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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 FeS,
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 10’ cm ™3, were found from capacitance-voltage measurements using

FeS,/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]. FeS; 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 (a > 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™! 57! 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 FeS, 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 ~! for Si vs 2 kWh kg ™! 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 FeS,). 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]. FeS; 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 FeS; is
attributed to a high concentration of defects on the top surface of FeS;
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
FeSy 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 FeSy 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 FeS;
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 (V1) (in both cases, S and
KI) and the volume of solid FeSy (Vg) 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 FeSy 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 FeS,
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 Fej 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. FeSy
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 26 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. FeSy 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 FeS; 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 FeS;/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 FeSy/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 FeSy
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 FeS, 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, ¢). As it can
be seen in Fig. 1a and Fig. 1b the FeS; 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 FeSy 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 um.

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 (Fej4S), 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, c) 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
(Fex03) [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 FeS; powder at 740 °C in KI
followed by slow cooling to 575 °C (Fig. 2c). A slight variation in FeS,
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 FeSs 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. Se, f). 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. 5c,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 2ps,, 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 FeoO3 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+ H3SO04). 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 2ps3,2 and S 2p;  (at 162.4 and 163.6 eV with the distance of 1.2 eV)
that represents the emission of bulk SZZ’ [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
Fe3" jonic states and S>~ 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 FeS;
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?* 2ps,/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>* ionic
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“Piranha” solution (H>SO4: H,O2 = 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 SO42~ 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 2p3,, 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 Fe3'. 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 Fe>*upon 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 FeSy
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. 5h. 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?Toxidation 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 Paxs 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 FeS3/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: HO2 = 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 10'7 cm™ were found from C-V measurements using
FeSy/NiO heterostructures and FeSy/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 Fe3; 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 cm™2 were found using
FeSy/NiO heterostructures andFeS,/Pt Schottky diodes, respectively.
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