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1. Introduction
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Transition Metal Doped Pyrite (FeS,) Thin Films: Structural
Properties and Evaluation of Optical Band Gap Energies

Sadia Khalid,*>¢ Mohammad Azad Malik,”™* David J. Lewis,*® Punjara Kevin,® Ejaz
Ahmed,’ Yagoob Khan®, Paul O’Brien **

Iron pyrite (FeS,) is a semiconductor comprised of earth-abundant elements that has the potential to be a low cost
photovoltaic material with comparatively low toxicity. The properties of transition metal doped iron pyrite thin films
(M,Fe1..S; where M = Co, Ni, Cu, or Zn) deposited by aerosol-assisted chemical vapour deposition (AACVD) on various
substrates including glass, (100) silicon and indium tin oxide (ITO) have been studied. Changes in the cubic lattice
parameter as well as peak broadening on doping were observed by powder X-ray diffraction (p-XRD) measurements. The
structural properties of the transition metal doped pyrite (M,Fe;.S;) depend strongly on the transition metal dopant used
and preferred orientation in all films was observed to be along (200) plane. The influence of transition metal doping on the
structure and phase transformation was significant in copper doped pyrite thin films. The height-profiling of M,Fe1.,S, films
with atomic force microscopy (AFM) displayed smooth surfaces with uniform distribution of particles. Optical studies
revealed that there is increment in bandgap of M,Fe;,S, thin films which is supported by previous work. There may be
contribution from oxidation of the doped pyrite surface in band gap enhancement observed by X-ray photoelectron
spectroscopy (XPS). These findings may be further manipulated to improve doped pyrite layers for photovoltaic devices.

methylammonium lead(11) iodide (CH3NH3Pbls)® have emerged

Transition metal sulfides have attractive optical properties for
photovoltaics, with high extinction coefficients and band gaps
commensurate with the solar photon flux. Iron pyrite (or cubic
iron disulfide), B-FeS, (E; = 0.95 eV, absorption coefficient, o
>10° cm™ @ Av >1.3 — 1.4 eV, is potentially the most important
transition metal sulfide for sustainable energy applications. Due
to the inexpensive nature of its constituent elements, pyrite
could potentially expand the opportunity for wide-scale
deployment of photovoltaic modules.® The material is also
relatively non-toxic compared with other semiconducting
materials used in photovoltaic applications. Additionally, pyrite
has also found numerous applications in optoelectronic
devices,?  energy conversion/storage devices,* ° agriculture,®
biomedical applications’ and extreme pressure additives in
formulated oils.® Organohalide lead(l1) perovskites such as
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as light-harvesting semiconductors thin film solar cells along
with copper indium gallium selenide (CIGS),'° copper zinc tin
sulfide (CZTS)' and quantum dot sensitised solar cells such as
those based on nanocrystalline cadmium selenide (CdSe).*?

The ternary chalcogenides of chalcopyrite type structure
(CulnS,, CuGaS,, CulnSe, or CuGaSe,)*> 1 are excellent solar
harvesters and highly efficient counter electrodes in
dye/quantum dot sensitized solar cells.’®* However, many of
these materials suffer from potential barriers to mass
commercialisation either from toxicity issues (heavy metals
such as lead and cadmium), stability to humidity or from the
scarcity of one or more of their constituent elements in the
Earth’s crust.

Pyrite-based photovoltaic devices display low power
conversion efficiencies (only up to ca 3%) that are generally
attributed to surface defects which cause low open circuit
voltages (Voc).*® Different strategies have been employed for
improvement of photovoltaic properties of pyrite’” including
bandgap tuning by doping/alloying®® and by making pyrite
composites.® Sun et al. have investigated from first principles
density-functional theory (DFT) calculations that the band gap
of pyrite can be increased slightly by cation substitution with
ruthenium (Ru) or osmium (Os) to form materials Fe, ,Ru,S,
and Fe,,0s,S, but their incorporation into pyrite may be
severely limited by the large positive enthalpy of mixing.
Engineering the band gap of pyrite materials by doping
potentially makes it possible to produce pyrite photovoltaic
devices which utilise multi-junction architectures based on
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combinations of wide to narrow bandgaps to increase the power
conversion efficiency by capturing more of the solar spectrum.

We have reported the synthesis of single source precursors
and their use to deposit semiconductor thin films or
nanoparticles.?>*” Recently we reported the aerosol-assisted
chemical vapour deposition (AACVD) of a range of materials
pertinent to photovoltaic applications, including the organic
lead halide perovskite methylammonium lead(ll) bromide?®
copper sulphide, copper indium sulphide,** and tin sulphide,®
% jron selenide® and, significantly, transition metal doped iron
sulphide.®? In this paper we report on structural and surface
properties of transition metal (M = Co, Ni, Cu, Zn) doped pyrite
(M,Fe,,S,) thin films as well as fully evaluating the effect of
doping on the optical band gap energy.

2. Experimental

2.1. Synthesis of precursors (1-5) and deposition of (MyFe;.
xS2 where M = Co, Ni, Cu, or Zn) thin films

Transition metal diethyldithiocarbamato complexes (1),
[Co(S:CNEL;)s] (2), [Ni(S:CNEt;)2] (3), [Cu(S,CNEL,),] (4)
and [Zn(S,CNEt,),] (5) were prepared and used to deposit
M,Fe1,S, (where M = Co, Ni, Cu, Zn) thin films by AACVD
as described previously®? onto glass, Si (100) and I1TO-coated
glass. In a typical deposition, 0.3 g (0.6 mmol) of the iron
precursor (1) and varying concentration of the dopant
precursors (2-5) (0.05 mol%, 0.1 mol%, 0.15 mol%, 0.20
mol%, 0.25 mol%, 0.30 mol%) were used.

2.2. Deposition of thin films

The thin films were deposited using AACVD. Glass, silicon or
ITO coated glass slides (1 x 2 cm) were used as substrates for the
deposition of thin films. Substrates were thoroughly cleaned and
sonicated in acetone for 30 minutes to remove any possible
contamination. In a typical deposition experiment, precursor
complex (or a suitable combination of precursors) was dissolved
in 15 mL toluene taken in a two-necked 100 mL round-bottom
flask. The flask was then connected with an argon gas inlet which
passed through the solution and carried the aerosols generated by
a PIFCO ultrasonic humidifier to the reactor tube connected to
other neck of the flask and placed in a Carbolite furnace. The
Argon flow rate was controlled at 180 Sccm by a Platon flow
gauge. Thermolysis of the precursor at the hot substrate surface
due to thermally induced reactions led to deposition onto the
substrates.

2.3 Characterization of thin films

p-XRD studies were performed on an Xpert diffractometer
using Cu-Ko radiation (A = 1.5406 A). The samples were
mounted flat and scanned between 26 = 25° and 65° with a step
size of 0.02°. AFM was carried using a Bruker multimode 8
atomic force microscope operating in Peakforce QNM mode,
using a silicon nitride tip. Raman spectroscopy was performed
using a Renishaw 1000 microscope system equipped with a 50
x objective, with solid-state laser excitation (514.5 nm, 25%
power). The incident light was linearly polarised in the sample
plane with scattered light left un-analysed for collection by the
air cooled CCD. XPS spectra were recorded using a Kratos
Axis Ultra spectrometer. Optical measurements were performed
at room temperature using Perkin Elmer Lambda 950
UV/Vis/NIR spectrophotometer in the wavelength range 200—
1200 nm. Photoluminescence spectra were measured using an
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Edinburgh Instruments FLS920 spectrofluorimeter. Band gap
energies were calculated from the obtained absorbance spectra.

3. Results and discussion
3.1. Optical band gaps of doped pyrite films

The optical band gap of pyrite thin films deposited at 350 °C
using precursor (1) by AACVD were determined from
absorbance measurements by Tauc plot method (Figs. S1-S4
supporting information). The indirect bandgap for pyrite thin
films was calculated as E; = 0.92 eV (Fig.S5 supporting info.)
which is in accordance with the previously reported bandgap
value (E; = 0.95 eV). Band gap studies revealed the
improvement in band gap values as well as in absorption
coefficient in transition metal doped pyrite (M,Fe;,S,) thin
films. The optical spectra of as-deposited films using precursors
(1) and varying concentration of the dopant precursors of (2-5)
(0.05 mol%, 0.1 mol%, 0.15 mol%, 0.20 mol%, 0.25 mol%,
0.30 mol%) were studied by UV-Vis-NIR spectroscopy.
Absorption spectra reveal the blue shift in the fundamental
absorption edge by transition metal doping. The energy of the
optical bandgap (E,) is estimated using Tauc plots by plotting
energy (E = Av) versus (ahv)" where n = 2 and ¥ are used to fit
the linear regions of the curve for direct and indirect transitions
respectively. Extrapolation of the linear portion of the curve to
x-axis ordinate gives the energy of the band gap. The variation
trend in optical band gap verses the mole percent of transition
metal precursors in the delivery mixture for all dopants is
shown in Figure 1.

Cobalt doped pyrite (Co,Fe.,S,) thin films were deposited
at 350 °C by AACVD using precursors (1) and varying the
concentration of (2). The evaluated direct energy band gaps are:
2.40 eV (0.05 mol%), 2.50 eV (0.10 mol%), 2.54 eV (0.15
mol%), 2.59 eV (0.20 mol%), 2.57 eV (0.25 mol%), and 2.40
eV (0.30 mol%). The evaluated indirect transitions are: 1.77 eV
(0.05 mol%), 2.00 eV (0.10 mol%), 2.07 eV (0.15 mol%), 2.18
eV (0.20 mol%), 2.10 eV (0.25 mol%), and 1.85 eV (0.30
mol%) (Fig. S6 supporting information). The blue shift in
optical absorption band edge of films suggests the formation of
solid solution.®® Similar behaviour has been noted by other
laboratories.®* 3

The nickel doped pyrite (NiFe;,S;) thin films were
deposited at 350 °C by AACVD using precursors (1) and
varying the concentration of (3). The direct optical band gap
(Eg) of nickel doped pyrite (Ni,Fe.,S,) thin films are: 2.40 eV
(0.05 mol%), 2.10 eV (0.10 mol%), 2.12 eV (0.15 mol%), 2.40
eV (0.20 mol%), 1.97 eV (0.25 mol%), and 2.10 eV (0.30
mol%). The evaluated indirect transitions are: 1.67 eV (0.05
mol%), 1.35 eV (0.10 mol%), 1.44 eV (0.15 mol%), 1.70 eV
(0.20 mol%), 1.12 eV (0.25 mol%), and 1.40 eV (0.30 mol%)
(Fig. S7 supporting information). The variation in band gap is
linear with varying concentration of dopant precursor for
Ni,Fe,,S, thin films which indicates the gradual incorporation
of nickel within pyrite. The blue shift in optical absorption band
edge of films confirms the formation of solid solution.%®

The copper doped pyrite (Cu.Fei,S,) thin films were
deposited by AACVD at 350 °C using precursors (1) and
varying the concentration of (4). The evaluated direct energy
band gaps are: 1.80 eV (0.05 mol%), 2.13 eV (0.10 mol%),
1.80 eV (0.15 mol%), 1.90 eV (0.20 mol%), 1.80 eV (0.25
mol%), and 2.17 eV (0.30 mol%). The evaluated indirect
transitions are: 1.20 eV (0.05 mol%), 1.66 eV (0.10 mol%),
1.07 eV (0.15 mol%), 1.07 eV (0.20 mol%), 1.00 eV (0.25
mol%), and 1.70 eV (0.30 mol%) (Fig. S8 supporting
information). The blue shift in optical absorption band edge of
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films shows formation of solid solution.®” The band gap varies
in Cu,Fe,,S, thin films with concentration of the dopant
precursor but less than cobalt due to limited solubility.*®

The zinc doped pyrite (Zn,Fe.,S,) thin films were deposited
by AACVD at 350 °C using precursors (1) and varying the
concentration of (5). The evaluated direct energy band gaps are:
2.35 eV (0.05 mol%), 2.09 eV (0.10 mol%), 2.00 eV (0.15
mol%), 2.17 eV (0.20 mol%), 2.22 eV (0.25 mol%), and 2.39
eV (0.30 mol%). The evaluated indirect transitions are: 1.65 eV
(0.05 mol%), 1.42 eV (0.10 mol%), 1.07 eV (0.15 mol%), 1.24
eV (0.20 mol%), 1.44 eV (0.25 mol%), and 1.76 eV (0.30
mol%) (Fig. S9 supporting information). The blue shift in
optical absorption band edge of films shows formation of solid
solution. The enhancement in band gap of Zn,Fe,.,S, thin films
is supported by previous observations.*® Alloying pyrite with
different elements involves issues like differences in
electronegativity, size, band gap bowing and miscibility.*® Band
gap bowing effect was observed in Fe,M .S, thin films.
Increment in band gap of Fe,M,,S, thin films was observed
that might be attributed to transition metal doping, oxygen
alloying and quantum confinement effect.’® Recently, first
principle calculations investigated by Xiao et al. explored that
biaxial strain can also increase band gap of pyrite.®

3.2. Photoluminescence of doped pyrite films

Photoluminescence (PL) emission spectroscopy can probe band
gap energy, impurities and defects within films, and surface
structure. Radiative PL emission originates from exciton
recombination, where an excited electron recombines with a
hole, releasing a photon in the process. High PL quantum yields
indicate higher recombination rate of the electron—hole pairs
and the lifetime of the photoluminescent state is short.® Steady
state PL measurements for transition metal doped pyrite
(MyFe14S,) thin films deposited on glass substrates at 350 °C
by AACVD was performed at an excitation wave length of 375
nm at ambient temperature.

The PL spectra of the cobalt doped pyrite (Co,Fe;.S,) thin
films deposited at 350 °C using precursors (1) and varying the
concentration of (2) (0.05 mol%, 0.1 mol%, 0.15 mol%, 0.20
mol%, 0.25 mol%, 0.30 mol%) show broad emission peaks in
the range of 400 - 600 nm at different dopant concentration
(Fig. S10 supporting information). The emission peaks strongly
support band-to-band transitions, which occurs due to exciton
recombination of the excited electron in the conduction band
with a hole in the valence band. Small features between 550 -
675 nm are attributed to excitonic peaks in sample at dopant
concentration of 0.05 mol%.

Nickel doped pyrite (NiyFe;,S,) thin films deposited at 350
°C using precursors (1) and varying concentration of (3) (0.00
mol%, 0.05 mol%, 0.1 mol%, 0.15 mol%, 0.20 mol%, 0.25
mol%, 0.30 mol%) show broad emission peaks between 389 -
400 nm for all samples (Fig.S11 supporting info.). Small peaks
at 500 - 700 nm might be attributed to the excitonic peaks due
to defect states in sample at dopant concentration of 0.15 mol%.
PL peak intensity decreases with the increase in nickel doping
concentration corresponding to low recombination rates at
higher nickel impurity level.

Copper doped pyrite (Cu,Fe;,S,) thin films deposited at
350 °C using precursors (1) and varying concentration of (4)
(0.05 mol%, 0.1 mol%, 0.15 mol%, 0.20 mol%, 0.25 mol%,
0.30 mol%) show broad emission peaks in the range of 390 -
400 nm (Fig.S12 supporting info.). The zinc doped pyrite
(Zn,Fe1,S,) thin films deposited at 350 °C using precursors (1)
and varying concentration of (5) (0.05 mol%, 0.1 mol%, 0.15
mol%, 0.20 mol%, 0.25 mol%, 0.30 mol%) showed broad

This journal is © The Royal Society of Chemistry 20xx
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emission peaks in the range of 400 - 415 nm Fig.S13 supporting
info.). The similar behaviour was observed in pyrite composites
or heterostructures.>*’
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Figure 1. Direct and indirect optical bandgaps vs mol% of transition
metal precursors for doped iron sulphide MFe1.S; thin films (where M
= Co, Ni, Cu, Zn) deposited at 350 °C on glass substrates synthesized
by AACVD from complexes (1) in combination with (2), (3), (4) and
(5).

3.3. Structural Studies

Microstrain and dislocations in the crystal lattice of FeS, can
have an influence upon the band gap of material. Analysis of
peak shifts or peak broadening in the powder X-ray diffraction
(p-XRD) patterns of doped pyrite provides a quantification of
lattice strain that is a measure of change in lattice constants
attributable to crystal imperfections, such as dislocation. Strain
may also emerge from crystallite size reduction and alloying.**
The average lattice constant can also be determined from the
determination of interplanar spacing dpy;.
1 a

A VREARZAD @

The lattice distortion degree can be expressed as:

__a-ag
§=—"0)
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where a, is the lattice constant of undoped pyrite (0.5420 nm)
and a is the lattice constant of transition metal doped pyrite thin
films to under consideration.

The effect of lattice strain on diffraction peak position
varies from peak shifting (uniform strain) to peak broadening
(non-uniform strain). A change in the interplanar spacing (Ad)
shifts the diffraction peaks toward lower or higher angle
resulting a change in the Bragg angle (AB). Lattice strain can
be expressed as:

2= — coth 46(3)

0

where d, is the unstrained interplanar spacing; here it is
referred as interplanar spacing for pyrite cubic structure (FeS; ¢
(ICDD No0.01-073-8127)). Microstrain (&) is a very common
physical phenomenon in nanocrystalline materials and thin
films. Microstrain is the strain that induces a deformation of
one part per million. The microstrain induces in thin films due
to crystal imperfections, point defects (vacancies, site disorder)
and dislocations. The micro-strain (¢) and crystallite size (D)
are interrelated by the Williamson-Hall equation:

B cos6 = l;—/l + 4e sinf(4)

where Kk is shape factor usually taken as 0.9 for spherical crystallites,
A is the X-ray wavelength and B is the full width at half-maximum
(FWHM) of the peak under consideration. The Williamson-Hall
equation partially originates from the Debye-Scherrer equation:

091

D= 22 (5)

B cos 0p

And thus micro-strain,*? can be expressed as follows:

B

£ = (6)

4 tan 6

Conversely, dislocation density () is related to crystallite size
(D) by equation:*®

§ = 55(7)

where n is a factor, which is almost equal to unity for minimum
dislocation density. In this work, typical calculation method has
been applied using equations 1, 6 & 7 (Ref. 43).

p-XRD analysis of as-deposited M,Fe;.,S, deposited at
350 °C reveals that the diffraction peaks shift gradually towards
lower 20 values as compared to pyrite with preferred
orientation along the (200) plane.®* The doping induces the
lattice strain in M,Fe;,S, thin films. The lattice parameter for
the cubic doped films increases monotonically with doping and
consequently induces micro-strain in cubic structure of pyrite.
The average value of micro-strain was found to be least in the
copper doped while the most in zinc doped pyrite thin films
(Table 1). For all doped films, the microstrain values are higher
than undoped FeS, (3.031 x 107%) which is caused by cation
substitution that is in good agreement to previously reported
values 3.4 x 107 to 3.4 x 10™ for pyrite thin films calculated by
Rietveld refinements of x-ray diffraction data.** Lattice
distortion is caused by the difference in sizes the two metal ions
into the pyrite lattice. Specifically, the microstrain caused by
transition metal doping is proportional to dislocation density.
Undoped pyrite thin films on glass substrates, which have a

4| J. Name., 2012, 00, 1-3

dislocation density of 1.075 x 10 nm™ calculated by using
equation 7.

Table 1 Lattice constant, microstrain and dislocation density in MyFe;.S, (X
= 0.05 to 0.3 mol%) thin films on glass substrates calculated using Eq. 1, 6 &
7. Lattice constant (a, = 0.5420 nm), microstrain (g, = 3.031 x 10°) and
dislocation density (8, = 1.075 x 10" nm™) as calculated by using Eq. 1,6 &
7 in undoped FeS; thin films.

X Co,Fe1,S, NiFe.,S, Cu,Fe1,S, Zn,Fe.,S;
L attice 0.05 0.5419 0.5425 0.5428 0.5421
constant,
(a, nm) 0.10 0.5422 0.5427 0.5434 0.5422
0.15 0.5424 0.5422 0.5430 0.5421
0.20 0.5425 0.5424 0.5432 0.5422
0.25 0.5430 0.5426 0.5435 0.5421
0.30 0.5444 0.5425 0..4177* amorphous
Micro- 0.05 3.147 3.542 3.606 4.179
train,
;;a'n 010 3588 4730 3.335 3.301
x 10° 0.15 2.508 3.032 2.995 3.852
0.20 2.992 2.577 3.056 4.817
0.25 3.633 2.756 2.982 3.866
0.30 4.125 3.991 3.372 amorphous
Dis- 0.05 1.404 1.280 1.416 1.819
location
B 0.10 2.770 3.158 1.063 1.295
density,
(8, nm?) 0.15 0.667 0.088 1.252 1.682
x10°
0.20 0.080 0.082 1.048 2.083
0.25 1.263 1.120 1.786 1.584
0.30 1.799 2.557 1.190 amorphous

Divalent cations with ionic radius larger than Fe?" incorporated into
the FeS, structure, form substitutional solid solutions and the lattice
parameter should be increased. The lattice parameter ‘a’ of films
was calculated using equation 2 as; 0.5420 nm for undoped FeS, and
0.5419-0.5444 nm (CoFey,S;), 0.5422-0.5427 nm (NisFe1,S,),
0.5428-0.5435 nm (Cu,Fey,S;) and 0.5421-0.5422 nm (Zn,Fey,S,).
The increase of the lattice parameter suggests an increase of the
interplanar crystal spacing. The average lattice distortion degree was
found to be greatest in copper-doped pyrite thin films greater than
the values already reported for pyrite thin films where § < 0. The
average value of dislocation density was found to be maximum in
zinc doped and minimum in copper doped pyrite thin films. The
most pronounced structural changes observed with p-XRD was
observed in the case of copper-doped pyrite thin films where the
lattice changes from cubic (pyrite- ICDD No0.01-073-8127) to
tetragonal (chalcopyrite- ICDD No. 01-083-0984) denoted by star in
Table 1 as-evidenced by the appearance of a peak at 20 = 29.5°. This
deviation in structural parameters varies from cobalt to zinc doped
pyrite thin films. The preferred orientation was along (200) crystal
plane for all dopants except copper doped pyrite thin films where
phase transformation from pyrite to chalcopyrite at x = 0.30 mol%
develops preferred orientation along (112) plane. Some diffraction
peaks were too weak to be observed at higher concentration of zinc
precursor (x = 0.30 mol%) and pattern was observed as for
amorphous material.*?

The M,Fey,S, films deposited by AACVD at 350 °C on indium
tin oxide (ITO) substrates were characterized by p-XRD. X-ray
patterns of the as-deposited films (Figure 2) show the cubic

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 9



Page 5 of 9

pyrite (FeS;¢s (ICDD N0.01-073-8127)) phase. It was possible
to index the Bragg reflections to the (111), (200), (210), (220),
(311), (222), (023) and (321). The Bragg reflections at 20 =
30.273° and 35.165° correspond to the (222) and (400) planes
respectively for indium tin oxide (ITO) (ICDD ref No. 00-039-
1058). The lattice mismatch of doped pyrite thin films from
wide bandgap semiconductor and solar substrate indium tin
oxide (ITO) was also investigated. Microstrain and dislocation
density has a greater value for all the as-deposited M,Fe;,S,
thin films fabricated by AACVD at 350 °C on indium tin oxide
(ITO) substrates as compared to glass substrates due to lattice
imperfections originating from lattice misfit in the films (Table
2).%® This behaviour is potentially related to small crystallite
size on this substrate.*

Unlike the conventional deposition methods,
deposition of undoped and doped pyrite thin films using the
solution-based process like aerosol assisted chemical vapour
deposition (AACVD) requires the particular molarity of
precursor solutions. Additionally, it is challenging to sustain the
pyrite phase at the same time while varying dopants under
similar experimental conditions. In general, we observed that
diethyldithiocarbamato transition metal complexes produced
good quality transition metal doped pyrite thin films.

B Ref. Pyrite
1 BRef. ITO

Zn Fe S8,

Intensity (a.u)

T B T

45 50 55 60 65
20 (deg)

NI
30 35 40

Figure 2. p-XRD patterns of reference iron sulfide (pyrite- (ICDD
No.01- 073-8127)), indium tin oxide (ITO- (ICDD ref No. 00-039-
1058)) and transition metal doped pyrite MyFe1.S, thin films at x = 0.10
mol% deposited from complexes (1) and (2), (3), (4) and (5) at 350 °C
on ITO substrates by AACVD.

Table 2 Microstrain and dislocation density in MFe;.,S, for x = 0.10 mol%
thin films on ITO substrates calculated using Eq. 5 & 6.

x 107 CosFe1xS:  NixFeirxS:  CusFeisS;  ZngFeiS;
Microstrain, (g) 6.323 4.202 4.988 4.279
Dislocation  density, 3.395 2.100 2.371 2.085

(6, nm?)

The as-deposited M,Fe;,S, thin films on ITO substrate,
samples were further characterized by Raman spectroscopy
which revealed pyrite phase is dominant in all films. The
Raman spectrum of Co,Fe;,S, (x = 0.10 mol%) thin films
synthesised by AACVD at 350 °C on indium tin oxide (ITO)
substrates (Figure 3(a)) shows three peaks at 341, 375, and 426
cm !, which are the characteristic active modes for pyrite
(FeS,) corresponding to the S, dumb bell libration (Ey), S—S in-

This journal is © The Royal Society of Chemistry 20xx
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phase stretch (Ag), and coupled libration and stretch (Tg)
modes, respectively.® We tentatively assign the Raman band at
320 cm! to minor marcasite impurities.*’** The Raman
spectrum of Ni,Fe;,S, (x = 0.10 mol%) thin films synthesised
by AACVD at 350 °C on indium tin oxide (ITO) substrates
(Figure 3(b)) shows three peaks at 339, 375, and 410 cm!
corresponding to characteristic active modes for pyrite (FeS,).
Ni,Fe,.,S, film shows no Raman band for substrate or marcasite
impurity. The Raman spectrum of Cu,Fe;,S, (x = 0.10 mol%)
thin films synthesised by AACVD at 350 °C on indium tin
oxide (ITO) substrates (Figure 3(c)) exhibits three peaks at 288,
324, and 361 cm™! corresponding to characteristic active modes
for oxidized pyrite (FeS,) that might be due to long exposure
time for film under high energy laser beam for ~ 1 min during
picture capturing. The chalcopyrite (CuFeS,) structure exhibit
bands at 287, 351 and 470 cm™.*" Raman spectrum of films on
ITO substrate have the expected vibrational modes at 109, 135,
307, 366, 495, 517 and 630 cm ! assigned to In,O; The
vibrational band at 631 cm* in the ITO spectrum is assigned to
the contribution of the In-O (vibrational band at 630 cm ™) and
the Sn—O (vibrational modes at 633 cm™). The Sn—-O exhibits
vibrational modes at 144, 175, 240, 248, 433, 476 and 584
cm 1.* The Raman spectrum of ZnFe;,S, (x = 0.10 mol%)
thin films deposited at 350 °C on indium tin oxide (ITO)
substrates (Figure 3(d)) displays three peaks at 336, 371, and
410 cm* corresponding to characteristic active modes for
pyrite (FeS;). Zn,Fe;,S, film shows no Raman band for the
substrate or any marcasite impurities.
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Figure 3. Raman spectra of transition metal doped pyrite MFe; S, thin
films at x = 0.10 mol% deposited from complexes (1) and (2), (3), (4) &
(5) at 350 °C on ITO substrate deposited by AACVD.

These observations demonstrate that all transition metal
doped pyrite thin films M,Fe;,S, are cubic for all dopants
except copper. This observation might be the miscibility of the
respective sulfide related to the transition metal complex at
specific deposition temperature and dopant concentration
conditions. Consequently, cation substitution in pyrite causes
structural transformation and lattice strain.®* Also, extended
laser irradiation (>500 s) in air induces the substitution of sulfur
by oxygen in the chalcogenide materials and the subsequent
formation of transition metal oxides during Raman
measurement.
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3.4. Surface properties

The as-deposited transition metal doped pyrite (M,Fe,S,) thin
films were characterized using atomic force microscopy (AFM)
for surface topography and morphology. Selective M,Fe;,S,
thin films deposited on glass substrates at 350 °C by AACVD
using precursors (1) and varying concentration of the dopant
precursors of (2-5) were imaged by AFM (Figure 4). The
morphology of M,F.,S, thin films depends on dopant
concentration as well as on transition metal complex that is
used as single source precursor. Overall surface morphology of
thin films shows adherent, compact and crack/fracture free
surfaces. Adherence is a chemical-physical phenomenon
depending on method of thin film fabrication and the adhesion
at nanoscale decreases with increasing surface roughness.®?
Thin films fabricated by chemical vapour deposition method
are typically adherent. Average roughness values for M,F;,S,
thin films varied as 13.9 nm, 7.9 nm, 6.8 nm and 6.1 nm.
Variation in crystallite size and growth with doping has been
discussed previously.2

Surface analysis of transition metal doped pyrite
(MyFe1,S,) thin films confirms the presence of uniform and
crack-free surfaces. Thin film crystalline quality, morphology
and texture are associated with surface roughness. The surface
roughness in transition metal (Co, Ni, Cu, Zn) doped pyrite
(M,Fe14S,) thin films deviate with dopant concentration and
transition metal precursors. Zinc doped pyrite thin films
showed the smoothest surfaces. Particle roughness and height
profiles were studied using atomic force microscopy (AFM).
Figure 4 shows that the surface texture of the films varies from
granular to the spherical growth of particles in thin films with
varying concentration of dopant. Moreover, roughness
parameters, skewness (Rg) and kurtosis (Ry,) were calculated
from AFM analysis. Positive low values of skewness (Rg =
0.396, 0843, 0.089, 0.404) display that peaks are somewhat
dominant on the films surface while the kurtosis values (Ry, =
3.578, 3.307, 2.524, 2.301) indicate that the grain distribution
over the scanned area has comparatively few high peaks and
low valleys which indicates a slightly undulating surface.®®
Surface morphology plays an important role in photovoltaic
devices.® AFM height profiles of transition metal doped pyrite
(MyFe;4S;) thin films show uniform distribution of particles
with average particle height 130 nm (Figure 4). AFM data for
scanning areas ranging from 0.5 x 0.5 up to 1 x 1 pm? for
transition metal doped pyrite films revealed smooth surfaces
having root mean squared (RMS) roughness values of 18.9 nm,
10.0 nm, 8.3 nm and 7.4 nm (Figure 4). These smooth films
doped with cobalt show microstrain values similar to FeS, itself
and suggests that microstrain may be correlated to the overall
smoothness of films grown by AACVD.®

Photoelectron spectroscopy (XPS) was used for
qualitative analysis of selected transition metal doped pyrite
(M,Fe,,S,) thin films prepared by AACVD using precursors
(1) and the dopant precursors (2-5) of concentration 0.30 mol%.
Integration and comparison of the Fe 2p, Co 2p, Ni 2p, Cu 2p
and Zn 2p signals revealed compositions of transition metal
doped pyrite thin films (M,Fe;,S,). XPS analysis (Figure 5)
revealed phase transformation of pyrite to doped pyrite with an
approximate surface composition of M,Fe;,S, (discounting
other inconsequential species that may be present).>®>® Copper
doped pyrite thin film at x = 0.30 mol% revealed transformation
from pyrite (FeS,) to chalcopyrite (CuFeS,) at binding energy
161.3 eV of S2p3, and 74.65 eV for Cu 3ps, (Figure 5).
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Density functional theory (DFT) calculation revealed
that the interaction of impure pyrite (impurities like As, Co and
Ni) with oxygen can enhance the oxidation of pyrite.>® Pyrite
containing impurities observed to be more reactive than un-
doped pyrite.>*®%! XPS studies of the oxidized transition metal
doped pyrite revealed the shifting of binding energies of surface
components towards higher binding energies as compared to
pure pyrite.*® This observation is in accordance with the results
from XPS studies suggesting that bulk defect states introduced
in doped pyrite increase the density of occupied surface states
which mediate charge transfer and thus oxidation.5
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Figure 4. Height-profile AFM images of transition metal doped pyrite
(MyFe;,S,) thin films deposited at 350 ‘C on glass substrates by
AACVD from complexes (a) (1) and (2) at x = 0.05 mol%, (b) (1) and
(4) at x = 0.30 mol%, (c, d) (1) and (5) at x = 0.30 mol%.

Thus, surface study reveals the influence of doping on
oxidation processes related to the surface defects.

Subsequently, pyrite cannot simply be compared with
and developed along the line of classical semiconductor
compounds. Some structural parameters were qualitatively
discussed in present work, but categorically, further systematic
work is required to establish the role of impurities in doped
pyrite to improve its properties.
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Figure 5. XPS spectra of transition metal doped pyrite M,Fe; S, thin
films at x = 0.30 mol% deposited from complexes (1) and (2), (3), (4)
and (5) at 350 °C on glass substrate deposited by AACVD.
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4, Conclusions

Despite its promise, photovoltaic modules containing FeS,
continue to show small photovoltages which have limited
power conversion efficiencies to around 3%. Bandgap
engineering of pyrite by doping may help in increasing power
conversion efficiency by increasing the portion of the solar
spectrum absorbed. This may lead to the prospect of tandem
device architectures that utilise pyrite as an intrinsic
semiconductor. Transition metal doped iron pyrite (M,Fe,.
«S») thin films were deposited on glass and indium tin oxide
(ITO) coated glass substrates by AACVD using
diethyldithiocarbamato complexes of the general formula
[M(S,CN(Et),),]. Lattice parameter and optical band gap
confirmed the formation of a solid solution as determined by
powder X-ray diffraction (p-XRD) and UV-Vis
spectroscopy. Raman spectroscopy also helped to identify
the phase of films deposited on ITO substrates. Atomic force
microscopy (AFM) confirmed crack free surfaces. X-ray
photoelectron spectroscopy (XPS) showed the presence of
surface species of M,Fe;_,S, thin films.

The structural properties of the transition metal doped pyrite
(M,Fe,,S,) depend strongly on the transition metal dopant
used. Preferred orientation in all M,Fe.,S, thin films was
observed to be along (200) plane. The influence of transition
metal doping on the structure and phase transformation was
significant in copper doped pyrite thin films. Optical studies
revealed that there is increment in bandgap of M,Fe;,S, thin
films which is supported by previous work. There may be
contribution from oxidation of the doped pyrite surface in band
gap enhancement. Most of theoretical studies regarding band
gap enhancement of doped pyrite propose that transition metals
(Ni, Cu) introduce new defect states within pyrite structure.
Density functional theory (DFT) calculations show that oxygen
alloying in pyrite can increase its band gap 1.0-1.5 eV without
introducing electronic states within the bandgap.'® There may
be contribution in band gap enhancement from oxygen
alloying. Similar results have been reported previously.®®

Lattice parameter increases can be correlated with the
quantity of the dopant transition metal ion incorporated. The
band gap of the M,Fe,S, thin films increases with increasing
dopant in all cases. Previously, improved photoresponse was
observed with zinc alloyed into the Zn,Fe;,S, nanocrystal
photoconductor attributed to the increased band gap.*®
Improved optical absorption with transition metal doping was
observed in the M,Fe;,S, thin films engineering the optical
bandgap. These may open the opportunities for photovoltaic
applications using the M,Fe.,S, thin films with engineered
wider bandgaps than pyrite.
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The properties of transition metal doped iron pyrite thin films deposited by AACVD have
been studied.



