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Abstract

Electrochemical deposition (ECD) of FeS, thin films from aqueous solution contains FeSO,, Na,S,03.5H,0 and H,SO;,.
ECDs were performed at different bath temperatures (30, 40, 50, 60 and 70°C) with constant pH (~2). FESEM images shows
that the grains are as deposited films with stoichiometric iron pyrite thin films were successfully formed at 50, 60 and 70°C
and S/Fe ratio in as-deposited films were ~2. GAXRD studies of as-deposited at 30 and 40°C FeS, thin films shows a minor
phase of orthorhombic marcasite and major cubic pyrite phase observed. As-deposited thin films at 50, 60 and 70°C brings
about the formation of FeS, with single crystalline cubic phases with a strong (111) preferred orientation and without any
contribution of marcasite phase. When the bath temperature was increased, as-deposited thin films of crystalline size,
thickness and roughness value increased due to rate of formation FeS, increased. Raman spectra of the FeS, thin films
presented characteristic peaks of S-S active mode at 377 cm™. The optical spectra of the as-deposited FeS, thin films with
different bath temperatures showed a clear absorption edge band gap of these films from 0.86 to 0.96 eV. As-deposited FeS,

thin films at different bath temperatures show p-type conductivity. Copyright © 2017 VBRI Press.

Keywords: Iron pyrite, electrochemical deposition, structural properties, optical properties, electrical properties.

Introduction

Iron pyrite (cubic-FeS,) has been of continuous interest
since the 1970s due to its abundance, absorber layers of
solar cells due to excellent hole mobility, photo-
absorption characteristics and with suitable energy band
gap [1-3]. The iron pyrite layer with the 10 nm thickness
can generally produce the sunlight absorption higher than
90%. Therefore, the pyrite can be utilized as thin film
materials in the photoelectrical conversion system. The
low-cost preparation methods are favourably considered.
Most of them are based on the sulphuration of some
precursors Fe [4-5], Fe oxides [6] and Fe sulphides [7-8].
By solution methods are used to make pyrite thin films
include spray pyrolysis [9-12], electrochemical deposition
(ECD) [13-17], chemical bath deposition (CBD) [18-19],
electrophoretic deposition (EPD) [20] and sol gel
chemistry [21-22]. The strategy adopted for the
deposition of iron oxide or iron sulphide films (often
amorphous) and anneal the film in sulphur gas at elevated
temperatures (350—600 °C) to produce polycrystalline
pyrite. Despite of this, the conversion efficiency of FeS,
solar cells has not exceeded to 3% [1]. The reason for the
low conversion efficiency can be attributed to phase
impurity [22]. Generally FeS, can crystallize not only into
a cubic pyrite structure, but also into a metastable
orthorhombic marcasite structure that is detrimental to
photovoltaic applications with its low bandgap (E4 = 0.34
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eV) and polymorphs differing in their chemical structure
by linking of Fe-centered octahedral. Pyrite devices
display some high quantum efficiencies but suffer from
low open- circuit voltages (Voc = 200 mV, which has
been attributed to surface defects [1]. The photovoltaic
properties of pyrite can be improved by stronger
interfacial interaction between donor-accepter layers [23].
Although, the pyrite and marcasite phase compounds are
diamagnetic in nature [24]. Therefore, new and improved
techniques are needed to resolve these problems.
Moreover, a simple method is developed for the
preparation of crystalline pyrite thin films with large area
by using simple ECD equipment. ECDs presents an
interesting a potentially fast deposition rates over large
areas and this low cost thin film deposition method with
many advantages: the possibility of controlling film
properties  thickness through the electrochemical
variables, substrates of variable sizes and shapes can be
used under low temperatures. In this deposition process
can be controlled and the reactions are involved as closer
to equilibrium than in many gas phase methods. In this
present work, iron pyrite (FeS;) thin films were
conveniently prepared by ECD method. As-deposited
FeS, thin films were characterized by glancing angle
X-ray diffraction (GAXRD), Raman spectroscopy, field
emission scanning electron microscopy (FESEM), energy
dispersive X-ray analysis (EDAX), UV-visible spectra
and electrical (Hall Effect) measurements.
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Experimental
Chemical and materials

Ferrous sulphate (FeSO4) (3N) and sodium thiosulphate
(Na,S,03.5H,0) (3N) were procured from Sigma-Aldrich
(USA). Sulpuric acid (H,SO4) has purchased from
Spectrochem (India). All the chemicals used without
further purification for the preparation of solutions.
Double distilled water was used to prepare all the
solutions and to rinse the electrodes.

Deposition of iron pyrite (FeS,) thin films by
electrochemical deposition (ECD)

FeS; thin films were ECD on ITO coated glass substrates
(resistance of ~10 Q/sq, thickness of the conducting layer
being 180 nm and transparency around 83% at 550 nm) at
different bath temperatures (30, 40, 50, 60 and 70°C)
using a simple conventional three electrode system (CH
Instruments 604E, USA). To start with the ITO coated
glass substrates were cleaned in an ultrasonic bath with
ethanol solvent to remove any adhering impurities and
then washed with double distilled water. In a three-
electrode system a ITO coated glass substrate as the
working electrode, saturated calomel [Ag*/AgCI/KCI]
electrode (SCE) as the reference electrode and Pt wire as
the counter electrode. Linear sweep voltammetry (LSV)
technique was used to ECD of the FeS, thin films. For
ECD experiments the deposition solution was prepared by
mixing 10 ml of 0.05 moldm™ FeSO,, 20 ml of 0.152
moldm>Na,S,03.5H,0 and 60 ml double distilled water
and it was stirred for few minutes to make homogenous
solution. ECD bath solution pH (~2) was adjusted by
adding sulphuric acid and the ECD were performed at
constant potential deposition (-850 mV) and the fixed
duration of 600 seconds. The deposited FeS, thin films
were washed thoroughly with double distilled water
followed by ethanol and kept for the further
characterisation of the thin films.

Characterization of as-deposited FeS; thin films

Structural elucidation of the as-deposited FeS, thin films
at different temperatures were carried out by GAXRD
studies using a Bruker AXS Diffractometer Plus/D8
Advanced Spectrometer with Cu Ka (4 = 1.5405 A)
radiation with a scan speed of 1° per min and with the
increment of 0.02°. The glancing angle was fixed at 2°.
Raman spectra of as-deposited FeS, thin films at different
temperatures were recorded at room temperature. The
excitation source was an argon ion laser beam of 30 mW
(A=488nm) power with vertical polarization focused to a
spot size of 50 um onto the sample. The scattered light
was collected in the backscattering geometry using a
camera lens (Nikkon; focal length, 5 cm; f/1.2). The
collected light was dispersed in a double grating
monochromator, SPEX model 14018, and detected using
thermoelectrically cooled photomultiplier tube model
ITT-FW 130. The resolution obtained was 5 cm™. The
surface morphology of the as-deposited FeS, thin films at
different temperatures were examined by a field emission

Copyright © 2017 VBRI Press

2017, 2(8), 521-525

Advanced Materials Proceedings

scanning electron microscope (FESEM), Hitachi S-
4300SE, operating at an accelerating voltage of 10 kV.
The chemical compositions of the as-deposited FeS, thin
films at different temperatures were studied using EDAX,
INCA 200 system connected to a SEM operating at an
accelerating voltage of 20 kV. The optical transmission
spectra of the as-deposited FeS, thin films at different
temperatures were recorded using Shimadzu UV-visible
NIR spectrometer in the range 200-1800 nm. Electrical
measurements on the as-deposited FeS, thin films at
different temperatures were measured by using Hall-effect
measurement apparatus with van der Pauw configuration
with gold (Au) contacts and the indium soldered platinum
wires to the contact plates were used. 1-V measurement
was also performed by Keithley 4200 I-V unit.

Results and discussion

The iron pyrite (FeS,) thin films were deposited by ECD
method and the thin films were uniform and well adhered
onto the ITO substrate.On the basis of aqueous chemistry
of thiosulphate and Fe(ll) in an acidic medium, one could
expect the formation of FeS, by this deposition.The
dissociation of thiosulphate in water gives rise to $* and
elemental S, which can further combine and give the
disulfide (S,%) ions:

8,07+ 08,0 € BEOS ¢ g+ BS ¢ 28 () 284 0 (1)

Fe(Il) and disulfide ions condense with electrical force
in the solution or on the substrate to the deposition of
FeS,

Fe'' L 537 & Fes, @

In the ECD, the Fe?" ions are generated and attract
towards the cathode. Overall the cathodic reaction may be
cited as,

Fe'" 4 5,0:7 4 6H 4+ 6o Fe§; + 3H,0
. R RO
The as-deposited FeS, thin film at different bath

temperatures, thickness and roughness values were
evaluated from the profilometer and the data were
presented in Table 1. Thickness and roughness of as-
deposited thin films increases with increase in the bath
temperature. It’s due to consequently the nucleation of
iron containing sulphide phase can occur faster.

Table 1. Thickness, roughness, composition, lattice parameters, FWHM,
crystallite size, micro strain, dislocation density, number of crystallites
per unit area of as-deposited FeS, thin films at different bath
temperatures.

Deposit | Thickness | Roughness | Composition Lattice FWHM | Crystallite| Micro | Dislocation | Number of
ion (nm) (nm) (atomic parameters|  of size | strain | density | crystallites
temper percentage) (mm) |[GAXRD| (m) | (x107)|(x10" per unit

ature peak lines/m?) | area N
°C) Fe (%) | S (%) (111) (x10"m?)
(deg)
30 620 17.6 34.42 | 65.58 | 0.5448 0.02567 46 544 |63 35
40 780 20.4 34.21 | 65.79 |0.5478 0.02743 52 522 |6.1 3.8
50 830 23.4 33.34 | 66.66 |0.5381 0.02847 53 5.01 59 39
60 840 24.1 34.43 | 66.57 | 0.5408 0.02893 60 4.87 |54 4.3
70 870 24.9 33.40 | 66.60 | 0.5418 0.02921 69 423 |51 4.9
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Fig. 1. (a-e) FESEM of as-deposited FeS, thin films at different bath
temperatures (a) 30 °C, (b) 40 °C, (c) 50 °C, (d) 60 °C and (e) 70°C.

The morphologies of the FeS, thin films were observed
in the field emission scanning electron microscope
(FESEM) images. Fig. 1(a-e) shows the FESEM
micrographs of the surface of the as-deposited iron pyrite
at different bath temperatures and the morphologies
shows that uniformly covered films with a free of cracks
all over the surface of the as-deposited films. Further, a
significant grain growth results also shows that without
porous and cracks free types of morphology.

Chemical compositions of the films were analyzed from
EDAX spectral data of different regions of the films
recorded with an incident electron beam of 20 keV.
Table 1 show that the compositions, arrived at by EDAX
of the as-deposited iron pyrite thin films under different
bath temperatures. It is found that the relative content of
Fe slightly higher with respect to relative content of S
slightly lower in as-deposited at bath temperature 30 and
40°C. Using the relative proportions expressed in an
atomic percent (at %), the S/Fe ratio was determined as
1.90 and 1.92 in as-deposited at bath temperature 30 and
40°C. Hence its films were sulphur deficiency. The S/Fe
ratio 1.99 in as-deposited at bath temperature 50, 60 and
70°C, respectively.

Glancing angle X-ray diffraction (GAXRD) patterns of
as-deposited FeS, thin films at different bath temperature
of 30, 40, 50, 60 and 70°C are shown in
Fig. 2(a-e) and where Bragg lines are indexed of the
GAXRD spectrum. From the GAXRD, it was possible to
identify the crystalline phases that constitute the samples
as pyrite, although at low bath temperature shows some
other peaks appear which could be attributed to marcasite
phase. The GAXRD patterns of different bath
temperatures as-deposited FeS, thin films have indicated
the strong reflections from the cubic pyrite (FeS,) phase
of (111) plane. Fig. 2(a-b) presents addition reflections
originating from (011) and (020) planes of orthorhombic
marcasite (FeS,) phase present in as-deposited FeS,
thin films at bath temperatures of 30 and 40°C. However,
the deposition (formation) of marcasite phase has iron
rich (discussion in composition part). As-deposited at
bath temperature 50, 60 and 70°C FeS, thin films
corresponding to stoichiometric composition and consists
of a single crystalline pyrite phase without any
contributions from other phases (Fig. 2(c-e). The
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GAXRD peaks can be indexed to the (111), (200), (220)
and (222) planes of cubic phases of FeS,, respectively.
From thermodynamic data, the pyrite Gibbs energy of
formation is more negative than that of marcasite at any
temperature. This fact led us to conclude that formation
of marcasite is not due to thermodynamic stability but to
kinetic reasons. The observed peaks ‘d’ spacing values
are in good agreement with standard JCPDS card no
79-0617 for cubic pyrite (FeS,). From (hkl) planes, the
lattice constant (a) were evaluated using the relation
[a=d (h? + kK* +I)Y?], where d is inter-planar spacing of
the atomic planes. The calculated d-spacing values have
been used to determine the lattice constant and these
values are presented in Table 1. The lattice constant (a)
was increased slightly with lower bath temperature
(30 and 40°C). But higher bath temperature doesn’t affect
in the lattice constant. As-deposited thin films above 40°C
it may be high densely packed in crystalline lattice. The
low value of lattice constant is due to that the lattice could
be contracted. Table 1 lists the full width at half
maximum (FWHM) values of (111) diffraction peak of
the FeS, thin films. The FWHM of the (111) peak of the
FeS, thin films obtained from bath temperatures are
higher than that of lower bath temperature. The reason
may be smaller strain occur in the as-deposited thin films
obtained from higher bath temperature.

c-(111) o-(011)

c-(200)

R0 e @
0-(020)

N2

~—t Q

Intensity (a.u.)
¢
{

20'2I5'310I3[5r4|0'4'5r5[0I5|5'6'0'6|5I70
2 0 (degree)

Fig. 2. (a-e) GAXRD spectra of as-deposited FeS, thin films at

different bath temperatures (a) 30 °C, (b) 40 °C, (c)50 °C, (d) 60 °C and

(e) 70°C.

As the deposited thin films have regular shape and size
therefore the average crystallite size (D) was evaluated
from the FWHM of the (111) diffraction peak using
Scherer’s equation [D = 0.9 A/B cos6], where B is the
FWHM of the diffraction line in radians and A is the X-
ray wavelength [18]. The calculated average crystallite
sizes were found to be in the range of 46-69 nm and these
are listed in Table 1. For photovoltaic applications, the
greater crystallite size and the lower grain boundary
recombination to get the higher the current output [5].
The micro strain (g), dislocation density (8) and number
of crystallites per unit area (N) were calculated using the
following relations (equations (6), (7) and (8)) and their
values are given in Table 2.
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Micro strain (g) = P coso/4 4)
Dislocation density (8) = 15¢/aD (5)
Number of crystallites (N) = t/D° (6)

where, 0, the Bragg’s angle and t, thickness of the film.
The decreases of ¢ and & values with increases in the bath
temperature may be due to crystalline lattice densely
packed with to its grain boundary which leads to increases
in the concentration of lattice perfections.

Raman spectra of as-deposited iron pyrite thin films are
shown in Fig. 3. Raman spectroscopy is more sensitive
than XRD to marcasite impurities near the film surface
[22]. Raman spectra of the as-deposited at lower bath
temperatures 30 and 40°C shows that Raman bands for
both orthorhombic marcasite (at 322 cm™) and cubic
pyrite (at 377 cm™) [orthorhombic marcasite is the
common polymorph of FeS,], which are the characteristic
active modes for pyrite corresponding to the S,libration
(Eg), S-S in phase stretch (Ag) and coupled libration and
stretch (Ty) modes, respectively [25]. The dominant
mode in the iron pyrite spectra is E; vibration mode at
377 cm™. This peak is the characteristic active mode for
pyrite corresponding to the vibration of the S atom
perpendicular to the dumb-bell axes. In the case of
Raman spectra of the as-deposited at higher bath
temperatures 50, 60 and 70°C did not show the
orthorhombic marcasite at 322 cm™ However, T,
vibrational band 377 cm™and 426 cm™ are present.

Fig. 4 shows (ahv)? and hv of as-deposited iron pyrite
at different bath temperature. The spectra of as-deposited
iron pyrite thin films are shows that a clear absorption
edge and indicates that the films have good crystalline
nature with uniform optical properties
[Eg = 0.86-0.96 eV] due to indirect transition in the pyrite
film. A similar result was observed in the literature of
0.95 eV [21]. The presence of marcasite minor phase in
FeS, thin films is generally not to alter the bandgap of the
major pyrite phase. As a result bath temperature increases,
as-deposited thin films thickness were increased for the
films with the thickness above 800 nm the value of Eg
increases. Since the specific surface area of the films
decreases to weaker the effect of surface factors.

The conductivity type, resistivity, hole concentration
and hole mobility wereh measured the as-deposited iron
pyrite thin films (Table 2). The as-deposited thin films
are of p-type conductivity, as indicated by the hot-probe
and Hall effect measurements applying van der Pauw
method [26]. As-deposited iron pyrite at bath
temperatures of 30 and 40°C, the resistivity was larger
than that of 50, 60 and 70°C, whereas their hole
concentration were smaller than the same. This may be
attributed to the formation of stoichiometric deviation and
more grain boundaries appeared in the films with reduced
grain size. It is noted that hole mobility increases with
film thickness (bath temperature increases) markedly.
According to grain boundary model, the decreased defect
concentration in thicker film leads to the lowering of
potential barrier at the grain boundaries and it provides
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more hole carriers. Further, the higher hole mobility and
hole concentration are due to the closed stoichiometric
composition or disorder of cation and anion vacancies are
low.

deposition at 30°C
deposition at 40°C
deposition at 50°C
deposition at 60°C
= deposition at 70°C

322 377

N\
—~—

Counts (a.u.)

T T T T T T T T T
200 250 300 350 400 450 500

Wavenumbers (cm'l)

Fig. 3. Raman spectra of as-deposited FeS; thin films.
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Fig. 4. (ahv)? and hvspectra of as-deposited FeS, thin films.

Table 2. Room temperature electrical properties of as-deposited FeS,
thin films at different temperatures.

Deposition Resistivity| Hole concentration | Hole mobility
temperature (°C)| (Qcm) (x 1077y (em™) (em*V's™)
30 8.6 3.5 22.1
40 8.5 3.1 22.7
50 3.4 5.9 34.2
60 3.8 6.2 354
70 3.9 6.6 383

Two-probe 1-VV measurement was carried out to study
the type of deposited semiconductor film materials
(n-type or p-type) Indium doped tin oxide (ITO) on which
deposition was carried out on the conducting material. It
is used as bottom contact and aluminum dots are taken as
the top contact from the upper surface of deposited FeS,
layer (deposited thin film at 70°C). Fig. 5 shows that the
two-probe 1-V plots of FeS, thin films which is typical
diode characteristics between ITO and FeS,. ITO being
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as a n-type semiconductor, so it may be concluded that
the FeS, films deposited on ITO substrate is a p-type and
the contact of aluminum has showing the ohmic behavior.
The ITO being highly conducting and the aluminum
contact with it will show linear 1-V characteristics.
Hence, the ohmic behavior is due to the p-FeS,/n-ITO
junction. So, it can be concluded that the FeS, thin films
deposited on ITO substrate is a p-type.

s
1.0x10 I i i I F
8.0x10° 41— —=— Dark Current (A) | Ll
6.0x10° *— Light Current (A) ‘ "F’
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Fig. 5.1-V characteristics for the FeS; thin films under dark and light.

Conclusion

Iron pyrite thin films have been deposited on ITO coated
glass substrate from an aqueous solution by
electrochemical deposition technique at different bath
temperatures (30, 40, 50, 60 and 70°C) with constant
pH (~2). As-deposited at 30 and 40°C iron pyrite thin
films shows marcasite phase were peaks observed and
good crystalline phase. As-deposited thin films at 50, 60
and 70°C brings about the formation of FeS, with single
crystalline cubic iron pyrite phase without any
contribution of marcasite phase. The crystallite size,
micro strain, dislocation density and number of
crystallites per unit were calculated. When bath
temperature was increased as well as crystalline size,
thickness and roughness were increased, respectively.
GAXRD and Raman spectra shows that a pure pyrite
phase as-deposited at 50, 60 and 70°C.The band gap was
found to be 0.96 eV by optical absorption spectra.
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