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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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Fermi levels. The effect of impurities on the photoluminescence emission of pyrite is well linked to the
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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
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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 10"” cm™?, 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, Cry, 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.**>%*’

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 (Vs)-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 V. 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 Ej, difference will produce higher Vo 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 (Viiquiax1 = Vsolid Fes,)»
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 (Viquiaxt = 4 Vsolia Fesz)
and 10 times bigger (Viiquiaki = 10 Vsolidres,) 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
(Viiquia k1 = Vsolia 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-
lytical 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, Csl 690
333  66.7 FeS, Na,S, 475
34.0 66.0 FeS, — 500
33.8 662 FeS, KI (4% 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 pm 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'®O" 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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. Ampoule ]:>[ Synthesis in furnace

Fig. 1 Flowchart of preparing the pyrite microcrystals in sealed ampoules.

precursors

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, LiI 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 suifur = 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
CsI were sieved into narrow granulometric fractions between
38 ym 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
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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.{ 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" em . 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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% [LiinFeS, | « [Cs]in FeS,
510" s 10
® ®
c o 17
£ 210 .
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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 CsI, 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" em ™ of Cs. This concentration is two
orders of magnitude higher than it was in KI and in Na,S,
(exact concentrations in ESIt).

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 (Viiquia ki = Vsolid res,)) 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 cm™® 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 Lijatem™® Cr,atem® Cu,atem™> Co,atcm >  Ni, at cm >
FeS, synthesized from the 3N FeS precursor 4.9 x 10" 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 10"/ 4 x 10'® 3.2 x 10'° 4.7 x 10'® 8.3 x 10'®
: . . . . . ; . : —
10" 4 KI flux a) cel
10° _! Na,S flux r r .
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8 107 Fig. 8 (a) Full He() UPS spectra of FeS, synthesized in different fluxes,
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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.>****>~*8
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 pum 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).**°

P = hV - Ecutoff (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry

energy scale.

Fig. 8 shows the full He(i) 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 (Eg) 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 Eypm. 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
Ecutoe” - The small peak near the 0 eV binding energy in Fig. 8b
(0 eV represents the Ex) 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. ..o 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..f values is inhomogeneities

Mater. Adv, 2024, 5,1565-1575 | 1571
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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 Eygy 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
LiI, CsI and Na,S, fluxes were used in FeS, syntheses. The
higher values of Eygy 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'® cm™® 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 .o 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

-4,4 T T T T T v T T T
_4,6 - e .

48 '_Ferml level o o 1
5.0r 0.96 1
52+ . 0/86 1,00 ]

54 105 104 1 11
’ lo2 v
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No flux Lil

Fig. 9 Energy band diagrams of pyrite FeS; synthesized in different fluxes.
Evem 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, Csl, 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" em* and Cs content
around 10"° cm ™ were determined in the FeS, materials grown
in Lil and CsI, 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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