®* peaks, suggesting partial reduction of the
oxidized surface (Figure 13e). However, a new Fedt peak also emerges post-treatment,
indicating the possible formation of a secondary Fe,O3 phase [111]. In contrast, the Fe
2p spectral region of samples synthesized in liquid sulfur flux exhibits markedly different
characteristics. When the sulfur flux was removed solely by vacuum sublimation, the Fe?*
signal at 707 eV had a similar intensity to the Fe3* signal, but there were intense peaks
associated with FeSO4 [110, 111], observed between 712.2 and 716.6 eV (Figure 13c). The
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presence of sulfate species is likely attributable to oxygen contamination introduced via
impure synthesis precursors or aged sulfur flux exposed to ambient air, leading to surface
oxidation prior to crystal growth. After etching with a KCN solution, an increase in the Fe?*
signal is observed; however, the Fed* signal also intensifies, and the FeSO4 peaks remain
prominent (Figure 13g). These results suggest that the KCN etching process may dissolve
iron species from the surface in multiple oxidation states, rather than selectively reducing
the oxidized layer. The following surface reaction is responsible for the dissolution of Fe
on the surface:

FeS+6KCN —— K4[Fe(CN)g] +K2S (1)

In the S 2p region of the XPS spectra for materials synthesized in Kl flux, several sulfur
species are observed. Alongside the characteristic 5,2~ doublet at 162.5 eV (S 2ps/2)
and 163.6 eV (S (S 2py/2)) [112, 113], signals corresponding to elemental sulfur (S°) appear
at 163.5 and 164.7 eV, as well as features associated with polymeric sulfur species (S8)
at 164.6 and 165.8 eV (Figure 13b). These additional signals are attributed to residual
unreacted sulfur on the crystal surface. Notably, etching with the "Piranha" solution did
not significantly alter the sulfur chemical states (Figure 13f). For materials synthesized
in sulfur flux, the XPS analysis revealed a markedly different surface composition. After
sulfur removal via vacuum sublimation, virtually no sulfur was detected on the surface,
indicating that sublimation is highly effective, not only in removing residual flux but also
in depleting sulfur from the outermost atomic layers of the pyrite lattice (Figure 13d).
As discussed in previous chapters, this results in an extremely sulfur-deficient surface.
Following etching with a KCN solution, the characteristic disulfide 5,2~ doublet at 162.5
and 163.6 eV reappears, along with signals corresponding to elemental sulfur (Figure 13h).
These findings prove that KCN treatment selectively removed iron from the pyrite surface
according to reaction (1), thereby exposing a more stoichiometric sulfur surface typical of
pyrite.

In summary, the XPS analysis revealed that a) vacuum sublimation proved overly
aggressive, resulting in a surface composition inconsistent with stoichiometric pyrite; b)
the "Piranha" etching treatment, as applied in this study, had limited effectiveness in
reducing surface oxidation or restoring the pyrite surface; c) materials synthesized in
KI flux more closely resembled stoichiometric pyrite, exhibiting lower levels of surface
oxidation and minimal formation of FeSQg,.

3.4 Pyrite-based Schottky diodes and heterostructure

Pyrite microcrystals, synthesized via the molten salt synthesis-growth method in KI, were
sieved into narrow size fractions and used to fabricate monograin membranes. The
detailed procedures for monograin membrane fabrication are provided in Papers | and II.
In an effort to mitigate or reduce the extent of this inversion layer, surface etching using a
"Piranha" solution was employed, a method previously reported in the literature [42,56].
Although the XPS results presented in Paper | indicated minimal positive impact from
this treatment, junction fabrication was conducted to confirm these findings. Etching
durations of 10 and 60 seconds were applied to assess any potential improvements.
Schottky diodes were fabricated as an initial step in junction formation. While the
work function of pyrite is commonly reported to be approximately 4.7 eV [114, 115], our
measurements indicated higher values, ranging between 5.9 and 6.0 eV (Paper Ill). This
discrepancy could be caused by the different measurement techniques used to extract
the ¢ value. The work function reflects a material’s surface condition, and pyrite’s surface
can differ under different preparation or environmental conditions. In our case, the
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crystals exhibit an inhomogeneous surface compared with thin films. This makes UPS
measurements challenging and naturally results in spatial variation in the extracted ¢
values. To ensure junction formation, a contact metal with a higher work function is
required. Platinum (¢ = 6.1 eV, [116]) and gold (¢ = 5.45 eV, [117]) were selected and
sputtered onto the pyrite monograin membranes. Figure 14a presents the current-voltage
(1-V) characteristics of the resulting Schottky diodes. The data confirm the formation of
weakly rectifying junctions, although the built-in voltage could not be determined from
the I-V curves. A slight improvement in the curve shape was observed following surface
etching with "Piranha" solution.
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Figure 14: Current-voltage graphs of pyrite-based devices in the dark. a) Schottky diodes based
on pyrite-gold and pyrite-platinum junctions. The pyrite-Pt junctions have been etched with the
"Piranha" solution for either 10 s for "lightly etched", or 60 s for "etched". b) pyrite-nickel oxide
heterostructure.

To form a p-n junction, the n-type pyrite membranes were coated with a thin film
of p-type nickel oxide (NiO). The NiO layer was deposited via solution deposition, using
a procedure adapted from Akaltun et al [118]. The corresponding I-V characteristics
are shown in Figure 14b. While a modest rectification was observed in the shape of
the |-V curve, a negligible photocurrent generation was detected under illumination,
indicating an ineffective photoresponse in the device. Compared to the Schottky diodes,
the heterostructure’s I-V curve shape was improved, showing a high potential for further
improvement with optimization of the solar cell architecture. In the latter device, the
absorber material is still affected by the surface inversion layer; if the surface effects can
be removed or bypassed by synthesizing doped materials, the device’s photoresponse
could likely increase.

Carrier concentrations of 6.2x10'® cm™ and 2.5x10"” c¢m™ were determined from
capacitance-voltage (C-V) measurements of FeS,/NiO heterojunctions and FeS,/Pt
Schottky diodes, respectively. These values fall within the desirable range for
semiconductor applications in photovoltaic devices and are consistent with those
reported in the literature [119,120].

3.5 Effects of alkali metal impurities in pyrite microcrystals

Pyrite microcrystals were synthesized in different flux salt environments as described in
the Experimental section, Chapter 2.2, Table 3. It was hypothesized that FeS, precursors
have different solubilities in different flux environments, potentially enabling the growth
of larger crystals. Microcrystals with larger diameters are generally more manageable
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Figure 15: Scanning electron micrographs of pyrite microcrystals synthesized in KI, Lil, Csl, Na2Sx,
and without any flux. The crystals grown in iodide salts have formed as individual monograins.

for handling and analysis. Additionally, it is known that constituent elements of the flux
salt can incorporate into the growing crystals during synthesis. The inclusion of alkali
metal impurities presented an opportunity to explore their influence on the material’s
properties, as it had not been investigated before.

3.5.1 Changes in the morphology and average size of crystals

The morphology of crystals synthesized in different fluxes was analysed by SEM and is
illustrated in Figure 15. The FeS, crystals obtained from KiI, Lil, and Csl fluxes exhibited
similar features, characterized by rounded crystal shapes and smooth surfaces. Some
smaller crystallites were also attached to larger ones because during synthesis, FeS,
crystals are dispersed in the liquid flux. As the system cools and the flux solidifies, these
small crystals can no longer grow into larger ones. The synthesis mixture contains sulfur,
which is liquid above 112.9 °C [109] while Kl is already solid. The liquid sulfur can cause
some crystals to adhere and "stick" to one another.

The particle size distribution of pyrite crystals synthesized in Kl, Lil, and Csl fluxes
is presented in Figure 16. The data indicate no significant variation in the average
crystal size across the different fluxes, suggesting that the solubility of the precursors is
comparable in all three iodide salts. Given that crystal growth during synthesis proceeds
predominantly via a single mechanism (the Ostwald ripening [69]), the resulting size
distribution approximates a Gaussian profile.

The materials synthesized in Na,S, exhibited similar morphology to those obtained
without the use of any flux (Figure 15, Na,Sx and no flux). In both cases, well-defined
individual crystals were not observed. Instead, the products consisted of small crystallites
that had sintered together, forming polycrystalline aggregates. These syntheses were
conducted at lower temperatures compared to those using iodide salts, due to the lower
melting point of Na,S, (above 250 °C [75]) and the formation temperature of FeS, (445
°C [37]). The observed morphology suggests that crystal growth proceeded too slowly
at these lower temperatures, which is likely the reason for the lack of distinct crystal
formation. Another likely reason for the observed sintering is an insufficient amount of
liquid phase between solid particles during the synthesis-growth.
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Figure 16: Particle size distribution analysis of pyrite materials synthesized in a) potassium iodide
flux, and b) lithium iodide and cesium iodide flux.

Due to the polycrystalline nature of the products synthesized in Na,S, and without
flux, particle size distribution analysis was not performed.

3.5.2 Composition and impurities concentration in pyrite microcrystals

All FeS, materials synthesized in different flux salts exhibited near-stoichiometric Fe/S
ratios (~0.5), as determined by EDX. Exact atomic percentages are provided in Paper lII.
While the Fe and S ratios of pyrite crystals were consistent across different materials,
impurity concentrations varied significantly. Impurities were analyzed via inductively
coupled plasma mass spectrometry (ICPMS) and revealed that, despite using potassium-
and sodium-containing salts, these impurities were either undetectable or present below
the detection limit. A high lithium impurity concentration of 4 x 10" cm was observed
only in the material synthesized with Lil. This result is consistent with expectations;
however, such a high level suggests the potential formation of a solid solution. The
comparison of Li impurity concentrations is shown in Figure 17a.

A high cesium (Cs) impurity concentration of 10" cm™ was detected in the material
synthesized with Csl, illustrated in Figure 17b. Interestingly, a relatively high Cs
concentration was also found in the material synthesized with Lil. Analysis of the flux salts
revealed that the Lil contained Cs impurities, likely due to similar fabrication conditions or
cross-contamination during manufacturing. Additionally, materials synthesized in iodide
salts showed iodide concentrations ranging from 1-4 x 10" cm™. This was unexpected,
as iodine has a relatively large ionic radius compared to Fe and S, and its incorporation at
such high levels could distort the pyrite crystal lattice.

Similar trends were confirmed through qualitative analysis using time-of-flight
secondary ion mass spectrometry (ToF-SIMS), Figure 17c. While ToF-SIMS does not provide
absolute impurity concentrations, it also detected the presence of Li and Cs in the
samples. K and Na impurities, which were not detected by ICPMS, were recognized by
the very sensitive ToF-SIMS. Cu and Ni were also identified in comparable intensities,
along with iodine in materials synthesized using iodide salts. Due to the surface sensitivity
of ToF-SIMS and matrix effects inherent to the technique, the measured concentrations
are only comparable within each impurity type, between pyrite samples synthesized by
different methods.

The concentration of transition metal impurities (Cr, Cu, Co, and Ni) in all
pyrite samples ranged around ~10'8 atoms per cm?3, as found by ICPMS. The exact
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Figure 17: Impurity concentrations in the pyrite materials synthesized in different flux media. a)
Li impurity concentration across the materials, analysed by ICPMS. b) Cs impurity concentration,
analysed by ICPMS. c) Qualitative comparison of different impurity elements in pyrite materials,
analysed by ToF-SIMS.

concentrations are brought in Paper lll. The similarity in impurity levels across samples
suggests a common source: the FeS precursor. ICPMS analysis of the FeS precursor
confirmed the presence of transition metal impurities at concentrations of ~10'® cm™.
To improve purity, a higher-grade (99.99%) FeS precursor was tested; however, its
impurity profile was nearly identical to that of the initial 99.9% purity FeS precursor. This
unexpected result led us to explore alternative methods for reducing transition metal
impurities.

A common method in semiconductor processing, the liquid-phase recrystallization,
was employed to investigate impurity reduction. Larger quantities of KI were used, as
the purification relies on the impurity’s difference in solubility between the solid and
liquid phases at the recrystallization temperature, governed by the impurity’s distribution
coefficient. Recrystallization in increased amounts of Kl was effective in significantly
reducing the copper impurity, while concentrations of other transition metals (Cr, Co,
Ni) either decreased marginally or remained unchanged. This is a notable result, as
Cu in pyrite is known to form chalcopyrite secondary phases with narrower band gaps
(0.53-0.63 eV) than pyrite, or nanocrystals with band gaps around 1.2 eV [121]. Our
own experiments have confirmed that Cu incorporation suppresses photoluminescence
in pyrite, indicating increased non-radiative recombination. In summary, Cu exhibits high
solubility in KI, and recrystallization using four to ten times the standard flux amount
effectively reduces the Cu impurity - an outcome not achieved by using a higher purity
(99.99%) FeS precursor alone.

3.5.3 Phase composition and electronic band structure of FeS, crystals with different
impurities’ concentrations
The next step was to investigate how the detected impurities influence the properties
of pyrite. Phase analysis was performed using Raman spectroscopy and X-ray diffraction
(XRD), as shown in Figure 18. Characteristic Raman peaks for the pyrite phase were
observed at 343, 379, and 430 cm™, with a weaker peak at 350 cm™. The peaks at 343,
379, and 430 cm™ correspond to the Eg, Ag, and T; Raman modes, respectively [104].
XRD analysis confirmed a single pyrite phase, with a calculated lattice parameter of a
= b = c = 5.4154 A. Neither the lattice parameter nor the positions of the Raman peaks
varied across the samples, suggesting that the impurity concentration is sufficiently low
to avoid affecting the crystal lattice - a controversial result, as we had observed a relatively
high impurity concentration from the mass spectroscopy data.
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Figure 18: Comparison of the phase composition of the pyrite samples synthesized in different flux
media by a) Raman spectroscopy, and b) X-ray diffraction.

Ultraviolet photoelectron spectroscopy (UPS) was used to determine the valence
band maxima (Eygm) and Fermi levels of pyrite materials synthesized in different fluxes.
All measurements were performed under identical UV excitation conditions and fixed
geometries between the samples and the UV source to ensure comparability. Similar to
XPS (discussed in Section 3.3), UPS is highly surface-sensitive, and surface contamination
is commonly removed via Ar* sputtering. However, due to the defect-sensitive nature of
pyrite surfaces, sputtering rendered the UPS spectra unreadable. Therefore, all spectra
presented in Figure 19 were recorded prior to Ar* sputtering.

Figure 19a presents a comparison of the full He(l) UPS spectra of FeS, in the binding
energy range, which enables the determination of the work function (¢) and extraction
of the Fermi level. The work function of FeS, was calculated using Equation (2) [122].

¢ = hv — Ecutorf (2)

where hv is the excitation energy of He(l) line at 21.21 eV, and Ef is the secondary
electron cutoff energy, obtained by linearly fitting the high binding energy edge of the Fe$S,
spectra. The energy difference between the Fermi level (Er) and the Eygwm was extracted by
fitting the low binding energy edge of the spectra shown in Figure 19b. All FeS, samples
exhibit a low-intensity peak near Er (O eV), which introduces some ambiguity in fitting
this region. This feature is most pronounced in the sample synthesized without any flux,
suggesting the presence of states above the Eygnm, with intensity proportional to the
photoelectron counts. A similar phenomenon was previously reported by Caban-Acevedo
et al. [40] in their investigation of pyrite’s band structure, though its origin remains
unresolved. One plausible explanation is a sulfur-deficient surface, not unknown for
pyrite, which induces metal-like behavior and shifts the surface chemistry toward the
narrower band gap of FeS [123]. If this modified surface region is sufficiently thin, it might
not be detected by EDX or XRD, but be observable by surface-sensitive methods like UPS.
All Er values were extracted without accounting for the low-intensity peaks near O eV, as
fitting them would yield negative energy values, not representative of the properties of
pyrite.

Figure 20 shows the energy band diagrams of all pyrite samples, constructed from the
UPS measurement data. The materials synthesized or recrystallized in Kl exhibit similar
band alignments, with Eygm values around -6.0 eV relative to the vacuum level. In
contrast, samples synthesized in Lil, Csl, and Na,Sy display shifted band diagrams, with
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Figure 19: a) Full He(l) UPS spectra of pyrite materials synthesized in different flux media. b) The
same spectra zoomed in near the Ef, exhibiting a brief increase in counts near O eV.
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Figure 20: Energy band diagram of the pyrite materials synthesized in different flux media, based
on the data derived from the UPS measurements.

lower Eygm energies. Changes in Eygm Values suggest the formation of solid solutions,
further supported by the mass spectroscopy results discussed in Section 3.4.2, which
revealed elevated concentrations of Li and Cs impurities in these samples. Interestingly,
phase analysis by Raman spectroscopy and XRD did not indicate the presence of secondary
phases. It is therefore proposed that secondary phases such as Li,S and Cs,S may exist
only at the surfaces of the pyrite crystals and in quantities too low to be detected during
phase analysis.

The work function values of the various FeS, samples were determined from the Eyioff
edge using Equation (2). The extracted ¢ values ranged from 4.6 to 5.1 eV, aligning well
with literature-reported values for pyrite, which typically fall between 4.8 and 5.4 eV.

The band gap of pyrite is commonly reported to be approximately 1 eV. Based on
the measured positions of the valence band maximum (Eygm) and Fermi level (Eg), and
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considering the expected location of the conduction band minimum (Ecgm), there is strong
evidence that the materials exhibit n-type conductivity, as Ef lies closely under the Ecgm.

Among all samples, the material synthesized without flux is expected to be closest to
intrinsic pyrite, due to its lower impurity concentration. The band diagrams most similar
to this reference sample are those of materials synthesized in the Kl flux. Furthermore,
all samples recrystallized in Kl display highly similar band diagrams. This suggests that the
substantial reduction in the Cu impurity, observed after recrystallization in high volume of
Kl, as discussed in Section 3.4.2, does not significantly affect the electronic band structure
of pyrite.

3.5.4 Photoluminescence study of the pyrite materials synthesized in different fluxes
Photoluminescence (PL) spectroscopy is a reliable technique for investigating the
recombination mechanisms of photoexcited charge carriers in semiconductors. Despite
over three decades of research into pyrite as a photovoltaic absorber, PL studies on
this material remain scarce in the literature. Therefore, research looking into the PL
recombination in pyrite crystals was highly necessary. It is well documented [9, 41]
and supported by our own observations that pyrite surfaces are prone to degradation
under ambient conditions. Specifically, iron ions readily oxidize, and the surface may
become sulfur-deficient, leading to altered electronic properties. To mitigate these
surface-related effects, the pyrite samples were etched using an aqueous NH3 solution
and immediately coated with a thin ZnS layer via solution deposition. This protective ZnS
film, approximately 10 nm thick, prevents further atmospheric interaction and surface
inversion [124]. ZnS does not have a PL signal within the 0.8-1.3 eV spectral range,
ensuring that it does not interfere with the pyrite signal.

No flux Lil Csl KI
10F

05} 1
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Figure 21: Normalized PL spectra of FeS2 microcrystals synthesized in different molten salt media.
The spectra were recorded at 10 K.
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Low-temperature (10 K) PL spectra of FeS, samples synthesized using various molten
salt fluxes are presented in Figure 21. The normalized spectra reveal that the PL
bands differ in both peak position and spectral shape, indicating variations in the
underlying recombination mechanisms and potentially reflecting changes in the FeS, band
gap. Similar observations have been reported by Ghisani et al. [71], where materials
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synthesized in different molten salt environments showed PL peaks at varying energies.
The asymmetric shape of the PL bands suggests that the materials are heavily doped,
and that recombination is likely dominated by transitions involving exponential band
tails [125].

Among the studied samples, the material synthesized in Kl exhibited the
highest-energy PL band near 1.3 eV, accompanied by a weaker band at approximately
0.8 eV, as can be seen in Figure 21. Similarly, the sample synthesized without any flux
displayed a low-intensity, noisy PL signal centered around 0.8 eV. The peaks near 0.8 eV
likely originate from the same source, possibly related to deep defects. On the other hand,
the UPS measurements suggested the possibility of the formation of solid solutions in the
case of materials containing Li and Cs impurities. The samples synthesized in Csl, Na,Sy,
and Lil exhibited PL bands at 1.2 eV, 1.1 eV, and 1.05 eV, respectively. Given that the widely
accepted band gap of pyrite FeS, lies in the range of 0.9-1.0 eV [9, 10], the observed
PL bands above 1.0 eV could suggest a secondary phase. Another possible explanation
is the formation of nanocrystals on the pyrite surface, where quantum confinement
effects could result in a widened effective band gap. If these nanocrystals contain copper,
a common impurity in the materials of this study, their emission characteristics could
resemble chalcopyrite (CuFeS,) nanocrystals, which are known to have a band gap around
1.2 eV [121]. Samples that were recrystallized in higher concentrations of KI, and in which
the copper content was significantly reduced, did not exhibit any measurable PL signal,
possibly proving this assumption. Another possible cause for the observed higher-energy
PL bands for some of the materials is valence band splitting. This phenomenon has been
reported in the case of transition metal disulfides like MoS,. The group reported a change
in the PL band positions to higher energies after increased valence band splitting due to
spin-orbit coupling [126].

These results are preliminary and warrant further investigation. However, they suggest
that variations in impurity content and secondary phase formation have a significant
impact on the recombination mechanisms and possibly also on the apparent optical band
gap of pyrite.

3.6 P-type doping of pyrite microcrystals with phosphorus

Hot probe measurements had confirmed that the synthesized crystals exhibit n-type
conductivity (Papers 1, IlI, 1lI), which is consistent with literature reports [42, 53].
However, the outermost surface of pyrite crystals has been reported to exhibit p-type
conductivity [9,42-44]. There has been no significant progress in removing or passivating
the surface layer in earlier studies, so the attention shifted to achieving uniform electrical
properties across the bulk material.

Phosphorus (P), previously reported to induce p-type conductivity in pyrite
synthesized via the chemical vapor transport method [21], was selected as the dopant
for the synthesis of p-type FeS, microcrystals. Three doping strategies were explored
to achieve p-type conductivity in pyrite. The first approach involved doping via the
gas phase, a method commonly employed in semiconductor processing and adapted
here accordingly. The second strategy leveraged our previous findings (Paper Ill), which
demonstrated that elements from the flux salt are incorporated into the pyrite lattice
during synthesis, thereby altering the electronic band structure and recombination
mechanisms. Based on this, phosphorus was introduced through the molten flux phase.
The third method involved synthesizing pyrite in the presence of a phosphorus-containing
compound as a dopant source. A more detailed description of the experimental setup of
phosphorus treatments is available in Paper IV.

42



3.6.1 Doping strategy 1: heat treatment in P vapor atmosphere

In the first doping strategy, previously synthesized FeS, crystals were placed in
two-chamber quartz ampoules along with a few milligrams of elemental phosphorus. The
ampoules were sealed and heat-treated at 500 °C for 48 hours. The FeS, material used for
this treatment had been synthesized in Kl flux, as described in Papers | and Il. Following
exposure to the phosphorus vapor atmosphere, the samples exhibited visible cracking and
the formation of two distinct phases. EDX analysis identified a stoichiometric pyrite phase
alongside a phosphorus-rich ternary region, with phosphorus concentrations of 20-25
at%. Cracking and fragmentation occurred within the ternary mixed phase. SEM images
of the surface and cross-sections of the treated crystals are presented in Figure 22. The
P-rich phase exhibited a leafy, layered morphology and appeared less dense than FeS,,
which may account for the observed cracking.

Phase analysis was performed using Raman spectroscopy, as shown in Figure 22. The
spectra revealed characteristic peaks at 343, 350, 379, and 431 cm™, corresponding to the
pyrite phase [102,103]. Additional peaks at 247 and 279 cm™" were observed in the mixed
phase region and were attributed to the iron thiophosphide FePS3 [127].

Hot probe measurements confirmed that the treated crystals exhibited n-type
conductivity. These results suggest that this doping method is unsuitable for obtaining
p-type pyrite crystals.
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Figure 22: Left: SEM images of the FeS2 microcrystals after heat treatment in the phosphorus vapor
atmosphere. a-b) crystals’ surface. c-d) cross-sectional images. Right: Raman spectra of the FeS»
microcrystals cross-section after heat treatment in the phosphorus vapor atmosphere.

3.6.2 Doping strategy 2: recrystallization in the liquid mixture of Kl and P

In the second doping series, phosphorus was added to the pyrite (FeS,) crystals via
the molten flux phase, enabling the dopant to be integrated into the lattice during
the recrystallization process. Phosphorus concentrations ranging from 10 to 1000
ppm relative to FeS, were mixed with KI and added into quartz ampoules containing
pre-synthesized pyrite microcrystals. Following recrystallization, the samples were
examined by SEM, which revealed a significant improvement in crystal morphology
compared to the previous series. As shown in Figure 23, no secondary phases or
crystal fragmentation were observed. This result was further corroborated by Raman
spectroscopy, shown in Figure 24, which displayed only sharp, well-defined peaks
characteristic of the pyrite phase at 343, 350, 380, and 431 cm™' [104]. However, hot
probe measurements indicated n-type conductivity in the doped pyrite samples.
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Figure 23: SEM images of the pyrite samples recrystallized in Kl in the presence of 1000 ppm of
phosphorus. a-b) crystals’ surface. c) cross-sectional image.
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Figure 24: Raman spectrum of the pyrite material recrystallized in KI with 1000 ppm of phosphorus.

EDX analysis did not detect the presence of phosphorus, even in samples recrystallized
with 1000 ppm P relative to FeS,, meaning that the phosphorus concentration in pyrite
is either below the detection limit of EDX or that phosphorus remained entirely dissolved
in the molten Kl flux without incorporating into the FeS, lattice. The latter scenario is
plausible if the solubility of phosphorus in Kl is significantly greater than in pyrite.

ICPMS measurements were conducted to investigate the concentration of phosphorus
in the FeS, crystals, the results are presented in Table 6. Interestingly, the reference
sample, which was not treated with any added phosphorus, exhibited the highest
concentration of P impurity. In contrast, samples recrystallized in the presence
of phosphorus displayed P concentrations below the detection limit of the ICPMS
instrument. These findings suggest that phosphorus exhibits high solubility in molten
Kl, sufficient to prevent its incorporation into the pyrite lattice. Kl is also able to
extract the pre-existing phosphorus impurity from the solid phase. As a result, the final
material contained a lower phosphorus concentration than the starting material. A similar
"purification" effect was previously observed for the copper impurity, as reported in Paper
M.

Building upon the findings from the first two doping strategies, it was determined that
it is not feasible to incorporate phosphorus into the FeS, crystals after their synthesis.
Phosphorus either reacts with pyrite or is lost between the solid and liquid phases when
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Table 6: ICPMS analysis results of the pyrite materials recrystallized in the liquid phase of Kl and
added phosphorus.

Analyzed P content in FeS;

Intended P level in FeS, .
ppm (molar basis)

0.004 at% 40 ppm 27 ppm
0.01 at% 100 ppm 29 ppm
0.03 at% 300 ppm 30 ppm
0.06 at% 600 ppm 32 ppm
0.1at% 1000 ppm 39 ppm
Undoped, not treated 59 ppm

introduced in insufficient quantities. Rather, phosphorus must be incorporated into the
pyrite lattice during the crystal growth process itself.

The limited incorporation of phosphorus in the previous series may be attributed to
its oxidation state. According to The Chemistry of Imperfect Crystals by F. A. Kréger [128],
effective doping of pyrite requires substitutional incorporation of phosphorus at sulfur
lattice sites. Since sulfur in pyrite exists as S?~, a phosphorus ion with the same
charge state (P?~) would not significantly influence the defect chemistry. To generate
iron vacancies and promote p-type conductivity, phosphorus must be incorporated in
the P~ state. Thus, a suitable dopant must be a phosphorus-containing compound
that remains chemically and thermally stable at the synthesis temperature, while also
delivering phosphorus in a negatively charged state.

3.6.3 Doping strategy 3: synthesis of FeS, with a phosphorus anions

Two new precursors were synthesized to create stable compounds for doping pyrite with
phosphorus. FeS and P were mixed in a 1:1 molar ratio (FeS+P), and Fe and P were prepared
in the same way (Fe+P). The underlying hypothesis for the preparation of these precursors
was to prevent the formation of the layered FePS; phase and to incorporate phosphorus in
a favorable oxidation state. The FeS+P precursor was used for the synthesis and growth of
pyrite crystals in molten Kl flux. The FeS+P mixture was added into the synthesis ampoules
in concentrations corresponding to 2, 3, 5, 7, and 10 at% phosphorus relative to sulfur in
the pyrite lattice.

Following synthesis, the resulting materials were examined by SEM. Crystals
synthesized with 2, 3, 5, and 7 at% phosphorus exhibited morphologies similar to those
of undoped pyrite (as described in Papers | and 1I), with no signs of fragmentation or the
presence of secondary phases. Representative images of the sample containing 5 at%
phosphorus are provided in Figures 25a and 25b. In contrast, the sample synthesized
with 10 at% phosphorus (Figures 25c and 25d) displayed minor surface cracking and some
evidence of sintering, indicating possible structural stress or instability at higher doping
levels.

Although the initial phosphorus concentrations used in the synthesis were relatively
high, EDX detected only low amounts of phosphorus in the samples synthesized with 7
and 10 at% P, as summarized in Table 7. No phosphorus was detected by EDX in the
samples with initial concentrations of 2, 3, and 5 at%. However, hot probe measurements
indicated that the samples synthesized with 5, 7, and 10 at% phosphorus exhibited p-type
conductivity. These results suggest that phosphorus doping of pyrite is feasible when a
sufficiently high concentration of phosphorus is introduced in an appropriate chemical
form or oxidation state. Based on this result, the material synthesized with 5 at%
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Figure 25: Surface and cross-sectional SEM images of the pyrite microcrystals synthesized with a,b)
5 at% phosphorus and c,d) 10 at% phosphorus.

Table 7: Phosphorus content detected by EDX, and corresponding conductivity type of pyrite crystals
synthesized with 2-10 at% phosphorus.

Concentration of Pinthe  Concentration of P in the Conductivity type,
FeS, synthesis obtained material determined by hot probe
2 at% 0 at% n-type
3 at% 0 at% n-type
5 at% 0 at% p-type
7 at% 0-1.3 at% p-type
10 at% 0-1.4 at% p-type

phosphorus was selected for subsequent experiments and further characterization.

The phase composition of the material synthesized with 5 at% phosphorus was
examined using Raman spectroscopy and XRD, as shown in Figure 26. Raman analysis
revealed peaks characteristic of the pyrite phase, highly similar to the undoped reference
sample synthesized in K| (Figure 26a). In contrast, the XRD pattern exhibited additional
signals that were attributed to the presence of a secondary FePS; phase (Figure 26b). The
FePS3 phase was not detected during the Raman measurements, suggesting its presence
in very low concentrations, as Raman analysis covers localized spots on individual crystals.
In contrast, XRD collects data over a broader sample area. Importantly, the presence of
this minor phase did not negatively impact any other crystal properties.

The precursor synthesized from elemental iron and phosphorus (Fe+P) was employed
to synthesize phosphorus-doped pyrite with a target P concentration of 5 at%. The
synthesis, as described previously, involved combining Fe+P, FeS, elemental sulfur, and
Kl, and heating the mixture at 690 °C. No significant changes in morphology or phase
composition relative to undoped samples were revealed by SEM or Raman spectroscopy.
All materials exhibited n-type conductivity, suggesting that doping was ineffective.
Consequently, these results are not discussed further.
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Figure 26: Phase analysis of the pyrite crystals synthesized in 5 at% phosphorus, compared to the
undoped reference sample. a) Raman spectra, and b) X-ray diffractogram.

3.6.4 The proposed phosphorus compound and mechanism for doping pyrite
Identifying the compound that allows the effective p-type doping of FeS, crystals is critical
for enhancing the reproducibility of this method. Phosphorus is known for adopting
multiple oxidation states in different compounds [129, 130]. In the previous chapter, it
was shown that the third doping approach, which uses the FeS+P precursor, successfully
achieved conductivity type inversion, whereas using the Fe+P precursor did not yield
p-type material. This suggests the presence of a specific compound in the FeS+P mixture,
absent in the Fe+P system, that facilitates the incorporation of phosphorus into the FeS,
lattice and promotes hole formation. XRD analysis was conducted to investigate the
compositional differences between the two precursors and identify the phases present in
each mixture. The results of this phase analysis are presented in Figure 27 and summarized
in Table 8.
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Figure 27: XRD patterns of the phosphorus precursors used to synthesize pyrite. Black line: precursor
mixture prepared from FeS and P. Purple line: precursor mixture prepared from Fe and P.

The FeS+P precursor was found to contain P4Sg, pyrrhotite (FeggysS), and FePy,
whereas the Fe+P precursor comprised elemental phosphorus, FeP, and Fe,P. Among
these, P4S¢ and FeP4 were unique to the FeS+P precursor, which was the only formulation
that enabled successful phosphorus doping. This suggests that one of these compounds
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Table 8: Summary of the phases present in the phosphorus precursors FeS+P and Fe+P, based on the
XRD results.

Used precursor Compounds present, Quantity in the Charge of the
P determined by XRD mixture phosphorus ion
FetP mixture Elemental phosphorus 9% 0
ixture, f o
heated at 450 °C FeP 72% 2-:3
FeyP 19% 3-
FeS+P mixtur PaSe 2% 3+
eS+P mixture, . .
heated at 450 °C Pyrrhotite (Feo gy3S) 8% n/a
FeP4 90% 2-; 3-

is responsible for the observed effect. In P4Sg, sulfur acts as the anion while phosphorus
adopts a 3+ oxidation state [131], which is incompatible with incorporation on the sulfur
sites required for p-type doping [132]. In contrast, FeP4 contains phosphorus in negative
oxidation states and is therefore the more likely dopant source. Structurally, FeP4 consists
of Fe atoms octahedrally coordinated by six P atoms [133]. The phosphorus atoms form
tetrahedral arrangements that include either two P atoms and two Fe atoms, or three
P atoms and one Fe atom. These bonding configurations correspond to phosphorus
oxidation states of 3- and 2-, supporting the hypothesis that FeP4 provides the phosphorus
anions necessary for successful doping.

The Fe+P precursor also includes FeP and Fe,P phases, which host P in 3- and 2-
charge, but in these compounds, phosphorus and iron are bound with double and
triple bonds [134, 135]. The dissociation energies of these multinary bonds are up to
2 or 3 times higher than the Fe-P single bond. The synthesis conditions used do not
enable breaking the higher-energy Fe-P multinary bonds, making the FeP,4 phase the only
available compound for the p-type doping of pyrite microcrystals during the synthesis.

The proposed doping mechanism is based on the defect chemistry principles
established by F. A. Kréger [128] and involves the substitution of sulfur atoms in the
pyrite lattice by phosphorus ions. When FeP, is employed as the doping precursor,
four phosphorus atoms are incorporated by replacing four sulfur atoms, while only a
single iron atom is introduced into the lattice. This imbalance results in the formation
of iron vacancies, which act as acceptor defects and contribute to p-type conductivity.
Importantly, this doping process does not affect sulfur vacancies, which are neither
filled nor eliminated by phosphorus incorporation. The concentration of sulfur vacancies
is instead determined independently by the synthesis temperature and sulfur vapor
pressure.

These initial results with the synthesis and doping of pyrite microcrystals demonstrate
the potential of FeS, as a low-cost absorber material for terrestrial and extraterrestrial
solar cells. Continued investigation is warranted to explore and enhance its performance
in solar energy applications fully.
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4 Conclusions

This thesis applies the monograin powder technology to synthesize and investigate pyrite

F652
cells.

microcrystals for their potential use as the absorber of the monograin layer solar
Based on the key findings, the main conclusions are summarized as follows:

A synthesis procedure for growing pyrite microcrystals was developed, yielding
crystals with suitable morphology and size for use as absorbers in monograin layer
solar cells. All the used iodide fluxes, potassium iodide, lithium iodide, and cesium
iodide, produced well-defined, individual microcrystals. Suitable synthesis-growth
temperature was found at 690 °C.

Pyrite microcrystals synthesized in the iodide salts exhibited uniform morphology
with defined facets and smooth surfaces, and the cubic pyrite crystal structure,
confirmed by XRD and Raman spectroscopy. Hot probe measurements indicated
that synthesized FeS, crystals exhibit n-type conductivity.

Elemental sulfur, when used as a flux, was found to be very difficult to remove
without damaging the pyrite crystal surfaces.

XPS analysis revealed that the pyrite crystals possess a surface layer, where Fe?
states are oxidized to Fe®* and S,2~ dimers are cleaved into S?~ ions. These states,
indicating a fractured surface layer, were not removed by etching the pyrite crystals
with a mixture of H,SO4 and H,0,, or with a KCN solution.

Different flux salts that were used in the synthesis-growth influence the impurity
profile in the FeS, crystals, particularly by the incorporation of alkali metal
impurities. Different impurity concentrations alter the energies of the valence
band maximum and the position of the Fermi level in the synthesized materials,
as evidenced by UPS measurements.

Recrystallization of pyrite microcrystals in larger volumes of potassium iodide
allowed partial removal of the copper impurity by dissolving Cu in the liquid flux.
This purification relies on the distribution of impurities between solid FeS, and the
molten Kl flux. Increasing the amount of liquid flux enhances the dissolution of Cu
into the Kl, which is later removed. A similar behavior was found for intentional
dopants; when phosphorus was added during the recrystallization step, it was
preferentially removed, as it dissolved in the liquid Kl flux.

Phosphorus can be used to dope pyrite into p-type. To achieve this, a phosphorus
source must first be synthesized with FeS and P, enabling the formation of FePy,.
This intermediate allows P3~ ions to substitute for sulfur in the pyrite lattice,
leading to the creation of Fe vacancies, which are acceptor defects in pyrite. The
phosphorus source must be added to the synthesis-growth of FeS, crystals. During
post-synthesis treatments in the P vapor, phosphorus reacts with sulfur, which leads
to the formation of secondary phases such as FePSs.

P-type pyrite microcrystals can be synthesized by introducing a
phosphorus-containing precursor mixture so that phosphorus corresponds to
5 atomic% of the sulfur content. Such a high nominal concentration is required
because phosphorus distributes between the solid and liquid phases, and only a
fraction ultimately incorporates into the growing pyrite crystals. Adding more than
5 atomic% of the phosphorus mixture results in the formation of secondary phases.
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e The first monograin layer heterojunction devices using pyrite absorbers were
fabricated with nickel oxide as the junction partner. Although the devices
demonstrated diode-like behavior, both efficiency and photocurrent were low.
Nevertheless, these initial results highlight the feasibility of this approach and
suggest that further optimization could enable functional pyrite-based solar cells.
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Abstract
Synthesis and characterization of pyrite FeS, microcrystals for
photovoltaic applications

Solar energy is the most abundant of all sustainable energy sources and remains a key
technology in the global transition to renewable power. Silicon-based solar cells dominate
the market of photovoltaic devices, but research has focused on identifying low-cost,
non-toxic alternatives to conventional materials. One such material is pyrite FeS,, which
is considered due to its low cost, suitable optical band gap of 0.95 eV, a high absorption
coefficient of & > 10°> cm™ for hv > 1.3 eV, and a 100-1000 nm minority carrier diffusion
length, suitable for photovoltaic applications. Despite a theoretical efficiency of 25%,
practical devices have yet to prove it. Pyrite devices suffer from the inverse surface layer
where the bulk of FeS, is typically n-type, as the surface forms a thin p-type layer, resulting
in a narrow internal junction that complicates the formation of a p/n junction in pyrite
devices. While most research has focused on thin film configurations, where the inverse
surface dominates, an alternative and potentially more effective approach is to use pyrite
in the form of crystals. In crystalline form, surface-related effects are less dominant,
and the crystals may be used in the absorber of monograin layer (MGL) solar cells. This
technology has not been explored for pyrite before.

Pyrite-based solar cells are also being considered for space applications, particularly
in the context of lunar energy production. The low synthesis temperature of pyrite and
the simplicity of the MGL technology make this system especially attractive for in-situ
fabrication on the Moon. The permanent lunar settlements are currently being planned
in collaboration with NASA and the European Space Agency.

In this study, pyrite microcrystals were synthesized using the molten salt
synthesis-growth method. It was found that elemental sulfur is not an appropriate
flux medium, as the post-synthesis removal of sulfur by sublimation and chemical etching
negatively affects the crystal composition and surface quality, as confirmed by Raman
spectroscopy and X-ray Photoelectron Spectroscopy (XPS). In contrast, using potassium
iodide (KI) as the flux medium resulted in the formation of individually formed pyrite
crystals with uniform composition. Raman spectroscopy identified characteristic peaks
at 343, 350, 379, and 430 cm™, all corresponding to the pyrite phase. X-ray Diffraction
(XRD) analysis confirmed phase purity; the calculated lattice parameter for the crystals
was a =b = c = 5.4154 A, consistent with the cubic symmetry of pyrite.

XPS analysis revealed the surface fracture of pyrite. The surface Fe?" ions were found
to be largely oxidized to Fe®*, and the characteristic S, dimers had dissociated into
individual S?~ ions. These surface defects introduce additional electronic states within the
band gap, leading to p-type conductivity at the surface, in contrast to the n-type behavior
of the bulk. Chemical etching with a H,SO4+H,0, mixture did not significantly mitigate
these surface defects. Sublimation treatment, on the other hand, resulted in the complete
removal of sulfur from the pyrite surface. Subsequent etching with a potassium cyanide
solution restored sulfur signals in the XPS spectra, suggesting partial reconstitution of the
surface composition.

To evaluate the effect of different flux media on crystal growth and impurity
incorporation, a range of flux salts was tested. Pyrite microcrystals synthesized using
Kl, lithium iodide (Lil), and cesium iodide (Csl) exhibited similar morphology, while
using sodium polysulfide (NasSy) or no flux at all resulted in the formation of very
small crystallites that had not yet formed as individual microcrystals. Surprisingly,
Raman spectroscopy and XRD detected only the high-quality pyrite phase across all
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samples. However, mass spectrometry revealed significant levels of elemental impurities,
particularly transition metals such as Cr, Cu, Co, and Ni, with concentrations ranging from
10" to 10" atoms cm3. The highest lithium content was observed in pyrite synthesized
with Lil, reaching 10" atoms cm™. In the material synthesized in Csl, cesium levels also
reached 10" atoms cm™, and unexpectedly, elevated Cs concentrations (up to 5 x 10"
atoms cm™3) were also found in crystals grown with Lil. This was traced back to cesium
contamination in the Lil salt, indicating that Lil is not an ideal flux medium due to its
impurity profile. It was further observed that recrystallizing pyrite in a larger volume of Kl
significantly reduced copper impurity levels, enabling the synthesis of higher-purity pyrite
crystals.

Ultraviolet photoelectron spectroscopy (UPS) analysis revealed that the pyrite
materials with different impurity profiles have strongly different electronic band
structures. The UPS data also confirmed the n-type conductivity of the crystals, as
the Fermi level was found to be positioned close to the expected conduction band
minimum. It was also found that the samples synthesized in different flux media,
containing varying levels and types of impurities, exhibited photoluminescence (PL)
emission bands at different energies, indicating that impurity incorporation strongly
influences the recombination pathways. A more detailed PL analysis is required to
understand the defect composition in pyrite better.

Given that the flux growth process enables the incorporation of impurities, the next
step was to explore intentional doping of pyrite to achieve uniform p-type conductivity.
Phosphorus (P) was selected as the dopant. Successful doping was determined to
require the incorporation of phosphorus during pyrite synthesis, as post-synthesis or
recrystallization doping attempts were ineffective due to various limitations. Phosphorus
was successfully introduced only as an anion. Therefore, it was first reacted with iron
sulfide to form FeP4, which was then added to the precursors of pyrite synthesis. Doping
with 5 at% P per sulfur in FeS, resulted in p-type pyrite crystals with no changes in
the morphology and high-quality pyrite phase composition, as confirmed by Raman
spectroscopy and XRD.

For the first time, monograin layer solar cells were fabricated using pyrite microcrystals
as the absorber material in combination with a nickel oxide buffer layer. While the initial
devices exhibited negligible photocurrent, the observed diode-like behavior confirms the
formation of a heterojunction. These results indicate that with further optimization,
pyrite-based solar cells may become a viable alternative for low-cost, sustainable
photovoltaic technologies on Earth and beyond.
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Kokkuvote
Piiriitsete FeS, mikrokristallide siintees ja iseloomustamine
paikesepatareides kasutamiseks

Paikeseenergia on koigist jatkusuutlikest energiaallikatest koige laialdasemalt
saadaval ning on votmetehnoloogia llemaailmse taastuvenergiale llemineku juures.
Ranipohised paikesepaneelid moodustavad suure enamuse paikesepaneelide turust, kuid
teadusuuringud keskenduvad aina rohkem soodsate ja mittetoksiliste materjalide
leidmisele, mida piikeseenergia rakendustes kasutada. Uks selline materjal on
plriit FeS,, mida iseloomustab viaga soodne hind, sobiv optiline keelutsoon 0,95
eV, kérge neeldumiskordaja (o« > 10° cm™ kui hv > 1.3 eV) ning 100-1000 nm pikkune
vahemuskandjate difusioonitee, mis sobib suureparaselt paikeseenergia rakendusteks.
Vaatamata teoreetilisele efektiivsusele kuni 25% ei ole plriidipdhised seadmed seda
praktikas veel saavutanud. Piriidi kasutamist takistab nn. p66rdpinna efekt: kuigi priidi
kristallid on sisemuses tavaliselt n-tiipi, tekib pinna ldhedale 6huke p-tiilpi kiht, mis
moodustab kitsa sisemise tGlemineku ja muudab toimiva p-n-siirde loomise keeruliseks.
Enamik teadusriihmasid on keskendunud puriidi 6hukestele kiledele, kus domineerib
poordpind, kuid alternatiivne ja potentsiaalselt tohusam Idhenemine on kasutada piriiti
kristallidena. Kristalsetes materjalides on pinna moju proportsionaalselt vaiksem ning
kristalle saab kasutada monoterakiht(MGL)-paikesepatareide valgust neelavas kihis. Seda
tehnoloogiat pole puriidi puhul varem uuritud.

Piriidipohiseid paikesepatareisid kaalutakse ka kosmoserakendustes, eriti Kuul
energia tootmise kontekstis. Piriidi madal slinteesitemperatuur ja MGL-tehnoloogia
lihntsus muudavad selle ldhenemise eriti atraktiivseks péaikesepaneelide koha peal
tootmiseks Kuul. Pisiasustuste rajamist Kuul planeeritakse praegu koost66s NASA ja
Euroopa Kosmoseagentuuriga.

Kaesolevas doktorito6s stinteesiti puriidi mikrokristalle sulasoola meetodi abil. Leiti, et
vaavel ei ole sobiv kasvukeskkond, kuna selle eemaldamine parast stinteesi sublimatsiooni
ja keemilise so0vitusega kahjustab kristalli koostist ja pinda, mida kinnitasid Raman
spektroskoopia ja rontgen-fotoelektronspektroskoopia (XPS). Vastupidiselt véimaldas
kaaliumjodiidi (KI) sula faasi kasvukeskkonnana kasutamine slinteesida individuaalselt
vormunud puriidikristalle ihtlase koostise ja siledate pindadega. Raman spektroskoopia
tuvastas iseloomulikud piigid 343, 350, 379 ja 430 cm™ juures, mis kdik vastavad piiriidi
faasile. Rontgendifraktsiooni (XRD) anallitis kinnitas faasi puhtust; kristallide arvutatud
véreparameeter oli a = b = ¢ = 5,4154 A, mis on kooskdlas puriidi kuupstimeetriaga.

XPS-analiitis kinnitas puriidi poérdpinna efekti. Pinnal olevad Fe?* ioonid olid suures
osas okstideerunud Fe® ioonideks ning S,2~ paarid olid lagunenud tiksikuteks S%~
ioonideks. Need pinnadefektid tekitavad tdiendavaid energiatasemeid keelutsoonis,
pohjustades pinnal p-tldpi juhtivust. Keemiline sé6vitus H,SO4+H,0, seguga ei
vahendanud oluliselt pinnadefekte. Sublimeerimine vaavlidrastuseks seevastu eemaldas
taielikult vaavli pdriidi pinnalt. Jargnev soovitus kaaliumtsiianiidi lahusega taastas
XPS-spektris vaavli signaalid, viidates pinnakoostise osalisele taastumisele.

Vorreldi erinevaid kasvukeskkondi, et hinnata erinevate sulasoolade mdju
kristallikasvule ja lisandite sisseviimisele. Piriidi kristallid, mis olid slinteesitud KI,
liitiumjodiidi (Lil) ja tseesiumjodiidi (Csl) keskkonnas, olid morfoloogialt sarnased,
samas kui naatriumpolisulfiidi (NaySy) voi ilma sulasoolata suinteesitud materjalid
olid kasvanud vaikeste kristalliitidena, mis ei olnud veel kujunenud individuaalseteks
mikrokristallideks. Raman- ja XRD-anal(ilisid tuvastasid kdigis proovides vaid pdriidi faasi.
Massispektromeetria naitas aga korgeid lisandite kontsentratsioone, eriti siirdemetallide
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nagu Cr, Cu, Co ja Ni puhul. Siirdemetallide sisaldus oli 10" ja 10" aatomit cm™ vahel.
Kérgeim Li sisaldus oli piiriidis, mis siinteesiti Lil keskkonnas, ulatudes 10" aatomit
cm3-ni. Csl-s stinteesitud materijalides oli Cs sisaldus samuti 10" aatomit cm™, kuid kérge
Cs-kontsentratsioon (kuni 5 x 10" aatomit cm™) leiti ka kristallides, mis olid stinteesitud
Lil-s. Leiti, et Cs lisand eksisteerib juba Lil soolas, mis viitab sellele, et Lil ei ole optimaalne
sulasool stinteesis kasutamiseks. Leiti ka, et puriidi rekristallimine suurema mahu Kl-ga
vahendas oluliselt vase lisandi kogust, voimaldades siinteesida kdérgema puhtusega
piriidi kristalle.

Ultraviolett-fotoelektronspektroskoopia (UPS) anallilis naitas, et erinevate
lisandiprofiilidega puriidi kristallides on tugevalt erinev energiatasemete struktuur.
UPS-andmed kinnitasid ka kristallide n-tldpi juhtivuse, kuna leiti, et Fermi energiatase
paiknes juhtivustsooni miinimumile vaga lahedal. Leiti ka, et proovides, mis siinteesiti
erinevates keskkondades ja mis sisaldasid erinevaid lisandeid, ilmusid fotoluminestsentsi
(PL) spektrite kiirgusribad erinevate energiate juures. See naitab, et lisandite sisseviimine
mojutab tugevalt rekombinatsioonikanaleid. Tapsem PL-anallilis on vajalik, et paremini
moista puriidi defektkoostist.

Arvestades, et puriidikristallide stintees sulasoola keskkonnas véimaldab lisandite
sisseviimist, oli jargmine samm uurida sihiparast legeerimist plriidis, et saavutada
Uhtlane p-tlitpi juhtivus. Legeerivaks elemendiks valiti fosfor (P). Selgus, et efektiivseks
legeerimiseks tuleb fosforit sisse viia puriidi slinteesi kaigus, kuna slinteesijargsed
tootlused ja rekristallimine legeerimise eesmargil osutusid ebaefektiivseks. Leiti, et fosfor
tuleb sisse viia anioonina; seet6ttu viidi esmalt 1abi stintees raudsulfiidiga, et moodustada
FeP, faas, mida seejarel lisati piriidi sinteesi juurde. Kui lisada 5 at% fosforit puriidis
sisalduva vaavli kohta, oli tulemuseks p-tiitipi piriidi mikrokristallid, mida iseloomustasid
sdilinud morfoloogia ja faasikoostis, mida kinnitasid Raman spektroskoopia ja XRD.

Esimest korda valmistati monoterakiht-paikesepatareid, mille valgust neelavas kihis
kasutati piriidi mikrokristalle koos nikkeloksiidi puhverkihiga. Kuigi esialgsetes seadmetes
tekkis Uliviike fotovool, kinnitab dioodilaadne kaitumine heterosiirde moodustumist.
Need tulemused viitavad, et edasise optimeerimise korral voivad puriidipohised
péaikesepatareid leida kasutust nii Maal kui ka véljaspool.
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ABSTRACT

FeS, monograin powders as absorber materials in monograin layer solar cells were grown in the molten phase of two different flux materials - in liquid sulphur (S)
and in potassium iodide (KI) at different temperatures - at 500 °C, 550 °C, 600 °C in S and at 740 °C in KI. The cooling temperature profiles were modified to preserve
the pyrite phase of material until room temperature was reached. FeS; microcrystals, synthesized in sulphur and recrystallized in molten KI as flux, had cubic
structure of pyrite phase with stoichiometric composition, confirmed by X-ray diffraction, Raman, and energy dispersive X-ray analyses, respectively. The grown FeSy
crystals exhibited n-type conductivity determined by hot probe measurements. The powder crystals were fixed in monograin membranes for making heterostructures
with p-type nickel oxide (NiO) buffer layer. Charge carrier concentrations 6.2 x 10'® and 2.5 x 107 cm ™3, were found from capacitance-voltage measurements using

FeSy/NiO heterostructures and FeSy/Pt Schottky diodes, respectively.

1. Introduction

There is continuous search for cheap, earth abundant, environmen-
tally friendly and nontoxic materials for solar cell absorber [1]. FeSy in
the pyrite crystal structure is a promising candidate for solar cell
absorber as it has suitable band gap of Eg = 0.95 eV, effective light
absorption coefficient (@ > 10° em™! for hv > 1.3 eV), an adequate
minority carrier diffusion length (100-1000 nm) and high electron
mobility up to 360 cm? V™! s at room temperature[2-5]. FeS; offers
possibilities for electricity production at the lowest price compared with
the other known solar cell materials. In a comparative study published in
2009 by Wadia et al. [6] involving different absorber materials, it was
suggested that FeSy could be the cheapest material with the highest
potential for electricity production, outweighing Si in every aspect.
Some key topics that favour FeSy over Si were given in the ref. [6] as:
extraction cost ($1.70 per kg for Si vs $0.03 per kg for Fe), the energy
input for extraction (24 kWh kg’1 for Si vs 2 kWh kg’1 for Fe), and a low
cost of the raw material per peak watt (0.039 ¢ per W for Si vs
<0.000002 ¢ per W for FeSy). Taking the earth abundance and extrac-
tion cost into consideration, it was speculated that a 4% efficient FeSy
solar cell could produce the electricity at the same price that of a 19%
efficient Si solar cell [6] . The theoretical calculated efficiency limit (the
Shockley—Queisser limit) for pyrite solar cells is 25% [3]. FeSy has been
explored for thin film solar cells, but after little progress the research has
lately impeded. Since the first report of FeSy solar cells by A. Ennaoui
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and H. Tributsch in 1984 [7] the FeS, solar cells have never shown
power conversion efficiency (PCE) greater than 3% [3], despite high
interest of scientists over three decades. Low PCE values are mainly the
result of poor photovoltage, that never exceeds 0.3 V. Low PCE of FeSy is
attributed to a high concentration of defects on the top surface of FeSy
crystals, turning the crystals’ surface p-type. FeSy thin films are
commonly p-type, and they exhibit no photoelectrochemical response
while single crystals are commonly n-type [2]. The origin of the unin-
tentional n-type doping of pyrite FeS, is attributed to sulphur vacancies.
In the review paper of K. Ellmer and C. Hoffner [8] the authors
concluded that FeS; is a stoichiometric compound having only slight
deviations from the nominal sulphur-to-iron ratio of 2.0. The S defi-
ciency on the surface of FeS; crystals is argued to be from 1 at% up to 13
at%, that may turn the bandgap of pyrite surface to zero and therefore
highly conductive [2] . Volatile sulphur can easily leave from formed
FeS, crystals’ surfaces in these synthesis technologies where the
escaping of sulfur is not held back, resulting in sulphur-poor composi-
tion of crystals’ surface. M. Limpinsel et al. [9] showed that a hole-rich
p-type surface layer was formed on the top of single crystals of FeS; and
suggested that this p-type surface layer could possibly be eliminated by
passivating surface states and subsurface defects. They showed that
chemical surface treatments can substantially reduce the conductivity of
the inversion layer.

This hole-rich inversion layer at the surface of pyrite crystals results
in a leaky or small potential energy barrier [3,9]. Nesbitt et al. [10]
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studying iron surface states on fractured pyrite surface by XPS found two
iron surface states Fe?" and Fe>" in addition to the iron bulk state. Iron
ions’ coordination is changed from octahedral before fracture to square
pyramidal after fracture. The thin potential barrier could be caused by a
symmetry reduction due to change in iron coordination number at the
surface of the crystals. The symmetry reduction leads to Fe 3d states to
lose their degeneracy and split into surface states that lie within the band
gap with energies close to the valence band edge. When the Fermi level
of the n-type bulk tends to equilibrate with surface states, it creates a
strong upward band bending and an inversion layer [2]. As a result,
donors near the surface rise above the Fermi level and are ionized. This
creates a thin potential barrier for direct tunnelling of majority carriers.
Both, the S-poor surface composition and the reduction of Fe — S coor-
dination create near-surface deep ionized donor states at the bulk of
material [2,3,11].

In order to control the formation of sulphur vacancies, it could be
reasonable to synthesize pyrite in determined conditions in sulphur rich
environment. Synthesis-growth method of semiconductor compounds in
molten fluxes in evacuated quartz ampoules enables to grow semi-
conductor powder crystals (so called monograin powders) with uniform
shape and composition. If the flux material is present in an amount
sufficient to avoid the sintering of primary crystals, then it enables to
raise repelling forces between solid particles, and individual single-
crystalline powder particles can be formed and grown.

Aim of the present study was to develop a process to synthesize single
phase FeS, microcrystals in the liquid phase of a flux material and apply
these powders as absorber materials in monograin layer (MGL) solar
cells. The MGL solar cell technology employs an absorber that is a
monolayer of nearly unisize semiconductor powder crystals fixed in a
thin layer of epoxy (or some other polymer) [12]. MGL solar cell has a
superstrate solar cell structure: back contact / absorber / buffer /
transparent conductive oxide. Before MGL preparation the powder
crystals are coated with a thin layer of buffer material to create the p/n
junction, after that each covered crystal is a tiny photovoltaic cell
working in MGL solar cell in parallel connection. Therefore, the MGL
technology has an advantage compared to other thin film technologies -
it allows to separate (geographically) processes of absorber (powder)
production from solar cell module formation. Current efficiency record
of MGL solar cells is near 13% [13] and is achieved with
copper-indium-gallium-selenide absorber. In the present study we tried
to use liquid sulphur as flux but the removal of sulphur from formed FeSy
crystals by vacuum sublimation turned out to harm the FeS, crystals’
surfaces. Therefore, we used KI as flux for recrystallization and growth
of bigger FeS; crystals. As the grown FeS; crystals showed n-type con-
ductivity, we formed the p/n junction with a p-type buffer material
(NiO).

2. Experimental description

FeS, microcrystals were synthesized and grown in a two-step process
from binary compound FeS (Alpha Aesar, 3 N purity) and elemental S (3
N purity) in the liquid phase of S (first step) and recrystallized in KI
(second step). Amount of S for synthesis was weighted considering that a
part of it is consumed in the reaction to form FeS; and another part for
the formation of liquid phase (flux) at the used synthesis temperatures,
at 500, 550 and 600 °C. The temperatures were chosen according to the
phase diagrams of iron-sulphur system [14,15], in order to stay in the
pyrite phase region. The volume of liquid flux (Vi) (in both cases, S and
KI) and the volume of solid FeS; (Vs) should be approximately equal as
necessary for monograin growth [16]. The mixtures were sealed into
evacuated quartz ampoules and heated in furnace for one week at
temperatures stated before. After that, the process was stopped by
quenching the ampoules in water. S as flux was tried to remove by
vacuum sublimation, but this method resulted in powders showing
Raman spectra with peaks of secondary phases. Therefore, leaching with
KCN solution was used to release the FeSy powder crystals from the
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excess of S. As the FeS, crystals released from S were too small for
preparation of monograin membranes, the crystals synthesized at 600 °C
were recrystallized in KI flux at 740 °C for one week to produce bigger
crystals. The ampoule with recrystallized powder was slowly cooled in
the furnace from 740 to 575 °C to ensure the phase transition of FeSy
from a pyrrhotite mix (above 617 °C) to pyrite (below 617 °C) according
to the phase diagram [14,17]. As per Yan-Hong Chen et al. [17] the
iron-sulphur system has an abundance of different compositions above
sulphur melting temperature at 118 °C [18]. These compositions include
phases where the Fe:S molar ratio is 0.5-1 and depending on the system
temperature, they consist of several different compositions, including
pyrrhotite and Fe;.4S mixtures. In an abundance of sulphur it is neces-
sary to control the temperature limits to make sure to stay in the pyrite
region of the phase diagram. The furnace was kept at 575 °C for 24 h,
after that the ampoule was rapidly cooled by quenching in water. FeS;
crystals were rinsed with deionized water to release them from solid
KI-flux. The phase composition of the synthesized FeS, powders was
studied by XRD and by Raman. XRD patterns were recorded on a Rigaku
Ultima IV diffractometer with Cu Ko radiation (1 = 1.5406 A) operated
at 40 kV and 40 mA in the 20 range from 20 to 70° with a step of 0.002°
and scanning rate of 5° per min. PDXL 2 software was used for the
derivation of crystal structure information from the recorded XRD data.
For Raman, the Horiba’s LabRam HR800 spectrometer equipped with a
multichannel CCD detection system in the backscattering configuration,
was used. 532 nm laser line with spot size of 5 pm was used for exci-
tation. The chemical composition of powders was determined by EDX
using Bruker Esprit 1.8 system. The morphology of crystals was studied
with the high-resolution scanning electron microscope (HR-SEM) Merlin
operated with an accelerating voltage of 20 kV using a Rontec EDX
XFlash 3001 detector. SEM equipment was combined with the EDX
analysis equipment, which was used to analyse polished crystals sur-
faces and investigate the elemental distribution and compositional
uniformity of different microcrystals. Conductivity type of crystals was
determined by the hot probe method, where a sample crystal is placed
between two indium probes. One probe is heated while the other stays at
room temperature. The thermally excited free charge carriers move by
diffusion from the hot probe to the cold probe. These majority carriers
define the electrical potential sign in the multimeter. FeS; microcrystals
exhibited n-type conductivity, determined by the hot probe method, so a
new design of MGL solar cell was adopted with n-type absorber and
p-type buffer layer. To prepare a FeSy; MGL device the FeS; microcrystals
were embedded in epoxy as a monolayer so that the upper surfaces of
crystals remained uncovered. These monolayer membranes of pyrite
were covered with a p-type NiO buffer layer. NiO was deposited by
successive ionic layer adsorption and reaction (SILAR), recipe was
adapted from Akaltun et al. [19] . This was followed by a soft heat
treatment of 160 °C for 10 min to raise crystallinity of the NiO layer but
not harm the epoxy membrane. To prepare FeSy/Au and FeSy/Pt
Schottky diodes, the metals were deposited by vacuum evaporation and
sputtering, respectively for Au and Pt. The hetero junctions were
covered with a TCO layer and finished with a silver contact on top and
graphite contacts on the pyrite side. Admittance spectra for FeSy/NiO
heterostructure and FeS,/Pt Schottky diode were recorded by using a
Wayne Kerr 6500B impedance analyser, charge carriers’ density of py-
rite was calculated using data from capacitance-voltage (C-V)
measurements.

Changes in the chemical composition of crystals’ surface after
different growth and treatment methods were studied by X-ray photo-
electron spectroscopy (XPS) using a Kratos Analytical Axis Ultra DLD
spectrometer fitted with monochromatic Al Ka X-ray source < 0.5 eV
(Ag 3ds,2) and achromatic Mg Ka/Al Ka dual anode X-ray source < 0.8
eV (Ag 3ds/2). The achromatic Mg Ka X-ray source was used to collect
secondary survey spectra in order to distinguish and separate the core
level peaks and Auger peaks in XPS spectra. The relative atomic con-
centrations of the elements were determined from the appropriate in-
tegrated peak areas at the core level and the sensitivity factors provided
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Fig. 1. SEM images of FeS, synthesized at a) 500 °C in S flux b) 550 °C in S flux ¢) 600 °C in S flux and d) FeS; crystals recrystallized at 740 °C in KI flux.
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Fig. 2. a) Raman spectra of FeS; crystals synthesized at 500 °C, 550 °C and 600 °C in S flux. S was removed by vacuum sublimation and etching. b) Raman spectra of
FeS, crystals synthesized at 550 °C in S flux. After vacuum sublimation (black line) and after sublimation and KCN etching (blue line). ¢) Raman spectrum of FeS,
crystals recrystallized at 740 °C in KI flux.
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by the original analysis Kratos Vision 2.2.10 software. The Shirley
background subtraction was used to calculate relative atomic
concentrations.

3. Results and discussion
3.1. Synthesis of FeSy crystals in S as a flux

In the first step FeS; was synthesized in the medium of liquid sulphur
functioning as a flux. The surface morphology and shape of the syn-
thesized crystals were characterized by SEM (see Fig. 1a, b, c). As it can
be seen in Fig. la and Fig. 1b the FeSy crystals grown at 500 °C and
550 °C are not formed yet as single crystals, they consist of small par-
ticles sintered together.

Synthesis-growth that was performed at 600 °C (Fig. 1c), crystals
have smoother surfaces, nevertheless the big conglomerates formed
from smaller crystals can be seen. The average size of individual crys-
tallites is around 1 um. To grow bigger crystals there are two options,
whether to increase time or temperature. As can be noticed, the growth
at 600 °C resulted in slightly bigger crystals therefore the growth was
performed at higher temperatures. Sulphur was found to be not the best
flux material, because removing it via sublimation and/or KCN etching
are time consuming, wasteful, and possibly harmful processes to the
microcrystals’ surface. However, KI seemed to be one of the best options
to use as a flux material, because its melting point is 681 °C, it is a very
stable compound and will not react with precursors [20], it is also water
soluble.

3.2. Recrystallization of FeSy crystals in KI flux

KI has been used as flux in syntheses of different absorber materials
for MGL solar cells: kesterites, CIGS and SnS [21-23]. The melting
temperature of KI (681 °C) is lower than the decomposition temperature
of FeS, into pyrrhotite and sulphur (744 °C) [15] and the presence of its
liquid phase enhances the growth of individual grains of FeS, and in-
hibits the formation of agglomerates [5].

The FeS; powder synthesized in liquid sulphur at 600 °C (see the
previous chapter) was recrystallized in KI as flux at 740 °C for one week.
Formed crystals had a nice uniform shape and smooth surfaces (see
Fig. 1d). Roughly half of the gained powder material was in the desired
fraction size of around 50 pm.

3.3. Raman, EDX, XRD and hot probe results

Raman spectra of microcrystals synthesized in sulphur at different
temperatures can be seen in Fig. 2a. Fig. 2b represents the Raman
spectra of powders synthesized in S flux at 550 °C after the sublimation
of sulphur under vacuum (black line) and after etching with a KCN so-
lution (blue line). It is seen from Fig. 2b that when powders had only
been treated under heated vacuum for sulphur sublimation, significant
amount of sulphur remained amongst the material. Thus, it was decided
to etch the microcrystals with KCN solution to dissolve and remove the
surplus sulphur. After the etching process, there was significantly less
elemental sulphur, but some of it was still evident. Sulphur poor phases
such as greigite (FesS4) and pyrrhotite (Fe;«S), and an oxide phase
haematite (Fe3S4) were also noticed from the Raman spectra. All pow-
ders on Fig. 2a have been synthesized at different temperatures in
sulphur flux and treated with KCN etching to remove the excess sulphur.
Microcrystals synthesized and recrystallized in KI are presented in
Fig. 2c.

Raman peaks at 343, 350, 379 and a weak peak at 430 em™! (Fig. 2a,
b, ¢) are characteristic to the pyrite phase as reported in the literature
[24,25]. Secondary phases present along with pyrite can be identified by
Raman peaks: at 216 and 219 cm™! as characteristic to haematite
(Fe203) [26] (in synthesis at 550 °C, Fig. 2a) and at 474 cm ! as char-
acteristic to elemental sulphur [27] (in syntheses at 500 °C and 600 °C,
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Fig. 3. XRD pattern of FeS2 crystals synthesized in S flux, after vacuum sub-
limation and KCN etching.

Fig. 2a). Broad Raman band at 280 cm ™ falls in the frequency region of
amorphous or poorly crystallized metal-sulphur stretching mode and is
attributed to FeS [28]. Deciding on the base of Raman analysis the purest
pyrite phase is formed in recrystallisation of FeSy powder at 740 °C in KI
followed by slow cooling to 575 °C (Fig. 2c). A slight variation in FeSy
Raman peak positions can be seen in the Raman spectra of samples
synthesized at 500 °C and 550 °C, that were post-annealed in vacuum for
sulphur sublimation and etched with KCN solution. The shift in Raman
peaks’ positions could be related with removal of sulphur from the
utmost surface layer of FeS; crystals causing the formation of S-deficient
surface layer with variable composition. The shift in Raman peak posi-
tions via the formation of solid solutions has been reported to other
compounds as well [29]. It is commonly related with the removal of
sulphur from the utmost surface layer of FeS; crystals, which causes the
formation of a variable S-deficient surface composition. The Fe - S bond
length increases due to the strain—stress effect induced by decreasing
sulphur concentration, which causes the wavenumbers to shift to lower
values [29]. Reverse effect would shift the Raman peak position to
higher values in the occurrence of sulphur rich composition. The shift in
Raman peak positions from pyrite peaks at higher wavenumbers (syn-
thesis at 600 °C, blue line) to lower wavenumbers (550 °C and 500 °C) is
shown in Fig. 2a.

On the basis of Raman analysis, we can conclude that it is possible to
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Fig. 4. XRD pattern of FeS, crystals recrystallized at 740 °C in KI flux.
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Fig. 5. High-resolution XPS core level spectra based on fitting results of Fe 2p and S 2p obtained from the surface of FeS, crystals grown in molten KI (Fig. 5a, b, e, f)
and molten sulphur (Fig. 5c,d, g,h). XPS spectra were measured after dissolution of KI by water (Fig. 5a, b) marked as green line and after following etching with
“Piranha” solution (Fig. 5e, ). Spectra of as-grown powders released from KI and sputtered with Ar™ ions for 60 s are also presented as blue lines in graphs Fig. 5.a
and Fig. 5.b. XPS spectra from crystals grown in molten sulphur were recorded after removal of sulphur by vacuum sublimation (Fig. 5c, d) and after following
chemical etching with KCN solution (Fig. 5¢,d). Sulphur spectra on Fig. 5b,d,f,h exhibit 2p3,» and 2p; > doublet signals with interval 1,2 eV, the doublets on graphs
are marked by rectangular brackets, only the higher intensity component S 2p3,, is shown for each doublet.

avoid the formation of unwanted iron sulphide phases if to proceed at
higher temperatures, provide the conditions for phase transformation
and quench the material quickly [15]. Synthesis route for phase pure
pyrite was determined based on the Raman analysis. It is important to
proceed at higher temperatures during the synthesis, provide the con-
ditions for phase transformation into pyrite phase, and quench the
material quickly for cooling to room temperature [15].

According to the EDX results, crystals grown at 500 °C have an iron
rich composition of 39.21 at.% iron and 60.79 at.% sulphur. The
composition shifts to more stoichiometric side with increasing growth
temperature: crystals synthesized at 550 °C and 600 °C are closer to the
stoichiometric composition of pyrite as 33.06 at.% Fe and 66.94 at.% S
for 550 °C; 33.42 at.% Fe and 66.58 at.% S for 600 °C, respectively.
Crystals recrystallized at 740 °C had composition of 33.77 at.% iron and
66.23 at.% sulphur. Even though EDX analyses showed almost stoi-
chiometric compositions to the materials grown at 550 °C and 600 °C,
there were still some additional phases and elemental sulphur that was
confirmed by Raman.

The microcrystals were also analysed by XRD, the pattern can be seen
in Fig. 3 and Fig. 4. XRD pattern of crystals that were synthesized in
sulphur flux at 600 °C are seen on Fig. 3. These crystals had been etched
with KCN solution to remove the S flux. Crystals that were recrystallized
in liquid KI flux at 740 °C, where the flux had been removed by rinsing
with water are seen on Fig. 4. It is evident from Fig. 3 that the powders
include several additional crystalline phases such as marcasite and
pyrrhotite in addition to pyrite. A possible haematite Fe;O3 peak was
also observed in the XRD pattern. The quantity of different crystalline
compositions can be related to the etching with KCN solution, which
removed some of the sulphur, leaving a variable Fe;4S composition. It
has been published by Chen et al. [17] that the iron-sulphur system has a
multitude of phases in lower sulphur supply at different temperatures,
that change the conditions for phase transition into pyrite and from
pyrite into pyrrhotite. The XRD pattern of powders after recrystalliza-
tion in KI at 740->575 °C shows that the additional phases are removed
and transformed into pyrite phase. The resulting pure pyrite phase has
lattice parameters a = b = ¢ = 5.4154 A, which confirms the cubic
structure and agrees with the values reported in the literature [30-32].
Additionally, XRD supports Raman results that there are no secondary
phases in the crystals recrystallized at 740 °C in KI flux.

As it is reported also in literature [11], all synthesized FeS; crystals

(at 500, 550, 600 and 740 °C) exhibited n-type conductivity according to
the hot probe measurements.

3.4. XPS study of microcrystals

The XPS analysis was used to study the changes in the binding en-
ergies of constituent elements of FeS, crystals depending on different
synthesis conditions and flux removal methods. XPS spectra of crystals
grown in sulphur were recorded after removal of sulphur by vacuum
sublimation and after additional chemical etching with KCN solution.
FeS, crystals grown in molten KI flux were measured after dissolution of
KI by water and after following etching with so called “Piranha” solution
(H202+ H2S04). Fig. 5a and Fig. 5b presents the XPS core level spectra of
Fe 2p and S 2p before and after sputtering of the crystals surface for 60 s
with Ar™ ions with the aim to remove the surface contamination seen in
the XPS survey spectrum (not presented in this paper). But it can be
noticed that Fe 2p and S 2p XPS spectra are strongly influenced by
sputtering. After sputtering, all spectra in the iron region show a strong
increase in signal in the area of Fe>* species (shown as a horizontal line
in Fig. 5a) while the signal of Fe>" near 707 eV that belongs to pyrite
[10] is much less intensive. In the energy region of sulphur XPS signals,
the effect of sputtering is even stronger. In addition to the doublet signal
of S 2p3/2 and S 2p; 2 (at 162.4 and 163.6 eV with the distance of 1.2 eV)
that represents the emission of bulk S,2~ [10,33,34] there emerges a
peak at 161.3 eV characteristic to monosulfide S>~ surface state [10].
These afore described effects were present in all spectra of sputtered
samples after each synthesis and treatment regime. The appearance of
Fe®* ionic states and $2~ monosulphide signals are similar to the phe-
nomena characteristic to the pyrite surface mechanical fracturing
described by Nesbitt et al. [10]. Due to the before described changes in
XPS spectra accompanied with sputtering (surface damage of FeSy
crystals) that disfigure the XPS spectra, only spectra of unsputtered
pyrite samples were used for fitting the spectra to the spectral
components.

The Fe 2p XPS spectra (in Fig. 5a, c, e, g) include contributions from
bulk Fe?" 2p3,/2 emission near 707 eV [10,35], which is the most char-
acteristic to the pyrite phase. The peak at 707 eV is more obvious for
samples that were crystallized in KI flux and weaker for powders syn-
thesized in sulphur flux. All Fe 2p spectra exhibit emissions from en-
ergies between 708 and 713.8 eV, that are attributed to the Fe>* jonic
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Fig. 6. I-V curves of FeSy/NiO heterostructure (left) and Schottky diodes with Pt and Au contacts. Membranes with Pt electrodes were etched preliminary with
“Piranha” solution (H2SO4: HoO, = 3: 1), for 10 s in the case of “light” etching and for 60 s in the case of “etched” FeS, sample.

states [10,33,36]. Spectra of powders synthesized in sulphur flux have
multiplet spectral contributions from FeSO4 states at binding energies
712.2-716.6 eV [36]. Inclusion of oxygen in the samples comes likely
from the impure synthesis precursors, such as elemental sulphur pow-
der. Applied KCN etching of powders synthesized in sulphur flux did not
remove any signal from SO4%~ component but brought out signals of the
pyrite phase (compare the Fig. 5d and Fig. 5h) by removing the inter-
mediate (damaged by sublimation) surface layer. After the etching
procedure, the Fe 2p spectre exhibits a stronger Fe?" signal and clear
disulphide and sulphide signals in the S 2p region. The removal of FeS
and FeSy can be described by the following reaction [37]:

FeS + 6KCN—K, [Fe(CN) ] + K,S (€h)

The Fe 2ps3/ signal that appeared at 709 eV after etching the crystals
with “Piranha” solution (compare Fig. 5a and Fig. 5e) is an evidence of
Fe,03 formation on the surface [33,38]. It indicates that some of the
Fe?* had been oxidized to Fe>'. It seems that the treatment with
“Piranha” solution in the used conditions (concentration, temperature
and time) did not help to avoid the phenomenon of surface
Fe?*oxidation to Fe3+up0n surface fracture (disruption of S-S bond) that
was described by Nesbitt et al. [10].

The S 2p XPS spectra (in Fig. 5b, d, f, h) include bulk disulfide S,2
contributions with a doublet signal at 162.6 eV. Separation of the S 2p3 /2
and S 2p;/, doublet is 1.2 eV [10,34,38]. The S part of XPS spectrum of
the powder synthesized in sulphur and sublimed (see Fig. 5d), exhibits
only a very weak doublet of peaks at energies 162.9 and 164 eV
attributed to elemental sulphur in the Ref. [34]. This is a suggestion that
the used vacuum sublimation removed almost all of the sulphur from the
utmost surface of FeS, crystals. The XPS spectrum recorded after
following KCN etching (Fig. 5h) revealed again the disulfide Sy~ con-
tributions that belong to the pyrite phase. This fact suggests that
applying KCN etching to the sublimed powder reveals the pyrite surface
(compare Fig. 5d and Fig. 5h) by dissolving and removing surface FeS
into etching solution via complexing Fe into hexacyanoferrate complex
ions (reaction 1). Doublet peaks of elemental sulphur S° and poly-
sulphide Sg- at 163.5 and 164.7 eV and at 164.6 and 165.8 eV, respec-
tively, are apparent in Fig. S5h. In Ref. [10,34] these doublets were
attributed to the unreacted elemental sulphur.

Based on XPS analysis it was concluded that a) vacuum sublimation
results in sulphur-poor FeS; surface that can be restored by following
KCN etching; b) the “Piranha” treatment in the used conditions (con-
centration, temperature and time) did not help to avoid the phenome-
non of surface Fe?*oxidation to Fe3*; ¢) the crystals synthesized in KI
flux exhibited stronger indication of the pyrite phase and less secondary
compounds such as FeSO4. One reason for the formation and growth of

more developed crystals in molten KI is its lower viscosity. The diffusion
dynamics for the growth of pyrite crystals is different in liquid S and KI.
Sulphur has higher viscosity — 0.1 Paxs at its boiling point, 445 °C [39],
which is below the growth temperature of 500 °C; viscosity of KI is
0.0012 Pass at 740 °C [40]. The lower viscosity helps to dissolve and
diffuse the material through liquid flux, therefore the larger crystals
grow.

3.5. Schottky diodes and FeS2/NiO hetero structure

The FeS; powder recrystallized in KI was sieved into narrow size
fractions and the unisize crystals were used for the monograin mem-
brane formation in order to prepare Schottky diodes and FeSy/NiO
heterostructure. Prior to device fabrication, the pyrite crystals surface
was passivated. The surface was removed by etching with “Piranha”
solution (H2SO4: H305 = 3:1), which is an oxidizing etchant that has
been used by researchers [11,41] for improving pyrite surface parame-
ters. Etching time was 10 s in the case of “light etching”, which was done
for the pyrite membranes on epoxy. 60 s etching regime was done for
pyrite microcrystals prior to MGL fabrication. After etching procedures,
the powders and membranes were cleaned with water and used for
device fabrication.

It was detected by hot probe measurements, that pyrite microcrystals
exhibited n-type conductivity. Thus, the finding of a suitable metal with
higher work function than that of pyrite was needed. FeS; has work
function of 3.9 eV [42], meaning that the work function of a partnering
metal should be higher. Pt and Au with work functions of 6.1 eV and
5.45 eV, respectively [43,44], were deposited on pyrite monolayer
membranes as p/n junction partners for pyrite/Pt and Pyrite/Au
Schottky diodes. The current-voltage (I-V) curve of the formed diodes
can be seen in Fig. 6a.

P-type NiO was deposited by SILAR method to form heterostructure
with the pyrite membrane. I-V curve of heterostructure can be seen on
Fig. 6b, unfortunately it didn’t generate current and indicated the ex-
istence of pinholes in the structure. Charge carriers’ concentrations 6.2
x 10 and 2.5 x 10'” em ™2 were found from C-V measurements using
FeSy/NiO heterostructures and FeS,/Pt Schottky diodes, respectively.
These values are in good agreement with the results reported in litera-
ture [45].

4. Conclusion
In the current work we developed a procedure for growth of pyrite

microcrystals to be used in monograin layer solar cell. FeSy microcrys-
tals synthesized in sulphur and recrystallized in molten KI as flux, had
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cubic structure of pyrite phase with stoichiometric composition, as
confirmed by XRD, Raman and EDX analyses, respectively. Based on XPS
analysis it was concluded that a) vacuum sublimation results in sulphur-
poor FeS; surface that can be restored by following KCN etching; b) the
“Piranha” treatment in the used conditions (concentration, temperature
and time) did not help to avoid the phenomenon of surface Fe*
oxidation to Fe>'; c) the crystals synthesized in KI flux exhibited
stronger indication of the pyrite phase and less secondary compounds
such as FeSO4. Grown crystals exhibited n-type conductivity determined
by hot probe measurements. Therefore, p-type NiO was deposited by the
SILAR method on the top of the crystals in order to form FeSy/NiO
heterostructure. Additionally, FeSy Schottky diodes were fabricated
with Pt and Au contacts. Via the C-V measurements, the charge carriers’
concentrations of 6.2 x 10'® and 2.5 x 10 ecm™> were found using
FeSy/NiO heterostructures andFeS,/Pt Schottky diodes, respectively.
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ARTICLE INFO ABSTRACT

Keywords:
Monograin layer solar cell
Molten salt synthesis

Reliable energy sources are 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 the Earth or find a way
to produce them in-situ on the Moon from local resources. We propose the monograin layer (MGL) solar cell

Fes? U technology, that could be used for the in-situ production of solar panels on the Moon. One of the most promising
In-situ resource utilization L1 . N .
Lunar base compounds, that can be used as an absorber material in a monograin layer solar cell is pyrite FeS,. There are

considerable 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 synthesis-growth of FeS; powder at 740 °C
in potassium iodide for one 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 pm was appropriate for making monograin layers. The produced FeS; MGLs were used as absorber layers in
MGL solar cells with structure as graphite/FeSy/NiO/TCO and in FeSy/Pt Schottky diodes. Charge carrier con-
centration of 6.2 x 10'® cm ™ was determined from capacitance-voltage measurements of FeSy/NiO hetero-
structure and 2.5 x 10'7cm ™3 from FeS,/Pt Schottky diode.

1. Introduction

Securing a permanent lunar outpost is among the goals for 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 the lunar soil (or
regolith) to lower the price of the lunar village mission.

It is especially important to establish a reliable energy supply.
Continuous photovoltaic solar energy production is possible on the
Moon because some areas around the lunar south pole are constantly
illuminated by the Sun [3]. Producing solar cell materials and panels in
situ from elements of lunar regolith would be the best way to use the
available resources, as the cost of sending them from Earth is extremely
high [4]. This study was aimed to the in-situ resource utilization (ISRU)
approach to produce solar energy on the Moon. One promising possi-
bility is to use the monograin layer (MGL) solar cell technology [5-7].
MGL solar cell has a superstrate solar cell structure: back

* Corresponding author.
E-mail address: katriin.kristmann@taltech.ee (K. Kristmann).

https://doi.org/10.1016/j.actaastro.2022.07.043

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 in a thinner-than-crystal-size layer of epoxy (or some other
polymer) (Fig. 1.) [8]. The powder crystals’ surfaces are coated with a
thin layer of a buffer material (ordinarily via solution deposition under
continuous stirring) for creating the semiconductor p/n junction. After
the buffer layer deposition (followed by soft heat-treatment) each
covered crystal is a tiny photovoltaic cell. Therefore, the MGL technol-
ogy has an advantage compared to other thin film solar cell technologies
- it allows to separate (geographically) processes of absorber (powder)
production from solar cell module formation. The MGL solar cell
structure enables to manufacture flexible, lightweight, and cost-efficient
solar panels. The technology combines advantages of high-efficiency
single-crystalline material and of low-cost roll-to-roll panel produc-
tion. Thus, it enables to cover vast areas with minimum cost [8]. All the
MGL solar cell production processes are well performable in the low
pressure or vacuum environment. When the synthesis ampoules have
been degassed under dynamic vacuum and sealed, then they are inserted

Received 11 March 2022; Received in revised form 15 July 2022; Accepted 25 July 2022
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Acronyms/Abbreviations

EDX Energy-dispersive X-ray spectroscopy
HR-SEM High resolution scanning electron microscope
ISRU In-Situ Resources Utilization

MGL monograin layer

TCO transparent conductive oxide

KI potassium iodide

XRD X-ray diffraction

NiO nickel oxide

PCE power conversion efficiency

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

in a high-temperature furnace, where the gravity conditions are not
considered to play an important role. Operating the furnace in vacuum
will minimize the heat loss. Precise studies about the effects of low
pressure and low gravity on the fabrication of MGL solar cells are in
progress in the near future in coordination with the European Space
Agency. First tests about the suitability of MGL solar cells for space
applications was evaluated by T. Raadik et al. [9], where the tests were
made in conditions simulating the lunar environment. Based on the re-
sults of this work [9] the European Space Agency showed remarkable
interest in the monograin solar cell technology due to its advantages.
One promising candidate for the 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 ele-
ments 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 ele-
ments for solar cell production in situ from the lunar soil, starting from
absorber material and completing 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 minority carrier diffusion length, high electron
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mobility, and an even higher absorption coefficient than silicon — all
making pyrite attractive as an absorber material to achieve potentially
up to 25% energy conversion efficiency [13-16]. Despite high interest
among material scientists and research efforts over three decades, FeS;
solar cells have never exceeded a PCE greater than 3% [17]. This poor
conversion efficiency is mainly the result of poor photovoltage, which
has not exceeded 0.3 V. Secondary phases, surface conduction phe-
nomena, and undesired doping have been reported [17-19] as probable
key issues behind the poor conversion efficiency. What’s more, pyrite
crystals and films have been reported to exhibit different conductivity
types depending on the deposition and treatment regimes. Pyrite thin
films usually have p-type conductivity while single crystals are
commonly n-type [20]. The origin of the unintentional p-type doping of
pyrite FeS; is attributed to sulphur vacancies and formation of a frac-
tured surface layer on an n-type pyrite single crystal. One of the main
reasons for the creation of the inverse surface layer is iron’s nearly
equally stable oxidation states Fe>" and Fe>", that makes the material’s
photo-electric properties difficult to control. When the Fe?* ion oxidizes
into Fe®*, it lowers iron’s coordination number with sulphur and creates
energy levels close to the valence band edge, initiating the p-type con-
ductivity [20-22]. In order to avoid the formation of Fe®* and reduction
of the Fe-S coordination, pyrite will be prepared in sulphur rich envi-
ronment, proceeding with surface treatments that mitigate iron
oxidation.

For FeS; synthesis, it is necessary to extract iron and sulphur from
regolith. According to literature, iron exists in the lunar soil in large
quantities in the form of silicate and oxide phases. Troilite (FeS) can also
be found and is a highly suitable precursor for the synthesis of pyrite. So,
it is required to add sulphur to FeS to form pyrite FeSy. Sulphide min-
erals that are reported to be present in the lunar rocks include troilite,
mackinawite, chalcopyrrhotite, sphalerite, chalcopyrite, and cubanite
[23]. Sulphide minerals on the Moon can be found in the co-occurrence
of magmatic Fe-Ti-oxides, as is in the case with Earth based samples,
when they are compared with lunar mare basalts [24]. That way it is
possible to use for example Clementine mission based Titanium maps
[25] or infrared spectroscopy for in-orbit detection, as is being devel-
oped in the Polish Academy of Sciences [26]. It has been reported that
sulphur can be extracted from regolith by heating it at 750-1100 °C [27,
28].

Purifying the lunar water for human and chemical consumption
produces sulphur as a by-product. H2S and SO, are some of the primary
pollutants of lunar water ice [29], which can be found in the bottom of
the permanently shadowed craters near the lunar poles. Sulphide and
sulphate pollutants constitute up to 20 wt% of the ice resource [29], and
their removal by chemical processes produces sulphide gas, which can
be reduced to elemental sulphur.

Another way of co-producing of sulphur is during the oxygen
extraction from ilmenite-rich mare soils [30].

The MGL solar cell technology employs only a 50 pm thick layer of
FeS,, so it can be calculated that a 10 m? large solar panel, that covers
the dome of a living quarter and produces 700 W of power with 5%
efficiency, will require 320 g of pyrite, or 235 g FeS and 85 g of S.

2. Materials and methods
2.1. Synthesis of FeSz microcrystals

In this study FeS,; monograin powders were synthesized from high-
purity (5 N) FeS and S acquired from Alfa Aesar. The synthesis-growth
process was performed in potassium iodide (KI) flux. The amounts of
KI and the precursors for FeS, formation were weighted considering that
the volume of liquid phase Vi;quiq at the process temperature would be at
least 0.6 of the volume of solid phase Vg . 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
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[31]. Precursors FeS and S were weighted considering the formation of
stoichiometric FeS; mixed with KI, and loaded into a quartz ampoule.
After degassing and heating up to approximately 80 °C, the ampoule was
sealed and heated in a furnace up to 740 °C. It was kept at this tem-
perature 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 [32,33]. This step is impor-
tant, because iron and sulphur, in addition to pyrite, have an abundance
of different compositions above sulphur melting temperature [34]. The
furnace was kept at 575 °C for 24 h. After that the ampoule was cooled
rapidly 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 uni-
formly high quality.

2.2. Deposition and properties of NiO buffer layer

As synthesized pyrite FeS, microcrystals exhibited n-type conduc-
tivity detected by hot probe method, a p-type partner was needed for p/n
junction formation. NiO was chosen as an option for the buffer layer, as
it is a common p-type semiconductor material with a wide bandgap in
the range of 3.6-4.0 eV [35] and utilizes abundant nontoxic elements
that are readily available in the lunar soil [10]. NiO buffer layer was
deposited by the successive ionic layer adsorption and reaction (SILAR)
method from NiSO4 solution at room temperature (RT). NiO deposition
was based on the recipe proposed by Akaltun et al. [35] 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 NHZ ions, while the ratio of [Ni%*]
to [NH4] was equal to 1:10. The NiO deposition from 0.1 M Ni?* solu-
tion was fast 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.

2.3. Production of FeSz Schottky diodes and solar cells

Schottky diodes were prepared to measure the current-voltage
characteristics and determine the pyrite crystals’ work function and
Fermi level. Various experimental measurements on pyrite’s work
function have reported different values between 3.9 eV [36] and
4.8-5.4 eV [37-39]. The work function of platinum is reported in the
range of 5.6 eV-6.1 eV [40] and thus 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 pm 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 semi-
conductor. Pt layer was deposited by sputtering, NiO was deposited by
the SILAR method.

2.4. Characterization of FeSz microcrystals and NiO films

The phase composition of the synthesized FeS, powders was studied
by X-ray diffraction (XRD) and by Raman spectroscopy. For Raman
studies, the Horiba’s LabRam HR800 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 IV diffrac-
tometer with Cu K, radiation (A = 1.5406 A) operated at 40 kV and 40
mA in the 26 range from 20 to 70° with a step of 0.002° and scanning
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rate of 5° per minute. 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 analysis was
performed over the crystals’ surface to investigate the elemental dis-
tribution and compositional uniformity of different microcrystals.
Several crystals’ surfaces and bulk compositions were measured by a
highly focused probe, EDX mapping was performed over large area of
several crystals, mapping concluded the same results as from the single
grain measurements. The morphology of crystals was studied with the
high-resolution scanning electron microscope (HR-SEM) Zeiss ULTRA
55 with an accelerating voltage of 20 kV using a Rontec EDX XFlash
3001 detector.

Conductivity type of the material was determined by the hot probe
method, where a sample crystal is placed between two indium probes.
One probe is heated while the other stays at room temperature. The
thermally excited free charge carriers will move by diffusion from the
hot probe to the cold probe. These majority carriers define the electrical
potential sign in the multimeter. The hot probe measurements were
carried out for only a single grain at a time and not for the MGL mem-
brane, to measure the conductivity of the FeS; single microcrystal. We
tested multiple grains and the result was similar for all measurements.

2.5. Characterization of Schottky diodes and solar cells

To evaluate the main electrical characteristics of our devices, the
current-voltage characteristics were measured under dark conditions
and under illumination AM 1.5 G (100 mW/cm?2) using a Newport Class
AAA solar simulator system. I-V characteristics were recorded by a
Keithley 2400 source meter.

Charge carrier density of the pyrite in devices was determined from
capacitance-voltage measurements using Wayne Kerr 6500B potentio-
stat at different frequencies between 0.01 MHz and 10 MHz.

3. Results and discussion
3.1. Synthesis-growth of FeS2 crystals in KI flux

The FeS; powder was synthesized from FeS and S (see the previous
chapter) in KI 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 pm.

3.2. Raman, EDX and XRD results

Raman spectra of microcrystals synthesized in KI at 740 °C can be
seen in Fig. 3. Raman peaks at 343, 379 and weak peaks at 350 and 430
em™! are characteristic to the pyrite phase as reported in the literature
[41,42]. Based on Raman analysis (Fig. 3) it can be concluded that the
synthesis-growth of FeSy; powder at 740 °C in KI followed by slow
cooling to 575 °C resulted in pure FeS, pyrite phase. The formation of
the secondary unwanted iron sulphide phases can be avoided if to pro-
ceed at high temperatures, provide the conditions for phase transition,

Fig. 2. SEM images of FeS, crystals synthesized in KI flux at 740 °C.
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Fig. 3. Raman spectra of FeS, crystals synthesized at 740 °C in KI flux.

quench the material quickly and use a flux material that can be removed
by leaching and rinsing with water.

According to the EDX results crystals synthesized at 740 °C had
average composition of 33.71 at. % iron and 66.29 at. % sulphur.

The crystal structure of the microcrystals synthesized at 740 °C were
analysed by XRD. The XRD pattern is presented in Fig. 4. The recorded
lattice parameters a = b = ¢ = 5.4154 A confirm the cubic structure and
are in good accordance with values reported in the literature [43-45].
Additionally, XRD and Raman results are in good correlation that there
are no secondary phases in the synthesized crystals.

3.3. 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.

I-V curve of the structure of FeSy/Pt is presented in Fig. 5 (blue line).
It can be seen from the shape of I-V curve that a small rectifying junction
is formed. However, the determination of the built-in voltage (V) from
these measurements was not possible. The performance of the pyrite-

I (200) — Fes, recrystallized at 740 °C
i (311) B
L ]
21 (210) A
S5 -
o L
A (211) (220) 1
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[2]
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Fig. 4. XRD pattern of FeS, powders synthesized at 740 °C in KI flux.
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Fig. 5. I-V curves of pyrite Schottky diode with Pt as junction partner (blue)
and FeS,/NiO heterojunction solar cell (black). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

based diodes might have been limited due to Fermi level pinning,
which has been attributed to the pyrite interface as a limiting factor for
fabricating efficient pyrite-metal junctions [46].

-V curve of pyrite-FeSy/NiO hetero-structure is seen in Fig. 5
(black). It is obvious that a junction between the pyrite and NiO
deposited by SILAR (20 cycles) has been formed but no photocurrent is
generated in this solar cell structure. The existence of the 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 the pyrite MGL solar cell structure.

Charge carrier concentrations found from C-V measurements were
6.2 x 10 cm™2 for FeS2/NiO hetero-structures and 2.5 x 10Y7em 2 for
FeS,/Pt Schottky diodes. These results are in good accordance with the
expected values based on literature data [47].

4. Conclusions

FeS, monograin powder was considered as an option for the absorber
material in MGL solar cells for energy production in a future lunar
habitat. In this work, the conditions for FeS; microcrystalline (mono-
grain) powders by synthesis-growth method 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
740 °C in molten KI for one week. Slow cooling to 575 °C and keeping
the ampoule at this temperature for 24 h followed by rapid cooling to
room temperature resulted in single phase pyrite monograin powder.
Produced FeS; had cubic structure with lattice parametersa =b =c¢ =
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 pm.
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 the absorber crystals, different dopants,
and pyrite junction partners.
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Pyrite FeS, has significant promise as a low-cost, earth-abundant photovoltaic material and has thus
been the focus of solar energy researchers for years. Despite the effort, its efficiency has remained at
around 3%, much lower than what is expected from the material properties. The inability to understand
and control the effects of impurities in pyrite has increased difficulties in fabricating successful pyrite
solar cells. Recent reports have shown evidence of phosphorus and cobalt as prospective dopants for
improved optoelectronic properties and charge separation. Here, we demonstrate the optoelectric
effects of alkali metal impurities in pyrite by synthesizing highly crystalline n-type pyrite microcrystals in
different growth media. We find that the synthesis medium affects the impurity content of the final
material. Alkali metals such as lithium, sodium, potassium, and cesium in pyrite are shown to create
defect levels that cause the Fermi level to increase from —5.15 to —4.56 eV, depending on the amount
of the impurity. Creation of solid solutions is suggested by the increased energy of the valence band
maximum (Eygm) from —6.17 to —5.52 eV. We show how much the concentration of these impurities
can be reduced via recrystallization of FeS, crystals in molten salt to lower the energies of the Eygm and
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Introduction

Iron pyrite is the most abundant sulfide mineral. Synthetic
single-crystalline and high-purity FeS, (iron disulfide of pyrite
structure) is an n-type (S-vacancy-doped) semiconductor. Pyrite
has many physical properties that are attractive for an absorber
material in photovoltaic solar energy converters. Pyrite has
a bandgap of 0.95 eV, a high light absorption coefficient
(>10> em™"), and high carrier mobility." These properties
and the abundance of inexpensive, nontoxic constituent ele-
ments make pyrite a desirable solar energy absorber material
for large-scale energy production.”” It has been compared that
a pyrite solar cell with only 4% efficiency could produce
electricity for the same price as a 19% efficient silicon solar
cell.® Pyrite absorbers have also been considered for extrater-
restrial solar applications because of their low energy input for
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changes in the energy band diagram.

extraction and production, making them a great candidate for
power production in the lunar base concept’ and for the
approach of space-based solar power satellites manufactured
on the Moon.®

However, the solar energy conversion efficiencies of FeS,-
based devices have never exceeded 3%."° These low efficiencies
are caused by low V¢ values in pyrite devices, attributed to the
formation of a very thin p-type surface inversion layer on n-type
pyrite crystals, which forms a leaky internal junction."®'" This
phenomenon is more noticeable in thin films where the
surface-to-bulk ratio is higher than in single crystals. There
are a lot of studies in the literature that are focused on the
reasons and mechanisms of this surface layer formation''™?
and on the removal of the surface layer by chemical or electro-
chemical etchings.*

Recently, Voigt et al.'®> demonstrated a possibility to mitigate
the internal p-n junction by fabricating metallic CoS, contacts
via a process that simultaneously diffuses Co (a shallow donor)
into the FeS, crystal, yielding direct Ohmic contact to the
interior. A more recent study of the same research group’
presents a perfect detailed overview of the research history of
pyrite FeS, over more than 30 years and proposes to form
homojunctions via p-type doping of single-crystalline FeS, with
phosphorus (P). They found experimentally that the P-acceptor
turns FeS, from n-type to p-type and allows it to form a

Mater. Adv,, 2024, 5,1565-1575 | 1565
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homojunction. They determined the acceptor level at 175 +
10 meV above the valence band maximum. This study opened
the door to overcome the historical inability to understand and
control the p-type doping in pyrite FeS, and provided new
opportunities for solar cells based on this extraordinary
semiconductor.’

In the present work, the synthesis-growth method in molten
salts is used to produce FeS, monograin powder crystals. The
individual powder particles formed in this process are mainly
single crystals, as found in our previous study.'® FeS, mono-
grain powder crystals, grown in molten potassium iodide (KI),
exhibited n-type conductivity, and had charge carrier concen-
trations around 107 em ™, as found from capacitance-voltage
measurements of n-type FeS,/p-type NiO heterostructures and
FeS,/Pt Schottky diodes.

For making the above-mentioned heterostructures, FeS,
powder crystals of uniform size were fixed in a thin layer of
epoxy, thus forming a monograin membrane (used also as the
absorber layer in monograin membrane solar cells).’”*® In the
present study, we study the effect of different flux salts on the
properties of pyrite FeS, crystals as the constituent elements of
salts are incorporated into the FeS, crystals during the
synthesis-growth process. The obtained different FeS, micro-
crystals fixed in the form of monograin membranes can be used
as absorber layers in monograin layer (MGL) solar cells. MGL
technology has not been used for pyrite solar cells before, and it
has some unique advantages, such as the possibility to separate
the production of absorber crystals from the preparation of the
solar cell stack. The synthesis conditions (temperature and
sulfur vapor pressure) of the absorber material can be accu-
rately controlled and the process may proceed at higher
temperatures than those possible in thin film technologies,
thanks to monograin powder synthesis-growth in sealed quartz
ampoules.’”?

During the synthesis of pyrite crystals in the liquid salt
medium, the precursors (and their residual impurities) and
the formed FeS, dissolve in the liquid phase up to their
solubility limit at the synthesis temperature. After the for-
mation reaction, the FeS, solid particles start to recrystallize
and grow at the expense of the dissolved material, following the
Ostwald ripening mechanism.”* In the present study, we use
different alkali metal salts in the synthesis process, and there-
fore there is a question about the doping of pyrite crystals with
constituent elements of the used salts.

It is known that halogens in pyrite behave as donors.”" The
effects of doping with transition metals (originating in this
work from FeS precursors of different purities) have also been
studied previously. It was found that transition metals cause
changes in the band gap energies at different doping levels.*”
Cobalt was found to increase the free electron concentration
and therefore was termed as a n-type dopant,®*** while nickel
and chrome did not affect the free electron concentration in
pyrite so extensively. >*** It has been suggested that cobalt on
an iron site (Cog,) is a very shallow donor and nickel on the iron
site (Nig) is a very deep donor at a level around the middle of
the band gap. Other metals are expected to incorporate into the
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pyrite lattice via a substitution process.>>?® At greater doping
densities, Crg. is a deep but extremely poor donor that becomes
increasingly compensated.** Since CrS, does not crystallize in
the pyrite structure, it is also not beneficial to use it as a
dopant. All the transition metal impurities were thought to
increase the pyrite lattice constant.>**2”

Group 5 and 6 nonmetal impurities have been found to
occupy a vacant sulfur site. The arsenic impurity mainly affects
the electronic structure at shallow and deep valence bands,
while selenium and tellurium impurities were found to affect
the electronic structures at deep valence bands of pyrite.”®
Based on the calculations, it was suggested that As-, Se-, and
Te-substituted pyrites exhibit p-type conductivity. This agrees
quite well with the experimental findings of Voigt et al.® Pyrite
also has native defects and strong evidence shows that S-
vacancy (Vg)-based native defects are present and are respon-
sible for the unintentional bulk n-doping in pyrite crystals.'>>®
Experiments have identified an ~225 meV deep donor and
linked it to Vs. The doping effect of alkali metals (lithium,
sodium, potassium, and cesium) in pyrite has not been suffi-
ciently studied. However, the influence of doping with alkali
metals in other semiconductor compounds has been inten-
sively investigated. It was found that alkali doping is crucial for
a wide range of chalcogenide materials used for photovoltaics
(CdTe, Cu(In,Ga)Se,, Cu,ZnSn(S,Se),) and thermoelectricity
(Pb(S,Se,Te)) up to superconductivity (KFeSe,) and for two-
dimensional materials (MoS, and WSe,).>* Alkali doping helped
to increase the efficiency of Cu(In,Ga)Se, (CIGS)-based solar cells.
It has been commonly agreed that doping with alkali elements
passivates the defects at the p-type CIGS absorber surface or at
grain boundaries. It does not change the acceptor concentration
but decreases the compensating donors’ concentration.>® As the
free carrier density is determined by the difference in acceptor
and donor concentrations, the p-type carrier concentration
increases, and as a result, the Fermi level (Eg) is lowered. Thus,
an enlarged Ey, difference will produce higher V¢ and FF values.*!

In our previous work, we found the synthesis-growth condi-
tions for pyrite monograin powders in molten potassium iodide
(K1).”'® In the present work, using different flux salts, we study
the effects of different alkali metal iodides on the morphology
and physical properties of pyrite crystals. We determine the
concentrations of flux salts’ constituent elements grown into
the formed pyrite crystals. We report the photoluminescence
(PL) spectra of the materials and determine the Fermi levels
and valence band maxima positions of FeS, grown in different
molten alkali metal salts. We also discover a method to
significantly decrease the content of Cu-impurity in the pyrite
crystals, opening a discussion for the possibility to control the
level of different impurities in pyrite by recrystallizing it in large
amounts of a flux salt.

Experimental

Pyrite microcrystals in the monograin powder form were pro-
duced by the molten flux synthesis-growth method, and for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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comparison, as a polycrystalline powder (without any added
flux salt). FeS powder (3N) acquired from Thermo Scientific and
S powder (5N) acquired from Alfa Aesar were used as precursors
for FeS, synthesis. The precursors, FeS and S, were weighted in
amounts necessary for the synthesis of stoichiometric FeS,.
Quartz ampoules were filled with these precursors and the
respective flux materials. Different flux materials (KI, Lil, CsI
and Na,S,, where x > 2) were added into individual separate
ampoules to ensure the formation of liquid phase of flux during
the high temperature synthesis-growth process. Flux salts were
taken in amounts providing the volume of the formed liquid
phase approximately equal to the volume of solid FeS,. With
this volume ratio, it is guaranteed that the solid FeS, powder
particles, formed in the synthesis reaction, start to grow sepa-
rately, which are pushed apart from each other by repulsive
capillary forces.”® For comparison, the synthesis of FeS, was
performed without the presence of any flux material with the
aim to produce FeS, polycrystalline powder. Later, the FeS,
monograin powder material, originally synthesized in KI with
equal volumes of liquid and solid phases (Viiquiaxr = Vsolid res,)»
was recrystallized in four- and ten-times higher amounts of KI
with the purpose of removing some impurities from pyrite by
the effect of distribution of impurities between liquid and solid
phases. For recrystallization, the portions of pyrite powder were
loaded into quartz ampoules with 4 times (Viiquiaxi = 4 Vsolid res,)
and 10 times bigger (Viiquiaxr = 10 Vsoliares,) amount of KI as the
flux material. The ampoules were heated in the furnace for 10 days
at 690 °C (see Table 1). To obtain even higher purity pyrite, a FeS
precursor of 4N purity (instead of the previous 3N) was purchased
from Apollo Scientific and used to synthesize pyrite in the KI flux
(Viiquiaxr = Vsolid res,)- Synthesis temperatures were chosen so that
the synthesis would proceed at a temperature higher than the
melting point of the used flux material. The melting temperatures
of KI, Lil, CsI, and Na,S, are 681 °C, 469 °C, 621 °C, and 400 °C,
respectively.*>** Thus, the synthesis temperatures were set as
690 °C for the iodide salts and 475 °C for Na,S, flux (see
Table 1, Results and discussion). All the ampoules were heated
for 10 days. Fig. 1 shows the FeS, powder production steps and
Table 1 shows the used flux salts, precursors, synthesis tempera-
tures, and the compositions of obtained FeS, materials.

The materials’ properties were studied using different ana-
Iytical methods with the goal to use them as absorber layers in
monograin layer solar cells. The chemical composition of FeS,
powder crystals was determined via energy dispersive X-ray

Table 1 Chemical composition and synthesis conditions of FeS, crystals
grown in different molten flux salts

Fe/at% S/at% Material Flux Synth. T (°C)
33.5 66.5 FeS, KI 690
33.0 67.0 FeS, Lil 690
33.7 66.3 FeS, CsI 690
33.3 66.7 FeS, Na,S, 475
34.0 66.0 FeS, — 500
33.8  66.2 FeS, KI (4x volume) 690
33.9 66.1 FeS, KI (10x volume) 690
33.9 66.1 FeS,, 4N FeS precursor KI 690

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy (EDX) using a Bruker Esprit 1.8 system. The
morphology of crystals was studied using the high-resolution
scanning electron microscope (HR-SEM), Zeiss ULTRA 55. The
phase composition of the synthesized FeS, powders was con-
firmed using X-ray diffraction (XRD) and Raman spectroscopy
methods. Raman spectra were recorded using the Horiba
LabRam HR800 spectrometer equipped with a multichannel
CCD detection system in the backscattering configuration. The
532 nm laser line with a spot size of 5 um was applied for
excitation. XRD patterns were recorded on a Rigaku Ultima IV
diffractometer undergoing Cu Ko radiation (4 = 1.5406 A). PDXL
2 software was used for the derivation of crystal structure
information from the recorded XRD data. Impurities in powder
materials were determined by TOF-SIMS 5 using IONTOF.
Oxygen etching at 2 keV was used for the negative mode
measurement, while cesium etching at 0.5-1 keV was used for
the positive mode. The measurements were carried out using
vanadium primary ions with the ion gun working at 25 keV.
Impurities’ concentrations in the pyrite crystals were quantified
via inductively coupled plasma mass spectroscopy (ICPMS).
0.1 g of sample material was dissolved using the Anton Paar
Multiwave PRO microwave digestion system in NXF100 vessels
(PTFE/TFM liner) using an acid mixture of 8 mL of HNO; (65%;
Carl Roth, ROTIPURAN®™ Supra) and 2 mL of H,0, (30%; Carl
Roth, ROTIPURAN®). Samples were digested at 230 °C and at
pressures between 45 and 50 bar. After dissolution, the samples
were diluted with 2% HNO; solution. Elemental impurities
were measured using Agilent 8800 ICPMS/MS. “Li, I and
133Cs were measured in NoGas mode and **Na, *°K, “°Ca, *Co
using He collision gas on mass. *>Cr, °°Ni, and **Cu were
measured in O, mode as M'®0O" reaction products. Indium
was used as an internal standard element added online by
mixing T and NIST 1643f, which were used as references for
quality control. The Fermi levels’ and valence band maxima
energies of materials were determined via ultraviolet photo-
electron spectroscopy (UPS) using an Axis Ultra DLD photoelec-
tron spectrometer (Kratos Analytical) fitted with a helium
discharge lamp. The He discharge lamp with resonance line
He(1) (hv = 21.21 eV) was used to obtain UPS spectra. For
photoluminescence (PL) measurements, the FeS, crystals were
fixed into an indium pad, placed in a closed cycle helium
cryostat (Janis CCS-150) and cooled down to 8 K. The tempera-
ture was adjusted up to RT using a temperature controller
(LakeShore Model 335). The beam of a semiconductor laser
(532 nm) was used for PL excitation. The PL signal was focused
into the computer controlled single grating monochromator
Horiba Jobin Yvon FHR640 and detected using the Hamamatsu
InGaAs photomultiplier tube. To prevent the pyrite surface
from oxidation and thus to obtain the PL signal from pure
FeS,, the surface of FeS, crystals was covered with an ultrathin
protective layer of ZnS** just after the removal of flux salt and
before PL measurements. ZnS was deposited by the chemical
solution deposition method. The solution for ZnS deposition
contained Zn sulfate (0.1 M in solution) and thiourea (0.75 M)
as precursors and sodium citrate (0.8 M) and ammonia (0.7 M)
as complexing agents.*
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Fig. 1 Flowchart of preparing the pyrite microcrystals in sealed ampoules.

Results and discussion
Morphology and composition

The morphology of powder crystals was studied via scanning
electron microscopy (SEM). SEM images are shown in Fig. 2.
FeS, crystals synthesized in KI, Lil and CsI have mostly round
shape and smooth surfaces. All the materials that were synthe-
sized or recrystallized in KI flux, regardless of the flux amount,
were morphologically very similar to each other, and therefore
not duplicated in Fig. 2. The crystal growth process can be
described by the thermodynamic equilibrium formed in sealed
synthesis ampoules corresponding to the synthesis conditions.
In the monograin powder technology, the growth of crystals is
affected not only by synthesis temperature and time but also by
other different parameters such as the solubility of materials in

Fig. 2 SEM images of pyrite microcrystals synthesized in different flux
media.
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flux and the transport properties of components in the molten
phase of the selected flux material.

When the FeS, formation reaction between S and FeS is
finished, the preliminary crystallites of FeS, start to grow via
diffusion at the expense of the dissolved material. The differ-
ence in surface energies of crystals of different sizes and at
different areas of individual crystals is the only factor that
drives the growth of crystals under the formed isothermal
equilibrium conditions in closed ampoules; the surface energy
of smaller crystals is greater than that of larger crystals, and the
surface energy at grain edges and tips is higher than at plain
surfaces. During the synthesis-growth process, the precursors
and the formed compound dissolve in the molten liquid flux
salt up to their solubility at the process temperature. If the
solubility of the material in the liquid phase is high and the
liquid phase is more saturated with dissolved materials, then
crystal growth is faster, and crystals can grow larger during the
same time period. Similarly, more roundly shaped crystals will
grow if the solubility of components in the liquid phase is
high.">?° The forming equilibrium between liquid and solid
phases in the FeS, synthesis-growth process is not studied yet.

Some irregularly shaped agglomerates, which were sintered
to each other, were also detected among the individual crystals.
Before the melting of the flux salt, the sintering of precursors’
particles can occur if some substances with melting tempera-
tures lower than that of flux exist in the initial mixture.
Sintering is caused by contracting capillary forces that arise
in the solid-liquid phase boundaries due to the insufficient
amount of the liquid phase.*® Sintering of precursor particles
can also occur because the liquid phase of sulfur forms already
at Ty sutfar = 112.8 °C.%” The FeS, formation reaction consumes
liquid S, its volume diminishes and allows sintering.

FeS, crystals synthesized in the presence of Na,S, have an
appearance similar to the polycrystalline powder particles
synthesized without any flux. Both materials have tiny crystal-
lites without any geometrical shape. The synthesis temperature
(475 °C), used to synthesize pyrite in the liquid phase of Na,S,
flux, was lower compared to the other materials. The lower
synthesis temperature might be one of the reasons why the
pyrite crystals obtained from this synthesis batch were quite
small, as low synthesis temperature is linked to a slower crystal
growth rate. Sintering was likely the main factor that drove the
growth process in the two latter materials (synthesized in Na,S,
and without flux).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Particle size distribution of FeS, materials grown in (a) Kl and (b) Lil
and Csl.

The particle size distribution of powders was characterized
by sieving analysis. Only the materials that were obtained as
monograin crystals (the ones that were synthesized in iodide
salts) were analyzed and compared because the irregular shape
and high agglomeration rate of materials synthesized in Na,S,
or without flux ruled out the possibility to characterize them
by sieving analysis. The materials synthesized in KI, Lil and
Csl were sieved into narrow granulometric fractions between
38 um and 250 pm. When only one growth mechanism
(Ostwald ripening) prevails, the Gaussian size distribution is
predicted.>**° The results of sieving analysis show no signifi-
cant differences in the crystals’ size distribution (Fig. 3).

The elemental composition of microcrystals’ bulk was deter-
mined via EDX from polished flat surfaces of powder particles
fixed in epoxy because geometrical factors can interfere with
the EDX results. The average atomic percentages of eight
different individual crystals for each material are shown in
Table 1. All materials have compositions close to the stoichio-
metric composition of FeS, with the Fe/S ratio of ~0.5.

EDX spectra of all the FeS, materials are shown in the ESL}

Phase composition and lattice parameters

X-ray diffraction (XRD) and Raman spectroscopy were used to
study the phase composition of the synthesized powder crystals
to evaluate the effect of different flux media. Raman spectra are
presented in Fig. 4. All samples show Raman spectra with peaks
belonging to the pyrite crystalline phase. Sharp peaks with
narrow halfwidths indicate high crystalline quality, regardless
of the used synthesis temperatures or flux salts. The Raman
mode at 343 cm ™" belongs to the E, symmetry with the S-S pair
in liberational mode.*’ The signal at 380 cm™" is the most
significant Raman peak of pyrite and belongs to the A, sym-
metry in-phase stretching mode of the S-S pair. A smaller peak
at 430 cm " belongs to the T, liberational and stretching mode,
as does the very small peak at 350 cm ™ *.*»*?

The XRD diffractograms are presented in Fig. 5. Lattice
parameters of the synthesized powder materials were calcu-
lated from the XRD measurements as @ = b = ¢ = 5.4154 A,
confirming the cubic crystal structure of all pyrite samples. As
the lattice constants of all the materials (including polycrystalline
FeS,) fully coincide, we can conclude that the incorporation of
constituent elements of the used flux salts into pyrite FeS, crystals
is too low to affect the lattice parameter. These results indicate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Comparison of X-ray diffractograms of materials synthesized in
different fluxes.

that it is possible to rely on the flux growth process and to use
different fluxes for the synthesis of highly crystalline pyrite
materials.

Concentration of impurities

In the monograin synthesis-growth process, the liquid phase of
flux salt is an inexhaustible source of its constituent elements.
Therefore, the concentration of a flux salt element grown into
pyrite crystals as impurities is affected by the process condi-
tions (temperature and mainly the sulfur vapor pressure in the
ampoule) and is limited by the solubility of the incorporated
element. On the other side, the impurities introduced by
precursor materials distribute between solid and liquid
phases according to their distribution coefficient. This effect
is widely used in purification processes like recrystallization of
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chemicals and molten zone refining of metals. Thus, iodine
from iodide salts and different alkali metals (K, Na, Li and Cs)
may be present in the FeS, crystals as doping impurities. By
using the same precursors (FeS and S) in different syntheses, we
can compare the concentrations of impurities originating from
the different alkali metal salts. It is important to study the
impact of impurities on the FeS, properties because the ele-
ments incorporated in the pyrite lattice affect its optoelectronic
properties by introducing new energy levels for recombi-
nation.”>** For instance, it has been shown that chemical
vapor growth in different halogens can affect even the conduc-
tivity type of pyrite crystals,”® when they occupy the sulfur
lattice sites. Metals, however, may increase carrier concen-
tration or even induce metallic behavior.>* The inductively
coupled plasma mass spectrometry (ICPMS) analysis was used
to determine the concentrations of nine different elements
present in the synthesized FeS, materials. It was found that
all materials contained transition metals, such as Cr, Co and
Ni, at the level of ~10'® at cm™>. These concentrations are
significant considering that there are 2.5 x 10%? lattice sites in
1 cm® of FeS,. The contents of transition metal impurities are
close to each other, indicating that they originate from the
same source - the FeS precursor. The ICPMS analysis of the FeS
precursors indicated that the iron mono-sulfides used in the
syntheses indeed contained transition metal impurities in the
range of 10'® at cm ™, along with lithium and iodine impurities
as well (the full analysis of impurities in the used precursors
and flux salts is described in the ESIf). Our own experience
(unpublished results) with increased Cu content in pyrite
showed that a weak PL signal disappeared completely after a
series of doping with Cu. Thus, copper must be a strong
suppressor (killer) of photoluminescence in pyrite, which is
highly undesirably.

The most significant data from the ICPMS measurements
are presented in Fig. 6, while complete data are provided in the
ESI.f Potassium and sodium concentrations were below their
detection limit and therefore not determined, however KI and
Na,S, salts, as K and Na sources respectively, were used in
syntheses. The iodine concentration in the materials that were
synthesized in metal iodide salts was quite high at around
1-4 x 10" cm . The highest Li content 4 x 10" cm™> was
determined in the FeS, material grown in Lil. Such concen-
tration may suggest the formation of a solid solution, although
the FeS, crystal lattice parameter was not affected, as found by
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Fig. 6 Comparison of lithium and cesium concentrations found in the
pyrite crystals synthesized in different alkali metal salts.
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the XRD analysis of pyrite crystals. Li may also be present as a
separate phase, such as Lil or Li,S but cannot be confirmed at
this point. As expected, the highest Cs concentration was
determined in the material synthesized in Csl, but Cs concen-
tration was relatively high also for another material synthesized
in Lil. To understand the origin of the Cs impurity, we studied
the flux salts used by ICPMS. It was found that the Lil salt
contained 4.4 x 10'® cm™* of Cs. This concentration is two
orders of magnitude higher than it was in KI and in Na,S,
(exact concentrations in ESIf).

It is remarkable that we could not synthesize a higher purity
pyrite from a higher purity FeS (4N) precursor than from 3N
purity FeS. However, we recognized that the concentrations of
transition metals in the synthesized FeS, powder crystals were
decreased, if compared with their concentrations in the pre-
cursors. Copper is one of the most problematic impurities in
pyrite, and it was found that the copper content can be
significantly lowered by recrystallizing pyrite in higher amounts
of KI flux salt. To demonstrate the purification effect, we
recrystallized the FeS, monograin powder (synthesized from
3N FeS in KI with volume ratio (Viiquiaki = Vsolid Fes,)) in 4 times
and 10 times the amounts of KI flux. The concentration of
different impurities was compared by ICPMS analysis and is
presented in Table 2. The purification effect is strongest in the
case of the Cu impurity — copper concentration decreased from
7.3 x 10" to 3.2 x 10" at em™® by recrystallization in KI.
Chromium and lithium concentrations were somewhat lowered
during the recrystallizations in higher amounts of flux, while
cobalt and nickel concentrations were not decreased at all. The
amount of impurity that remains in the material after recrys-
tallization depends on the solubility of that element in the
given environment. Thus, it may be easy to remove copper from
pyrite using this method, but it may not be possible to remove
cobalt.

The ICPMS results were confirmed qualitatively by the time-
of-flight secondary ion mass spectroscopy (ToF-SIMS) measure-
ments, shown in Fig. 7. Although the ToF-SIMS results do not
provide the exact concentrations of impurities, it is still valu-
able to confirm the presence of the impurities detected by the
ICPMS measurements.

It can be seen that Cu content is at a similar level in all the
measured materials. Potassium and sodium as impurities were
both detected by ToF-SIMS. However, due to the sensitivity of
the ToF-SIMS technique, and as the detection limit depends on
the matrix as well, we expect the Na and K concentrations to be
very low. Lithium as an impurity was detected in the material
synthesized in Lil, as could be expected. Cesium was detected
in all the materials synthesized in iodide salts, likely because all
the salts included low amounts of cesium as an impurity, as
confirmed by the ICPMS analysis of the flux salts.

The analysis data confirm that the constituent elements of
the flux salts are incorporated into the formed pyrite crystals.
Moreover, the purity of the used precursors and the flux
materials affects the purity of FeS, crystals as well. In the next
chapters, we compare the optoelectronic properties of pyrite
materials synthesized in different alkali metal salts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Determined concentrations of impurities in FeS, synthesized and recrystallized in various amounts of Kl flux salt

Material Li,atem™® Cr,atem > Cu,atem °  Co,atem ®  Ni, at cm™®
FeS, synthesized from the 3N FeS precursor 4.9 x 107 4.8 x 10*® 7.3 x 10" 3.1 x 10*® 6.6 x 10'®

Same material recrystallized with 4x bigger amount of KI as flux 5.7 x 10" 1.8 x 10" 2.3 x 10" 4.8 x 10'® 9.3 x 10'®

Same material recrystallized with 10x bigger amount of KI as flux 4.6 x 107 4 x 10'® 3.2 x 10'® 4.7 x 10'® 8.3 x 10'®
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Fig. 7 ToF-SIMS qualitative results of pyrite synthesized in different fluxes,
and qualitative comparison of elemental impurities’ concentration.

Photoelectron spectroscopy results

It is known that the Fermi level position and electronic structure
of various semiconductors can be controlled by doping.>***°~4%
In pyrite, Co and Ni impurities substitute for Fe and introduce
bulk defect states that are deep and/or induced near the band gap
edge, generated by the 2d and 3d orbitals of the metals.*”** In
addition, halogens (F, Cl, and Br at the position of S) in the pyrite
lattice cause very localized gap states close to the Fermi level in the
minority spin channel, modifying pyrite electrochemical perfor-
mance.”” On the other hand, Se as an impurity in pyrite does not
introduce changes in the electronic structure.”® The results of
ICPMS and ToF-SIMS measurements of pyrite samples show that
all materials contain halogens, alkali metals and transition metals
as impurities. The electronic structure of FeS, materials was
studied by ultraviolet photoelectron spectroscopy (UPS) to deter-
mine the valence band maxima and to see the impact of impu-
rities to our materials, also to find out if iodine has the same effect
as reported for other halogens, because it is one of the primary
impurities in our materials.

Surface valence band energies were obtained from the UPS
measurements. A bias of —9.124 V was used to separate the analyser
and the secondary edges of the sample. The bias was optimized to
shift the Ag spectrum into the linear region of the analyser (kinetic
energy of 0-10 eV). A spectrometer with a pass energy of 5 eV and a
large area aperture of 300 um x 700 pm was used. Under these
conditions, the energy resolution of the spectra was measured at the
Fermi edge of the clean Ag foil at room temperature.”® The FeS,
work function (®) was determined using eqn (1).*°

D =hv - Ecutoff (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Full He() UPS spectra of FeS, synthesized in different fluxes,
(b) all spectra zoomed in near 0 eV binding energy.

where hv in eqn (1) is the He(i) line = 21.21 eV, and Eyof is the
secondary electron edge of FeS, UPS spectra in the binding
energy scale.

Fig. 8 shows the full He(1) UPS spectra of the pyrite micro-
crystals synthesized in different salt media. The UPS spectrum
of the material synthesized without flux shows a low-intensity
peak below the Fermi level (Ef) which is used to determine the
position of the valence band maximum or Eygy. The photo-
electron counts (intensity on the y-axis) are proportional to the
density of states at this region,” so the small peak may
represent a very low but noteworthy density of states above
the Eygv. The other materials measured in this study (see
Fig. 8b) show a much smaller but still visible peak near the
Ep. This phenomenon in UPS measurements of pyrite was
reported by Caban-Acevedo et al®®> but not thoroughly
explained. UPS measurements of semiconductors can exhibit
some ambiguity in assigning values near the Er and at the
Eeutot- ' The small peak near the 0 eV binding energy in Fig. 8b
(0 eV represents the Eg) can be due to a lack of sulfur on the
pyrite surface. Lack of sulfur at the outermost surface may lead
to the pyrite surface turning metallic and closer to a FeS
chemistry, which is too thin or “patchy” of a layer to be
detected by EDX. FeS has a very narrow band gap and p-type
conductivity®® and therefore could explain the density of states
above pyrite’s Eygy. The material with the most visible low
binding energy peak was synthesized without any flux salt,
showing at the same time the lowest Eygy position (see Fig. 9).
Variations near the E . Which are seen at the left-hand side in
Fig. 8 can be due to inhomogeneities and position of the
sample surface.”® Helander et al.>* have proposed an origin
for such effect, as arising due to electric field artifacts that can
be increased when the sample plane is not perpendicular to the
entrance of the energy analyzer. Our materials are in the form
of microcrystalline powder, so the sample surface can be at an
unpredictable angle compared to the energy analyzer. Another
reason for multiple apparent E e Values is inhomogeneities
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and defects in the sample surface, which are formed due to
surface roughness or a different surface chemistry.>*

The valence band maxima were determined from pyrite
spectra, leaving out the low-energy peak because it extended
into the negative binding energies and did not represent the
properties of pyrite. The values of Eygpy from the vacuum level
were determined between 5.52 and 6.17 eV and are plotted
in Fig. 9.

It is clearly seen that all pyrite crystals either synthesized in
KI or recrystallized in the KI flux, have similar energy band
structures with valence band maxima around —6.0 eV from the
vacuum level, and the Fermi level energy values are also quite
close to each other. The energy band diagrams are different if
Lil, CsI and Na,S, fluxes were used in FeS, syntheses. The
higher values of Eypy in the latter cases indicate the possible
formation of solid solutions at the surface with changes in the
bandgap energies. The ICPMS analysis revealed the Li impurity
level at 4 x 10" and Cs at 8 x 10" em™ in the pyrite crystals
grown in Lil and CsI flux, respectively. These levels are nearly
high enough to form solid solutions, however not detected yet
by a change in the lattice parameters in the XRD analysis.
Therefore, we suppose that solid solutions could be formed on
the very top of the pyrite crystals’ surfaces, detectable only by
using a very surface sensitive technique like UPS, while XRD
measurements reveal the bulk of the material.

The work function (®) values of our materials were derived
from the E.,f values as shown in Fig. 8b by applying eqn (1).
The @ values varied between 4.58 and 5.11 eV for different
materials. These values correlate well with the literature data,
reporting pyrite work function values between 3.9 eV and
4.8-5.4 eV.°>*7 The energy band diagrams of the materials
derived from the UPS data are plotted in Fig. 9.

According to different reports,">>® the band gap energy of
pyrite is around 1 eV. Thus, there is strong indication that the
measured crystals have n-type conductivity. As seen from the
diagrams in Fig. 9, the measured Fermi levels are very close to
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Fig. 9 Energy band diagrams of pyrite FeS, synthesized in different fluxes.
Evgm is marked in black and Fermi level energies in red.
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the expected energy of the conduction band minimum. Pyrite
crystals are well known to have n-type conductivity, while pyrite
thin films often have p-type conductivity - a phenomenon
known as the surface inversion of pyrite.'"'* The energy band
diagram of the polycrystalline material synthesized without flux
should be closest to pure pyrite, because this material has the
lowest content of impurities. The band diagram of the material
recrystallized and purified in the liquid phase of potassium
iodide is closest to the polycrystalline material’s band diagram.
This may be due to a similarly low level of Cs doping in the
latter material. However, the effects of Cs doping in pyrite have
not been thoroughly studied. The analysis reveals that copper
impurities do not affect the band gap or Eygy of pyrite, as the
electronic structure is very similar for a material with a sig-
nificant amount of Cu impurities (no-flux material) and a
purified material that was recrystallized in 10x the amount of
KI flux.

Photoluminescence results

Photoluminescence spectroscopy is a proven tool to study the
recombination processes in semiconductors and changes in
the optoelectronic properties. The available literature offers
limited insights into the photoluminescence emission charac-
teristics and dominant recombination mechanisms of pyrite
FeS,. It is known from the literature that the pyrite surface
tends to oxidize very quickly in an atmosphere that contains
oxygen.”® Our group has experienced that oxidation could
diminish or even quench the PL signal of FeS,. Therefore, we
encapsulated the pyrite crystals’ surfaces from the external
influences by covering the synthesized crystals with a ZnS
protective layer.® A chemical solution deposition of ZnS
resulted in a layer thickness of approximately 10 nm. ZnS does
not have PL emission bands between 0.8 and 1.3 eV®! so it
should not affect the pyrite PL spectra. The results of low
temperature photoluminescence measurements can be seen
in Fig. 10. It is seen that the PL spectra of pyrite crystals grown
in different molten fluxes show very different shapes and
positions for each peak, which indicates the different recombi-
nation mechanisms and the possible change in the bandgap
energy. A similar effect has been shown by Ghisani et al*
where they studied tetrahedrite microcrystals grown in differ-
ent fluxes. All the measured pyrite samples have a broad
asymmetric PL peak shape that is typical for semiconductors
with high defect concentrations.®* The PL spectra were fitted
using the empirical asymmetric double sigmoid function®® to
find the position of each peak. The pyrite polycrystals, synthe-
sized without any flux, had a main peak at the lowest energy
with the center at 0.83 eV. The microcrystals synthesized in KI
also have a weak peak close to the polycrystalline material with
an energy value of 0.85 eV. These peaks are likely to have the
same origin, probably related to some deep defects. As we have
already seen from the UPS measurements, the formation of a
solid solution is likely in the case of Li and Cs containing pyrite
crystals. The shift in the PL peak position indicates the change
in the bandgap energy, while some PL bands, for example near
1.3 eV, are at notably higher energies compared to the pyrite

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Low temperature (8 K) PL spectra of pyrite crystals grown in
different molten salt media.

band gap. This could be due to a quantum confinement
effect®®> where there are some nanocrystals on the pyrite
surface, which have a larger band gap compared to the bulk
material. The nanocrystals on the pyrite surface might also
have a different chemistry than FeS,. The solubility of copper
impurity compounds in KI is quite high.®® Thus, there is a
possibility that copper that is dissolved at synthesis tempera-
ture may precipitate onto the pyrite crystals during cooling and
form chalcopyrite (CuFeS,) which has a band gap larger than
the pyrite bulk material.*® The fact that we did not observe a
photoluminescence signal from the materials with lowered Cu
concentration may be a proof to that effect. This intriguing
question will be investigated further in our future studies.
In conclusion, we can say that the shift in peak positions and
the change of the PL peak shape suggest an important role of
the different flux materials and impurities that are introduced
using the flux growth method. A thorough analysis of the origin
of the PL emission in pyrite is underway by our group.

Conclusions

FeS, pyrite microcrystals were successfully synthesized in the
molten phase of different alkali metal salts (KI, Lil, CsI, and
Na,S,) and without the presence of any molten flux. All the
materials had a highly crystalline pyrite structure with no
change in the lattice parameter, as determined by XRD and
Raman analyses. The synthesized materials were analyzed by
ICPMS to compare the concentrations of different alkali metal
impurities and iodine incorporated during the growth process.
The lithium and cesium concentrations varied the most, while
sodium and potassium contents were below the determination
limit. The highest Li content of 4 x 10" cm™* and Cs content
around 10" ¢cm ™~ were determined in the FeS, materials grown
in Lil and CslI, respectively. The other used alkali metal salts
contained Li and Cs as residual impurities. These residual
impurities also incorporated into the formed FeS, but at much

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lower levels than from Lil and Csl. Iodine concentrations in the
FeS, materials obtained from the used iodide salts were deter-
mined to be 1-4 x 10" em . It was found that transition metal
impurities at high levels originated from the FeS precursor. The
different alkali metals from the used flux salts affected the
energy band diagrams of pyrite FeS,, as the materials synthe-
sized in KI had significantly lower Eygy values, while pyrite that
was synthesized in Lil, CsI or Na,S, had all higher energies of
valence band maxima. It was suggested that solid solutions
might have been formed on the pyrite crystals’ surfaces, which
are detectable only by using the very surface sensitive UPS
method.

The present study revealed a method to remove copper and
lower the concentrations of other impurities from pyrite by
recrystallization or its synthesis in increased amounts of flux
salts by the different distribution of impurity elements between
liquid and solid phases. Copper is one of the most harmful
impurities in pyrite, and decreasing the contamination of
copper was confirmed using the ICPMS technique.

The results of low-temperature photoluminescence mea-
surements show a strong shift in peak positions and peak
shapes of the PL spectra of materials synthesized in different
fluxes, likely due to a change in the band gap values of the
different materials.
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ABSTRACT: Pyrite FeS, is an Earth-abundant semiconductor with the potential
to deliver the lowest-cost photovoltaic solutions available today. However, progress
has been limited by poor control over doping and surface defect chemistry, leading
to consistently low device efficiencies. In this work, we demonstrate for the first
time a truly scalable approach to achieve p-type conductivity of pyrite
microcrystals using phosphorus via the liquid salt growth method. We
systematically explore three established doping strategies for semiconductors and
identify the successful route involving the use of a FeS + P precursor containing
the FeP, phase. Hot probe measurements confirm p-type conductivity. Neutral

FeS,n-type

FeS,:P p-type

sources such as elemental phosphorus are shown to be thermodynamically
unsuitable and fail to induce p-type behavior. This study also identifies a phosphorus compound suitable for producing p-type FeS,
microcrystals, offering a new foundation for the development of pyrite photovoltaic devices.

1. INTRODUCTION

Iron disulfide (FeS,) of pyrite structure is an n-type
semiconductor, typically unintentionally doped via sulfur
vacancies.”” Pyrite (used interchangeably with FeS, in this
study) exhibits several key physical properties desirable for
photovoltaic absorber materials, including a suitable bandgap
of 0.95 eV, a high light absorption coefficient (4 X 10° cm™),
and electron mobility of 360 cm* V™' s7! at room
tempera\ture}_5 Due to the inexpensive constituent elements,
a pyrite solar cell with only 4% efficiency has been projected to
match the cost-effectiveness of a 19% eflicient silicon-based
device.® The low energy requirements for extracting and
processing its precursor materials have made FeS, attractive as
a potential photovoltaic absorber for extraterrestrial applica-
tions, including lunar base power systems.”

Despite the long history of research, device efficiencies
remain below 3%, primarily due to low open-circuit voltages
(Voc).¥? This limitation arises from the formation of an
ultrathin p-type inversion layer on the surface of n-type pyrite,
resulting in a leaky internal junction.'®"" This surface inversion
effect is particularly pronounced in thin films, where the
surface-to-volume ratio is higher than in bulk single crystals.
Extensive efforts have focused on understanding this surface
inversion and mitigating its effects through chemical and
electrochemical etching.””'> While trying to avoid the creation
of the inverse surface layer is relevant, a potentially more
effective strategy is to uniformly dope the crystals, thereby
altering their conductivity type from n-type to p-type and
ensuring consistent electronic behavior throughout the whole
crystal. Successful p-type doping of single-crystal FeS, has only

© 2025 The Authors. Published by
American Chemical Society

N4 ACS Publications

been reported in one study," in which the authors employed
phosphorus (P) doping to synthesize a p-type pyrite crystal via
chemical vapor transport. Phosphorus was identified as an
acceptor approximately 175meV above the valence band
maximum. The study'? also reported the solubility limit of P in
FeS, at around 100 ppm. This development represents a
critical step forward in pyrite photovoltaics and will be
advanced further in the current study to develop a scalable
method for synthesizing and doping p-type pyrite crystals.

In earlier research,”'*"> we employed the molten salt
synthesis-growth method to produce FeS, microcrystals, which
all showed n-type conductivity, as confirmed by hot probe
measurements. The molten salt synthesis method enables the
production of thousands of individual microcrystals in a single
batch. High-quality materials with uniform properties can be
successfully synthesized in quantities ranging from just a few
grams in sealed quartz ampules to several kilograms in graphite
containers.'® The microcrystals synthesized in the molten salt
can be used for the fabrication of monograin membrane solar
cells,"*"”"® in which the crystals are fixed within a resin matrix,
such as epoxy. Monograin membrane solar cells have distinct
advantages, including the separation of absorber crystal
synthesis from device assembly and the potential for
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Figure 1. Schematic drawing of the three adopted doping treatments: (1) in the vapor phase, (2) during recrystallization, and (3) during synthesis

of pyrite crystals.

integration using simple roll-to-roll manufacturing techni-
ques.

An additional benefit of the molten salt synthesis approach is
its ability to distribute all the precursors and any impurities
uniformly during crystal growth. Our previous findings'’
revealed that pyrite crystals synthesized by this method
exhibited reduced copper impurity concentrations relative to
the precursor materials. This purification is driven by
thermodynamic equilibrium, which promotes the distribution
of impurities between the molten salt and the solid crystal
phase. Variations in Fermi level positions and valence band
maxima observed with different flux compositions suggest a
significant influence of unintentional doping originating from
flux-derived impurities.'> These observations imply that
intentional dopants, such as phosphorus, can also be
incorporated into pyrite crystals through the molten salt
synthesis-growth process.

In the present work, we develop a novel and scalable
technique for producing large volumes of p-type FeS, crystals.
We explored three different strategies for incorporating
phosphorus into pyrite microcrystals and investigated the
underlying chemical mechanism. This study is building upon
the experimental findings of Voigt et al.'"*> which is the only
published study concerning phosphorus doped p-type FeS,
single crystals. They report'> using the chemical vapor
transport (CVT) method for the synthesis of p-type material.
A key limitation of the CVT approach is its low throughput,
typically yielding only a small number of crystals per run. In
contrast, by utilizing a molten salt medium containing
phosphorus-based dopants, we demonstrate the potential to
synthesize and dope thousands of FeS, crystals simultaneously.
This liquid-phase growth technique represents a promising
route for the scalable production of doped FeS, crystals and
may facilitate future mass manufacturing of pyrite-based
photovoltaic materials.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Undoped and doped pyrite
crystals were synthesized in sealed quartz ampules using the
liquid flux growth method, which is described thoroughly in

our previous publications.'*'* Iron monosulfide (FeS, 99.9%,

Thermo Fischer Scientific) and elemental sulfur (S, 99.999%,
Alfa Aesar) were used as precursors for pyrite. Red phosphorus
(P, 99.5%, Reahim) was used for doping. The precursors for
the synthesis of pyrite were weighed in stoichiometric ratios.
Potassium iodide (KI, 99.995%, Acros Organics) was added to
the precursor mixture to form a liquid flux phase at the
synthesis temperature. The presence of this liquid phase
facilitates the growth of individual FeS, microcrystals. To
achieve optimal conditions, KI was added in an amount such
that the volume of the molten KI approximately matched the
volume of the solid FeS, precursors. This ensures that the
liquid phase fills the voids between solid particles, promoting
uniform crystal growth and enabling repulsive interactions
between forming FeS, crystals, which helps prevent agglom-
eration. The precursors (FeS and S) and KI were mixed and
inserted into quartz ampules. The ampules were degassed in a
dynamic vacuum, sealed in flame, and placed into a chamber
furnace. The ampules were heated to 690 °C, a little bit over
the melting point of KI (681 °C)"’ and kept at 690 °C for 10
days. Pyrite crystals grow in these conditions by the Ostwald
ripening mechanism.”’ The synthesis-growth lasted for 10
days, to give enough time to form FeS, microcrystals that are
sufficiently large for our application. For the fabrication of
monograin membranes, each microcrystal should fall in the
diameter range of 40—150 ym. The crystals are then sieved
into narrow granulometric fractions. Under our synthesis
conditions, it typically”'*'® takes about 10 days to produce a
batch in which a significant fraction of the FeS, crystals meet
this size requirement. During the high-temperature synthesis,
the pressure inside the ampules is primarily generated by sulfur
that has not yet reacted with FeS. The vapor pressure of sulfur
at 690 °C is high, at around 5000 Torr. After the synthesis, KI
is removed from the FeS, crystals by leaching in deionized
water.

Several strategies were applied to dope pyrite microcrystals
with phosphorus. The only previously published study on
phosphorus doping of pyrite'” served as the basis for the first
experiment. In that study, FeS, crystals were synthesized via
chemical vapor transport using FeS, powder and red
phosphorus. Building on this approach, we designed a two-
chamber quartz ampule system, drawn in Figure 1(1). The
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Figure 2. Left: SEM images of the FeS, microcrystals after heat treatment in P vapor atmosphere. (a, b) images of the surface, (c, d) images of the
cross-section. Right: Raman spectra of the pyrite crystals’ cross-section after treatment in the phosphorus vapor atmosphere.

chambers were connected by a narrow neck that allowed the
transfer of phosphorus vapor. FeS, crystals presynthesized as
described before were placed in one chamber, while a few
milligrams of red phosphorus were placed in the other. The
ampules were evacuated, sealed, and heated in a furnace at 500
°C for 48 h. The vapor pressure profiles of sulfur and
phosphorus are similar, and the vapor pressure of phosphorus
at 500 °C is approximately 3000 Torr, assuring effective
material transport under these conditions.

Next, red phosphorus was mixed with potassium iodide and
employed as a flux during the molten-phase recrystallization of
presynthesized pyrite microcrystals. For the recrystallization,
previously synthesized FeS, material was placed in quartz
ampules. A potassium iodide and phosphorus mixture was
prepared separately by adding P to KI in the amount to yield
1000 ppm P in KI. This 1000 ppm mixture was diluted with
pure KI to yield the final concentrations and was added to the
FeS, crystals to yield 40, 100, 300, 600, and 1000 ppm
phosphorus, on a molar basis, in each ampule, respectively.
This concentration is equivalent to 0.004, 0.01, 0.03, 0.06, 0.1
atom % P. The ampules were degassed, sealed, and heated at
690 °C for S days. This process is visualized in Figure 1(2).

The third approach to incorporating phosphorus into pyrite
involved using a self-synthesized iron sulfide—phosphide
(hereafter FeS + P) precursor. This precursor was prepared
by mixing equimolar amounts of FeS and red phosphorus,
followed by heat treatment in a sealed quartz ampule at 450 °C
for 3 days. After heating, the FeS + P mixture was extracted
and stored for subsequent use. For the synthesis of
phosphorus-doped pyrite, this precursor was combined with
FeS and sulfur in a quartz ampule. The amounts were
calculated to yield stoichiometric FeS, with phosphorus
concentrations of 2, 3, 5, 7, and 10 atomic percent (atom
%) relative to sulfur in the final crystals. Potassium iodide flux
was added as described previously for the undoped samples.
The visual representation is shown in Figure 1(3). The
degassed and sealed ampules were then heated at 690 °C for
10 days to complete the synthesis.

A mixture of iron and phosphorus (hereafter Fe + P) was
synthesized in the same way as described above and used as an
alternative to the FeS + P mixture to synthesize and dope FeS,
crystals in a parallel experiment. Figure 1 represents a
schematic depiction of the three doping strategies explored
in this study.

2.2. Analytical Techniques. Materials were analyzed by
different methods to evaluate the success of each phosphorus

treatment and to understand the possible chemical route of
phosphorus incorporation into pyrite microcrystals. The phase
composition was analyzed by Raman spectroscopy, using a
Horiba LabRam HR800 spectrometer equipped with a
multichannel CCD detection system in the backscattering
configuration. 532 nm laser line with a spot size of 5 ym was
applied for excitation. X-ray diffraction (XRD) patterns were
recorded on a Rigaku Ultima IV diffractometer with Cu Ko
radiation (1 = 1.5406 A). PDXL 2 software was used to derive
crystal structure information from the recorded XRD data.

The conductivity type of crystals was determined by the hot
probe method. For this technique, a sample crystal is placed
between two contacts. One contact or probe is heated,
thermally exciting the charge carriers in the vicinity of the hot
probe. Carriers move by diffusion from the hot probe to the
“cold” probe, which stays at room temperature. The type of
majority carriers defines the electrical potential sign in the
multimeter.”!

The chemical composition of crystals was assessed by energy
dispersive X-ray spectroscopy (EDX) using a Bruker Esprit 1.8
system. The EDX measurements were taken from the cross-
section (bulk) of materials, from at least 8 individual crystals of
each sample. The measurement limit of the EDX system is 0.1
atom %.

Inductively coupled plasma mass spectroscopy (ICPMS)
was used to determine the level of impurities in crystals. 0.1 g
of solid samples were dissolved in a mixture of 8 mL of HNOj;
and 2 mL of H,0, using an Anton Paar Multiwave PRO
microwave digestion system. Samples were digested at 230 °C
at pressures between 45—50 bar. The sample solutions were
diluted with 2% HNOj;. Concentrations of impurity elements
were measured using Agilent 8800 ICPMS/MS. Indium was
used as an internal standard element added online via mixing T
and NIST 1643f, which were used as references for quality
control.

The morphology of different crystals was evaluated using
high-resolution scanning electron microscopy (SEM) Zeiss
ULTRA S5.

3. RESULTS AND DISCUSSION

3.1. Vapor Phase Heat-Treatment of Pre-Synthesized
FeS, Crystals in Phosphorus. Phosphorus incorporation in
pyrite crystals was first carried out via vapor-phase treatment.
Post-treatment analysis revealed that P reacted with FeS,,
resulting in the formation of two distinct phases. Part of the
material remained in the FeS, phase; however, a significant
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Figure 3. SEM images of FeS, microcrystals recrystallized with 1000 ppm phosphorus: (a, b) surface morphology and (c) cross-section of a single

crystal.

portion of the pyrite crystals exhibited cracking or
fragmentation, as shown in Figure 2a—d, where the different
phases are evident in the SEM backscattered electron images.
Energy-dispersive X-ray spectroscopy (EDX) indicated a high
phosphorus composition, 20—25 atom % P, within the
fragmented phase; the EDX spectra are shown in Supporting
Information 1. Raman spectroscopy results are shown in Figure
2a—d. The phosphorus-rich, fragmented material showed
characteristic peaks of cubic FeS, at 343, 350, 379, and 431
em™,**** along with additional peaks at 247 and 279 cm™
corresponding to iron thiophosphide phases such as Fe,P,S, or
FePS,.>* The Raman peak at 343 cm™ corresponds to the E,
Raman mode, where the sulfur atoms are displaced
perpendicular to the axis of the sulfur—sulfur bond. A weak
Raman peak at 350 cm™" reflects the T, phonon mode, which
reflects the in-phase and out-of-phase stretching vibrations of
the sulfur dimer S,. The strong Raman peak at 379 cm™
belongs to the A; mode, which corresponds to the same
stretching vibrations as the T, mode. The Raman peak at 430
cm™ is also attributed to the T, phonon mode. >

The leafy, needle-like structure of FePS; is also seen inside
the cracks of the fragmented crystals. The reason for the
cracking and fragmentation is likely due to the layered
structure of the FePS; phase and its different density compared
to pyrite.

All the performed hot probe measurements on different
crystals confirmed n-type conductivity as the majority carrier
type. Thus, it was concluded that phosphorus vapor treatment
was not suitable for doping FeS, crystals with P.

3.2. Recrystallization by Heat-Treatment of FeS,
Crystals in a Mixture of Kl and P. In the second series,
increasing amounts of red phosphorus (10 to 1000 ppm P
relative to presynthesized FeS,, on molar basis) were mixed
with the flux salt (KI) to perform phosphorus treatments on
presynthesized pyrite crystals. Unlike the prior series, these
treatments were conducted in a molten KI flux medium at
elevated temperatures, facilitating recrystallization of the pyrite
microcrystals and enabling phosphorus incorporation into the
FeS, lattice in the recrystallization-growth process. Post-
recrystallization, SEM analysis revealed no cracks or secondary
phases, even for the highest P concentration, as shown in
Figure 3. Raman spectra with sharp and narrow peaks at 343,
380, and 431 cm™' confirm the single pyrite phase,”>> as
shown in Figure 4.

However, phosphorus was not detected by the EDX analysis,
even in samples treated with 1000 ppm P. This fact suggests
that phosphorus was present either below the EDX detection
limit or that elemental phosphorus was preferentially dissolved
in KI, thereby limiting diffusion into the pyrite lattice. As
derived from the hot probe measurements, the recrystallized
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Figure 4. Raman spectrum of the FeS, material recrystallized in the
presence of phosphorus at a 1000 ppm level.

material’s conductivity remained n-type and was not changed
after the treatment.

ICPMS analysis data of pyrite microcrystals recrystallized in
KI with added phosphorus are presented in Table 1. The

Table 1. ICPMS Analysis Data of Pyrite Microcrystals
Recrystallized in Ki with Added Phosphorus

analyzed P content in measurement
intended P level in FeS, FeS,/ppm (molar basis) error +
0.004 atom % 40 ppm 27¢ 0.22
0.01 atom % 100 ppm 29 0.40
0.03 atom % 300 ppm 30¢ 0.08
0.06 atom % 600 ppm 327 0.22
0.1 atom % 1000 ppm 39 0.72
undoped, not treated 59 227

“Below detection accuracy.

determined P levels in pyrite crystals remained below the
specific detection accuracy of the ICPMS instrument. Notably,
the undoped pyrite exhibited nearly twice the phosphorus
concentration (59 ppm) compared to the doped samples. This
suggests that phosphorus is predominantly extracted from solid
crystals during recrystallization in the liquid flux, due to the
distribution of P between solid and liquid phases. The
purification phenomenon in the molten salt was also reported
in one of our previous works."®

The reason for the lack of phosphorus incorporation may be
the oxidation state of phosphorus in the used dopant. In
Chapter 3.1, we saw that sulfur, as a strong oxidizer, oxidized
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phosphorus to the P3* oxidation state and, as a result, FePS,
formed. In the current chapter, another limiting phenomenon
is revealed. The added P amounts were relatively small, and the
determined phosphorus contents (Table 1) were below the
undoped and untreated material (P as residual impurity, likely
originating from the FeS precursor). This fact shows that the
liquid phase of KI extracted phosphorus from the solid crystals
via the distribution of P between the liquid and solid phases.

Building on the results of the first two methods, we
discovered that postsynthetic diffusion of phosphorus into
FeS, crystals is not possible. Phosphorus either reacts with
pyrite, as shown in Chapter 3.1, or is lost between the solid and
liquid phases when added in insufficient quantities. Therefore,
phosphorus must be incorporated into the pyrite structure
during the crystal growth process.

According to The Chemistry of Imperfect Crystals by F. A.
Kroger,”” successful doping of pyrite requires phosphorus
atoms to substitute for sulfur ions in the lattice. Given that
sulfur exists as S*7, a phosphorus ion with the same charge
(P*") would not alter the defect chemistry. To induce iron
vacancies and promote p-type conductivity, phosphorus must
be incorporated as P3~. Therefore, an effective dopant must be
a phosphorus-containing compound in which phosphorus
carries a negative charge and remains thermally and chemically
stable at the synthesis temperature.

3.3. FeS, Synthesis with a Phosphorus Anion-
Containing Compound. Two new phosphorus precursors
were synthesized to produce a stable compound containing
phosphorus in an anionic state. Mixtures of FeS and P (FeS +
P), and Fe and P (Fe + P), were prepared and heated in quartz
ampules as outlined in Section 2. These precursors served as
phosphorus sources in two parallel series of pyrite microcrystal
syntheses. The rationale was that prereacting FeS or Fe with
phosphorus would (a) prevent the formation of the layered
FePS; phase observed in vapor-phase doping (Chapter 3.1) by
stabilizing phosphorus in a compound, and (b) promote
incorporation of phosphorus in a favorable oxidation state on
sulfur sites. The FeS + P precursor was added to the pyrite
precursor mixture in quantities corresponding to 2, 3, S, 7, or
10 atom % P per sulfur in FeS,. These relatively high
phosphorus loadings were chosen to account for the potential
dissolution of P in liquid potassium iodide. The nominal
phosphorus contents and resulting compositions after the
synthesis process were measured by EDX and are summarized
in Table 2. Despite the high phosphorus input, the resulting
pyrite crystals contained very low amounts of phosphorus,
often below the EDX detection limit. The EDX mapping
results are shown in Supporting Information 2.

Materials that were synthesized with 5, 7, or 10 atom %
phosphorus exhibited p-type conductivity, while those with 2
or 3 atom % phosphorus remained n-type. This shows that

Table 2. EDX and Conductivity Type Data of Pyrite
Microcrystals Synthesized in 2—10 atom % P

concentration of P in the
obtained material

conductivity type,

concentration of P in the determined by hot

FeS, synthesis (atom %) (atom %) probe
2 0 n-type

3 0 n-type

N 0 p-type

7 0-13 ptype

10 0-1.4 p-type

sufficient phosphorus incorporation, particularly in a chemi-
cally available form, can effectively alter the conductivity type
of pyrite crystals.

The morphological comparison of the pyrite materials is
shown in Figure 5. It was found that the sample synthesized
with 10 atom % P (Figure Sc,d) exhibited minor surface cracks.
In contrast, no such fragmentation was observed in the samples
synthesized with 2, 3, 5, or 7 atom % P, which all show similar
morphology, shown in Figure Sa,b. The cracking may result
from the formation of a ternary FePS; phase. In the first part of
this study (where presynthesized pyrite crystals were treated in
P vapor), we observed that excess phosphorus led to the
formation of FePS;—a layered material with a lower density
than FeS,. The coexistence of these two phases, with their
distinct structural and physical properties, can induce internal
stress during synthesis or cooling, leading to cracking and
fragmentation. Uniformly composed microcrystals with
smooth surfaces are required for the fabrication of monograin
membranes; thus, the material synthesized with 10 atom % P
appears unsuitable for further application. Considering the p-
type conductivity and minimal morphological changes, the
FeS, synthesized with S atom % P was selected for subsequent
analyses and experiments. The uniformity of materials
synthesized by the liquid salt synthesis method is discussed
further in Supporting Information 3.

The phase composition of the materials was analyzed using
Raman spectroscopy and X-ray diffraction. The Raman spectra
of the undoped n-type materials are compared to those of the
phosphorus-doped p-type material (synthesized with S atom %
P) in Figure S. No additional phases beyond the pyrite phase
were identified.

Figure 6 compares the X-ray diffractograms of the undoped
n-type pyrite and the phosphorus-doped p-type sample
synthesized with S atom % P. In addition to the characteristic
pattern of the pyrite phase, XRD revealed additional signals
corresponding to FePS;, a secondary phase previously
identified in this study. FePS; was detected only by XRD
and not by Raman spectroscopy, likely due to its low
concentration. While Raman analysis probes small (~5 um)
localized areas, XRD integrates over a larger sample area,
enhancing the detection of minor phases, such as FePS;, which
is found in very low amounts between the individual FeS,
microcrystals. The reaction pathway leading to the formation
of the layered FePS; phase is detailed in Supporting
Information 4. A comparative table of all the doping
techniques and their outcomes is shown in Supporting
Information S.

The Fe + P precursor, synthesized from elemental iron and
phosphorus, was used to prepare P-doped pyrite with a target
concentration of S atom % phosphorus. This was carried out
by combining Fe + P, FeS, S, and KI, followed by heating at
690 °C as previously described. SEM and Raman analyses
revealed no significant differences in morphology or phase
composition compared to undoped materials. However, all
samples exhibited n-type conductivity, indicating that
phosphorus doping was ineffective. As a result, these findings
are not discussed further.

3.4. Proposed Phosphorus Compound and Doping
Mechanism for p-type FeS,. Phosphorus is well-known for
its ability to adopt multiple oxidation states and form various
iron phosphide compounds.”®*® Identifying the specific
compound that enables effective doping of pyrite and changes
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Figure S. Left: SEM images of the FeS, materials synthesized and doped using a previously prepared FeS + P mixture. FeS, crystals were
synthesized with (a, b) S atom % P; and (c, d) 10 atom % P. Right: Raman spectra of the n- and p-type FeS, materials. Black line: n-type and
undoped FeS,. Red line: p-type FeS,, synthesized with S atom % P, using the FeS + P precursor.
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Figure 6. XRD results of the doped and undoped pyrite microcrystals,
synthesized and doped by the flux growth method. Black pattern:
undoped pyrite crystals. Red pattern: pyrite crystals synthesized with
S atom % P using the FeS + P precursor.

its conductivity is critical for improving the reproducibility of
this doping method.

The observation that the use of Fe + P precursor does not
lead to p-type doping, whereas the FeS + P precursor yields p-
type pyrite, suggests that a specific compound that allows
phosphorus incorporation in pyrite is present in the latter. This
compound, absent in the Fe + P system, likely facilitates
phosphorus incorporation into pyrite in a chemically
compatible form and promotes hole generation, thereby
inducing a transition from n-type to p-type conductivity.
XRD analysis was performed on both types of precursor
mixtures to identify the relevant phases present in each
precursor system. The phase compositions are shown in Figure
7 and in Table 3. The FeS + P precursor was found to contain
P,Ss, pyrrhotite (Fegg3S),”" and FeP,. In contrast, the Fe + P
precursor contained elemental phosphorus, FeP, and Fe,P.
Among these, P,S4 and FeP, are the possible candidates for P
incorporation in FeS,. P,S¢ contains phosphorus in the 3+
oxidation state,”’ chemically unsuitable for occupying S>~
sites.”> However, the P,S, phase might be responsible for the
creation of the FePS; minority phase that was recognized by

180k
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Figure 7. XRD results of the two different phosphorus precursors.
Black pattern: precursor mixture prepared from FeS and P. Purple
pattern: the precursor mixture prepared by heating elemental Fe and
P.

Table 3. Summary of the Phosphorus Precursors Phase
Composition, Based on the XRD Results

quantity in charge of the
compounds present,  the mixture phosphorus
used precursor determined by XRD (%) ion
Fe + P mixture, elemental 9 0
heated at 450 °C  phosphorus
FeP 72 25 37
Fe,P 19 3
FeS + P mixture,  P,S¢ 2 3+
heated at 450 °C pyrrhotite (Feggo3S) 8 n/a
FeP, 90 253

“In this case, the phosphorus is bound to iron by double and triple
bonds, which have higher energy and are not broken under our
synthesis conditions.

the XRD measurements of the p-type pyrite material, shown in
Figure 6. The possible reaction pathway is brought in
Supporting Information 4.

The FeS + P precursor also contained FeP,, which is a
distinct iron phosphide phase with the Fe atom surrounded
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octahedrally by six P atoms.*® Phosphorus atoms are arranged
as tetrahedra with either two P atoms and two Fe atoms, or
three P atoms and one Fe atom. In this conﬁ{;uration,
phosphorus is found in the 3- and 2- anionic states.™

The FeP and Fe,P phases in the Fe + P precursor also host P
in 3- and 2- charge, but the phosphorus and iron are bound
with double and triple bonds with dissociation energies up to 2
or 3 times the Fe—P single bond.**** The synthesis conditions
(temperature and pressure) for FeS, synthesis in the liquid
phase do not allow for the breaking of higher energy Fe—P
multinary bonds, making the FeP, phase the only available
compound for phosphorus doping during the synthesis of
pyrite microcrystals. The Fe—P—S phases that are not
participating in the doping or synthesis of pyrite dissolve in
the liquid salt flux and are removed after the synthesis process.

The groposed doping mechanism is based on the theory of
Kréger.”” Doping takes place in pyrite when phosphorus atoms
substitute for sulfur ions within the pyrite lattice. Since sulfur
carries a 2- charge and phosphorus in our setup a 3- charge,
phosphorus accepts more electrons than sulfur. This
substitution leads to the formation of iron vacancies, which
act as p-type acceptor defects in pyrite. When FeP, is used as a
doping compound, four P atoms will substitute for four S
atoms, at the same time introducing only one Fe atom. This
mechanism generates three Fe vacancies in the pyrite lattice.
Phosphorus does not occupy sulfur vacancy sites—the
generation and elimination of sulfur vacancy defects are
governed by thermal treatments and sulfur vapor pressure.””
Our findings indicate that even under saturated sulfur pressure
at 690 °C, sulfur vacancies are not fully suppressed, nor are
iron vacancies effectively induced. A comprehensive under-
standing of synthesis conditions and doping strategies is
essential for advancing the use of p-type pyrite crystals as the
absorber of photovoltaic devices and for enabling the
development of pyrite-based solar cells.

4. CONCLUSIONS

This study investigated three approaches to achieve p-type
doping of FeS, (pyrite) crystals. The first involved postsyn-
thesis heat treatment of FeS, crystals in a phosphorus vapor
atmosphere. The second approach utilized high-temperature
recrystallization of FeS, in a mixture of molten KI and
elemental P. Both methods, however, resulted in n-type FeS,.
The third strategy, synthesizing pyrite crystals in a liquid salt
medium using a phosphorus-containing precursor, proved
successful, yielding p-type FeS,. This method represents the
first scalable approach for phosphorus doping of FeS, crystals.
The phosphorus precursor was prepared by reacting FeS with
elemental P in an evacuated quartz ampule at 450 °C. XRD
analysis confirmed that the resulting precursor mixture
contained FeP,, which was identified as the only effective
phosphorus compound enabling incorporation into the FeS,
lattice during synthesis. The resulting doped material was
characterized by Raman spectroscopy and XRD, both
confirming the formation of the pyrite phase. Although the
phosphorus concentration was below the EDX detection limit
of ~0.1 atom %, hot-probe measurements indicated a clear
conductivity type inversion from n-type to p-type.

A mechanism for phosphorus incorporation into the pyrite
lattice is proposed based on theoretical considerations: FeP,
facilitates the substitution of sulfur sites by phosphorus atoms
in the pyrite lattice. For every four phosphorus atoms
incorporated, one iron site is occupied, leading to the

formation of three iron vacancies, which act as acceptors and
enable hole conduction. These findings provide a foundation
for future development of photovoltaic devices based on p-type
FeS,, including potential applications in homojunction solar
cells.
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