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N-TYPE IRON PYRITE (FeS;) THIN-FILMS OBTAINED AT DIFFERENT
SULFUR VAPOR PRESSURES
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Iron-pyrite (FeS,) has received renewed interest for photovoltaic application due to its
high absorption coefficient, abundant supply of constituent elements and expected
environment friendliness. In the present investigation, thin-films of iron-pyrite were
obtained via sulfurization of sol-gel synthesized hematite (Fe,O;) films at 550 °C and
sulfur vapor pressures ranging from 30.4 kPa (0.3atm) to 319.2 kPa (3.15atm). For the
studied sulfurization pressure range, each of the iron-pyrite thin-films showed n-type
conductivity with charge carrier concentration decreasing by an order of magnitude (10%*
to 10%° cm™®). The corresponding change in the S/Fe ratio was from 1.81 to 1.99.
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1. Introduction

Iron-pyrite (FeS,), hereafter referred to as pyrite, has received renewed interest for
photovoltaic (PV) application due to the abundant supply of the constituent elements iron and
sulfur, expected environment friendliness, and high absorption coefficient (> 5x10° cm™ for
wavelength A< 900 nm) [1]. The theoretically estimated efficiency of a PV device using pyrite as a
photoabsorber is 28 % [2]; however, the highest reported efficiency has so far remained 2.8% [3].
To better understand the structure — property correlation several investigations have been carried
out on both the single crystals [4-13] and polycrystalline thin films of this material [14-30].
Among the several approaches reported, the majority have obtained thin-films of polycrystalline
pyrite via sulfuirzation of precursor films in a sealed ampoule, where, thin-films of iron, iron-
oxide, or certain compounds of iron and sulfur are treated with sulfur-vapor [31-40]. In this
context, several research groups have reported the effect of sulfurization temperature and time on
the electrical and optical properties of pyrite [41-51]. However, the reports on the influence of
sulfur vapor pressure are few [52-55]; moreover, in these studies the pressure has been estimated
based on certain simplifying assumptions such as ideal gas behavior, considering that sulfur vapor
is comprised of single molecular species in spite of the fact that it could contain several species
(Sn, 2 < n <10). Rau et al. have measured the sulfur vapor pressure versus vapor density at various
temperatures which are in good agreement with the theoretically estimated values [56]. Their data
should allow estimation of sulfurization pressure inside an ampoule with greater confidence.
Therefore, in the present work this data has been implemented to obtain desired sulfurization
pressures inside an ampoule and corresponding effects on the properties of pyrite have been
reported. In the following discussion the term pressure will be used instead of the term
sulfurization pressure.
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2. Experimental section

2.1. Materials

Analytical grade iron nitrate nonahydrate [Fe(NOs);.9H,0], absolute ethanol, propylene
oxide (PO), and carbon disulfide were purchased from Alfa Aesar. Sulfur powder (99.998%) was
purchased from Sigma Aldrich. All the chemicals were used as received.

2.2. Synthesis of precursor solution and thin-films

The thin-films of hematite (a-Fe,O3) were obtained onto quartz substrates through sol-gel
route. For this purpose 6.4 mmol (2.59 g) iron nitrate nonahydrate was dissolved in 10 ml ethanol
followed by addition of a fixed volume of propylene oxide. This precursor solution was
maintained at 20 °C for 40 hours prior to spin coating of films onto quartz substrate. Spin coating
was performed at 3000 rpm for 30 s and two consecutive layers were spin coated with intermediate
drying at 400 °C. Prior to coating of films the substrates were cleaned in a mild soap solution
followed by piranha (3:1 solution of H,SO, and H,0,) cleaning.

2.3. Sulfurization of hematite thin-films

Sulfurization was performed at 550°C for 90 minutes in sealed quartz ampoules (Fig. 1).
The pressures selected for the investigation were based on the data for the pressure versus sulfur
vapor density reported by Rau et al. and the amount of sulfur powder used for obtaining these
pressures have been shown in Table 1. Amount of sulfur powder corresponding to 30.4 kPa
pressure was calculated with the given data and ampoule volume was determined. All of these
pressures are lower than the saturation vapor pressure for sulfur at 550 °C which is 372.9 kPa [57].
The ampoules were purged with argon three times before sealing under the dynamic vacuum of
10°° kPa. During sulfurization the tube furnace was heated at the rate of 2 °C/min while the
cooling rate was kept at 1.5 °C/min. The heating and cooling rate were found to be very important
for obtaining well adherent films. The offset between the furnace temperature as measured at the
outer surface of the alumina tube and the temperature of the quartz substrate inside the sealed
ampoule was taken into the consideration. Any possible pressure change due to the amount of
sulfur consumed, by product gases released during Fe,O3 to FeS, transformation, and the volume
expansion for the quartz tube at 550 °C has been considered to be negligible.

Table 1.Amount of sulfur powder placed inside an ampoule for achieving different
sulfurization pressures

Pressure Amount of
kPa (atm) sulfur powder
(milligram)

30.4 (0.300) 6.6
69.8 (0.689) 30.4
117.2 (1.157) 53.5
188.9 (1.864) 92.9
232.5 (2.295) 122.5
319.2 (3.150) 166.8

Cesmru: - Film }

Fig. 1. Schematic of an ampoule containing a hematite thin-film coated
quartz-substrate and sulfur powder.
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2.4. Characterization

The structural characterization of thin-films was carried out at the PAN Analytical X-ray
diffractometer equipped with CuKo radiation (A = 1.54A) with a scan rate of 2-seconds/step at a
grazing angle of 1.5°. The X-ray source was set at 45kV and 40mA. The surface morphology and
cross-sectional analysis was carried out with the help of JEOL (JSM-7100F) field emission
scanning electron microscope (FE-SEM). The elemental composition was estimated using energy-
dispersive analysis of X-ray (EDAX). Raman spectroscopy was carried out using 532 nm laser,
50X objective lens, and maximum incident power of 2mW with an integration time of 2 seconds
using STR series Raman Spectrometer. The instrumental resolution was 3cm™. The optical
absorption spectra were obtained using Carry 7000 Universal measurement spectrophotometer
from Agilent technologies. The majority charge carrier type and density was obtained from AC
field Hall effect measurement performed at Lake Shore Model 8404 AC/DC Hall Effect
Measurement System. The Ohmic contacts with pyrite were obtained using silver paste. The
chemical state of constituents and the presence of possible contaminants on the pyrite surface were
detected by X-ray photoelectron spectroscopy (XPS) with PHI 5000 VersaProbe Il form FEI Inc.
Root-mean-square (RMS) roughness was measured using Asylum research atomic force
microscope (AFM). Electrochemical measurements were done using a conventional three-
electrode cell. Pyrite film deposited on the Molybdenum coated glass substrates were used as
working electrode. A saturated calomel electrode (SCE) and a platinum counter electrode were
used in the cell. All the electrode potentials reported in this study are referenced to SCE.
Electrochemical measurement was done in deaerated pH 6.5 buffer solution at ambient temperate.
Photocurrent measurements were performed under the AM1.5G illumination obtained from a class
AAA, OAI TriSOL solar simulator.

3. Results and discussion

In Fig. 2, the plot a is an X-ray diffraction (XRD) pattern for the thin-film prior to
sulfurization and plots b to g are for the thin-films obtained after sulfurization at different
pressures. All the intensity peaks in plot a matches with the pattern in JCPDS file no. 33-0664
corresponding to rhombohedral a-Fe,05 (Hematite), and those for the plots b to g match with the
JCPDS file no. 42-1340 corresponding to cubic pyrite. The X-ray diffraction obtained from the
synthesized pyrite films did not show any signal from impurity phases such as marcasite, iron
monosulfide, pyrrhotite or iron oxides.
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Fig. 2. XRD spectra for (a) hematite thin-film, (b) to (g) thin-films obtained after
sulfurization of hematite films at 30.4, 69.8, 117.2, 188.9, 232.5, and 319.2 kPa,
respectively.

The lattice parameters calculated from the XRD pattern (Fig. 2, plots b to g) for all the
pyrite films found to be in the range 5.428 — 5.414 A for the polycrystalline thin films [58].Raman
spectroscopy which is apparently more sensitive compared to XRD technique for the detection of
trace amount of phases [59] was used in order to detect presence of secondary phases such as



troilite (FeS) and marcasite (orthorhombic FeS;) which are expected to deteriorate the
performance of cubic pyrite in PV application [60]. In the Raman spectra [Fig. 3] plot a
corresponding to the film prior to sulfurization has all the peaks corresponding to hematite. The
plots b to g are corresponding to pyrite films obtained at different sulfurization pressures. The
Raman spectra for the pyrite films showed three characteristic phonon modes at wavenumber 337
cm ' (Ey), 372 cm ' (A,) and 424 cm™ (T,). The two modes E4 and A, signify the presence of S-S
bond in the pyrite sample [61]. The mode at 424 cm™ caused by third Raman active mode and
corresponds to coupled libration and stretching in the pyrite [62]. No secondary phases of iron and
sulfur such as troilite (FeS), greigite (FesS4), mackinawite (Fe1.S), pyrrhotite (Fe,—S), marcasite
and iron oxide were observed within the detection limit of the instruments. Both the XRD and
Raman analysis of the films obtained at different sulfur vapor pressures confirmed the high phase
purity or pyrite films without any secondary phase.
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Fig. 3. Raman spectra for (a) hematite thin-film, (b) to (g) thin-films obtained after sulfurization
of hematite films at 30.4, 69.8, 117.2, 188.9, 232.5, and 319.2 kPa, respectively

Further to confirm the binding states of the iron and sulfur in the sulfurized thin films X-
ray photoelectron spectroscopy (XPS) is performed. Pyrite films corresponding to the lowest and
highest sulfurization pressures were analyzed using this technique and the observations are shown
in Fig. 4. Fe 2p3, and Fe 2p,;, peaks have been observed at 707 eV and 719.7eV, respectively, in
Fig.4(al) and (b1), which are consistent with the binding energy of Fe in FeS,[63].
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Fig. 4. XPS spectra of the films sulfurized at (al-a2). 30.4 kPa (b1-b2) 319.2 kPa
sulfurization pressures. (c1-c2) O 1s and C1s spectra for the pyrite films.
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Both of these peaks also show energy tails (~ 708.4 eV and 721.2 eV) which have been
attributed to the presence of sulfide or oxide compounds of Fe (Ill) on the surface [64]. The
corresponding S2ps, and S2py, peaks at 162.3 eV and 163.5 eV (Fig.4(a2) and (b2))are
characteristic of S,> in the pyrite [63]. There is no peak corresponding to binding energy 161 eV
has been observed which is a characteristic of the S* [65]. The observed oxygen O1s signal at 532
eV for all the films may be due to the presence of hydroxide species on the surface [Fig.4(cl)].
This signal was not observed after sputtering few monolayers of the film. Smestad et al. have
reported similar observations [36]. In Fig.4(c2), Cls spectra show two peaks at 284.5 eV (C-C)
and 286+0.1 eV (C-0); this carbon presence may be due to the adsorption of adventitious
hydrocarbons and alcohols onto the film surface. Similar observations have been made by Seefeld
et al. [64, 66].

Fig.5(a) shows FESEM micrograph of a representative hematite film used for
sulfurization. These films are continuous with micro-cracks on the surface, and the root-mean-
square (RMS) roughness of less than 5 nm. Fig.5 (b to g) show the FESEM micrographs of the
pyrite films obtained at increasing pressures. All are crystalline with grain size ranging from ~50
to few 100s of nanometers. The film corresponding to the lowest pressure is relatively compact
with negligible pores while those corresponding to higher pressures have developed regions with
loosely packed grains. Simultaneously, the films have developed large grains >200 nm) distributed
in the background of relatively smaller grains (<100 nm or smaller) with the increasing pressure.
This could explain the observed increase in the RMS roughness of the films with the increasing
sulfurization pressure (Fig. 6). The cross-sectional FESEM was done to obtain the thickness of
pyrite films at different sulfurization pressures.
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Fig. 5. Morphology of (a) as synthesized precursor thin-film, (b) to (g) precursor thin-
films after sulfurization for 1.5 h at 30.4, 69.8, 117.2, 188.9, 232.5, and 319.2 kPa,
respectively.
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Fig. 6. RMS roughness of the pyrite films at different sulfurization pressures.
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Fig. 7. Sulfur to iron ratio for the pyrite films at different sulfurization pressures

Fig. 7 shows S/Fe ratio obtained from as synthesized pyrite films. The S/Fe ratio has
increased with sulfurization pressure and approached closer to the ideal value of 2. Considering the
large energy (2.18 and 1.66 eV) required for the creation of V. and Vsin pyrite, the corresponding
S/Fe ratio is expected to lie in the range of 1.98 < S/Fe < 2.02, only [67]. The films obtained at
higher pressures are showing S/Fe ratio within this range, however, the films corresponding to the
lower pressures have S/Fe ratio less than this range. Presence of sulfur poor phase or an unreacted
Fe,Os could account for this deviation observed in the S/Fe ratio, however, none of these were
detected in the XRD and Raman analysis for any of the pyrite films. Another possibility could be
incomplete removal of oxygen from film during its conversion to FeS,. The possibility of
homogeneously distributed oxygen is under investigation through TEM.

The Hall effect measurements performed using DC field were inconsistent. Several other
groups have reported similar observations with the DC field Hall measurement on pyrite citing the
low mobility of charge carriers [45,64] which prevented them to measure the type of the
conductivity of the pyrite films. In our DC field measurement for the same film few of the
repeated measurements indicated it to be n-type while for the other measurements the same film
was indicated to be a p-type but all the measurements showed a very low mobility in the range of
10 %-10%cm?V *s . The AC Hall technique is considered more reliable for the materials with low
charge carrier mobility as compared to DC field Hall Effect measurement. Rettie et al. reported
that they could not measure the mobility of molybdenum (Mo) and tungsten (W) doped bismuth
vanadate (BiVO,4) with dc field hall measurement because of the low mobility of the material.
Only ac filed hall measurement has provided a mobility value of 0.2 cm?V s '[68]. In the present
case also the Hall mobility is very low therefore; AC field Hall measurement was performed on all
the synthesized pyrite films. AC field Hall measurement consistently indicated all the films to be
n-type and very low mobility value in the range of 1.74 — 6.22 x10”° cm®V 's ' was obtained. This
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observation is in contrast to a large fraction of literature on synthesized pyrite films where the type
of majority charge carriers has been reported to be holes as determined using DC field Hall effect
measurement [24, 30, 40, 69, 70, 71]. Recently few other groups also have reported n-type
conductivity in the synthesized pyrite films as determined using low noise AC measurement
technique or electrochemical Mott-Schottky technique [45,51] The n-type conductivity has been
observed primarily for the single crystal pyrite [7,10,12,72]. Charge carrier density and resistivity
of the all the pyrite films determined using AC field Hall Effect measurement is shown in Fig. 8.
The majority charge carrier concentration was found to be of the order of the 10 cm™® which is in
agreement with the previous reports on the pyrite [50, 51]. From the Fig.8(a) it can be seen that the
majority charge carrier concentration decreased by an order of magnitude for an order of
magnitude increase in the sulfurization pressure. Since the S/Fe ratio increased with pressure [Fig.
7] the corresponding drop in the sulfur vacancy concentration is expected, and since sulfur
vacancies act as donors [18] the observed drop in the charge carrier concentration is expected. It in
turn has contributed towards the increase in the resistivity of pyrite films [Fig.8(b)].
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Fig. 8. AC field Hall effect measurement on the pyrite film at different sulfurization
pressure (a) carrier concentration (b) resistivity

In order to confirm the type of conductivity the electrochemical Mott-Schottky
measurement on the pyrite film was performed. The measurement was done on the film obtained
at 319.2 kPa sulfurization pressure which is having the smallest charge carrier concentration in the
present study. The measurement was done for 0.1 V to —0.4 V/SCE as this range corresponds to
the stability region of the pyrite phase in dearerated aqueous solution of pH 6.5[45].
Representative plot of C2 vs. voltage is shown in the Fig. 9. The positive slope of the curve
confirms an n-type conductivity of the synthesized pyrite film.
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Fig. 9. Electrochemical measurement on the pyrite film obtained
at 319.2 kPa sulfurization pressure

Fig.10(a) shows the absorption coefficient (&) as a function of incident photon energy for
all the pyrite films. Its value is ~ 10° cm* for the photon energy > 1.40 eV (A < 885 nm). The band



gap can be obtained from the Tauc plot, that is, (@hv)" vs. hv plot where the symbols h, and a are
Planck’s constant, and absorption coefficient, respectively. Here the value of superscript n is
considered to be 0.5 for the indirect band gap and 2 for the direct band gap. Representative Tauc
plots corresponding to the pyrite films obtained at highest sulfurization pressures are shown in Fig.
10(b) and inset. The indirect band of 0.93 eV and direct band gap of 1.39 eV was found for the
film obtained at 319.2 kPa sulfurization pressure. The indirect and direct band gap values extracted
for all the pyrite films have been calculated. The indirect and direct band gap changed from
0.81eV to 0.93eV and 1.17eV to 1.39eV, respectively, with the increasing sulfurization pressure.
Similar variation in the band gap with sulfurization pressure has been observed and attributed to
the change in the density of defect-states present in the band gap [54].
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To check the photoactivity of the synthesized material the photocurrent measurement was
performed. Fig.11 shows the photocurrent measurement performed at ambient temperature for the
pyrite film synthesized at sulfurization pressure of 319.2 kPa. For these measurements silver
contacts were placed on the two opposite edges of the film where the substrate was quartz. The
current increased upon illuminating the films and dropped to a lower current value corresponding

to dark condition (no illumination). The synthesized pyrite films showed a clear and stable
phtoresponse.
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Fig. 11. Photocurrent measurement on the pyrite film obtained
at 319.2 kPa sulfurization pressure.

4. Conclusions

Continuous, well adherent, and single-phase pyrite (FeS;) films have been successfully
obtained through the sulfurization of sol-gel synthesized hematite thin-films. The S/Fe ratio in
these pyrite films approached the ideal value of 2 with the increasing sulfurization pressure. The
reasons for the observed high sulfur vacancy concentrations even for those pyrite films obtained at
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sulfurization pressures higher than the atmospheric pressure are not clear. In this context, it is
expected that by the end of sulfurization at 550 °C the pyrite films corresponding to each of the
sulfurization pressures would have achieved certain stoichiometry. Whether this stoichiometry
changes as the sulfur vapor pressure decreases during cool down stage, needs to be carefully
investigated. This may also help in understanding the reason for high values of charge carrier
concentration even though it decreased by an order of magnitude for the investigated pressure
range. The charge carrier concentration needs to be further reduced to the workable level which
would be suitable for PV application.

The electrical conductivity for the pyrite films has been found to be n-type which is in
agreement with the recently reported works. This is contrary to the majority of reports that
mention these films to be p-type. Few groups have even reported transition between p-type and n-
type conductivity with the variation in synthesis temperature. These observations indicate that
further investigations are required to understand and control the electrical properties of pyrite
films.
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