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Abstract—Transition metals doped FeS2 thin films are promising materials for optoelectronics, energy saving
and storage applications. This is a first time report on the simultaneously Ni@Cu doped Fe1 – xMxS2 (M =
Ni@Cu = 0, 2, 5, 10, and 20 at %) thin films fabricated by a simple chemical spray pyrolysis technique. In
this paper we investigate the impact of doping on the structural, chemical states, optical properties and band
gap nature by different characterization techniques. The SEM results show that surface morphology and
granular grain size changes with the increment of Ni@Cu content which are coherent with the XRD results.
The EDX and XPS measurements exhibit that the films are composed of Fe, S, Ni, and Cu elements whilst
the films were slightly oxidized due to processing in the atmospheric conditions. Spectroscopy ellipsometry
(SE) analysis demonstrates that the indirect band gap gradually increased from 1.38 eV (FeS2) to 1.64 eV
(Ni@Cu = 10 at %) while at higher doping the band gap was decreased to 1.53 could be due to incomplete
doping. So, the band gap of FeS2 can be tuned in between 1.38 and 1.64 eV by simultaneous Ni@Cu doping
could be a suitable candidate for absorber application in solar cell devices. The other optical constants (dielec-
tric constants, refractive index and extinction coefficient) explicitly carried out using SE measurement. Inter-
estingly, progressing the absorption nature and bang gap in the visible region disclose a significant impact on
the optical properties for optoelectronics applications.
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INTRODUCTION
Renewable energy basically solar energy utilization

is an essential alternative to fossil fuels. Solar energy is
an excellent candidate for mitigating energy demand
crisis due to its advantages of abundance and non-pol-
luting nature. Solar energy can be converted into elec-
tricity by photovoltaic effect through a device pro-
duced by electrons–holes pair generation. The present
photovoltaic market is dominated by c-Si based solar
cells which exhibited power conversion efficiency
(PCE) of 8–25% [1], but the PCE of the commercial
products are in the range of 15–18% due to low
absorption coefficient and significant heat loss pro-
duce in indirect band gap Si [2]. While they are fragile,
very expensive and manufacturing processes is com-
plex. Hence they may take several years to gain the
payback which are the limiting for next generations
applications. Thus researchers are exploring alterna-
tive to Si-absorbing materials having high extinction
coefficients, band gap commensurate with the solar

photon flux, earth abundance, low cost and non-
toxic, etc. It is because a lot of research works have
been intensively and extensively performed on the
emerging light harvesting semiconductors thin films
materials. For example, organohalide lead(II), per-
ovskites group methylammonium lead(II), iodide
(CH3NH3PbI3) [3], copper indium gallium selenide
(CIGS) [4], copper zinc tin sulfide (CZTS) [5], quan-
tum dot sensitised CdTe, CdS, PbS, CdSe [6–13] and
the chalcogenides group: CuGaSe2, CuInS2, CuInSe2,
Sb2S3, Sb2Se3, CuGaS2 [8, 10, 14, 15] are excellent
solar harvesters and highly efficient counter electrodes
for promising use in inorganic, organic dye/quantum
dot sensitized solar cells [16]. However, these materi-
als suffer from potential barriers to mass production
for commercialization due to their toxicity, scarcity of
constituent elements (one or more of elements),
expensiveness, or stability to humidity issues. On the
other hand, non-toxic, earth abundance transition
metal disulfides with a formula of MS2 (M = Fe, Ni,
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Ti, etc.) have been attracted extremely due to possess-
ing intriguing physical, electrical, optical and mag-
netic properties. Among them, iron pyrite (FeS2) has
been widely studied because of high absorption coeffi-
cient (>105 cm−1) at photon energy  > 1.3 eV which
is almost two orders of magnitude larger than c-Si
[17–19], minority carrier diffusion length (100–
1000 nm), high extinction coefficients, earth abun-
dance, robust, biocompatible elements, non-toxicity.
FeS2 is an indirect band gap semiconductor shown
theoretically with a band gap of 0.95–1.18 eV [20–22]
and experimentally 0.95 eV, while the direct band gap
of 1.03 eV [20, 23, 24]. The value of the band gap com-
mensurate with the solar photon flux and its cost per-
formance is good. The FeS2 based photovoltaic cells
exhibit power conversion efficiency of ~3% and low
open circuit photovoltages attributed due to surface
defects [25]. But the devices demonstrated high quan-
tum efficiencies (>90%) and large photocurrents
(>40 mA cm–2) [25].

So, enhancing the photovoltage and efficiency of
pyrite based solar cells require basic research on the
growth, surface passivation, structural and electronic
characterization of pyrite films [25]. To this point of
view, many strategies have been employed in experi-
mental and theoretical studies [15–33] such as, band
gap tuning by doping/alloying [34–37] and/by making
pyrite composites [36–38]. Many approaches have
been employed for preparing undoped and doped FeS2
thin films such as electrochemical deposition [39],
spray pyrolysis [40], sulfurization of iron films, suc-
cessive ionic layer adsorption and reaction (SILAR)
method [41, 42], ion beam sputtering [43], thermal
evaporation [44], metal-organic chemical vapor depo-
sition [45], chemical vapor deposition (CVD) [46, 47]
and molecular beam epitaxy (MBE) [48]. Among
these approaches, the versatile spray pyrolysis tech-
nique is a cost-effective, easy to scale-up and time sav-
ing method that employs low cost solvent of precur-
sors solution.

Although there are few reports on single Cu and Ni
doped FeS2 [29, 36], however, there is no such exper-
imental report on the simultaneous Ni@Cu doped
FeS2 thin films. We have chosen Ni2+ and Cu1+ doping
agents into pyrite FeS2 due to facile and engineering
optical properties without greatly perturbing the struc-
ture of FeS2 lattice and thus avoiding the formation of
thermodynamically unstable phases [37, 49, 50].

In this work the Fe1 – xMxS2 (M = Cu@Ni = 2, 5, 10,
and 20 at %) semiconductor thin films are deposited
by cost effective versatile chemical spray pyrolysis
(CSP) deposition pertinent to photovoltaic applica-
tions. We report on the structural and surface proper-
ties of the simultaneous transition metal (M =
Cu@Ni) doped FeS2 system in the thin films form as
well as fully evaluating the effect of doping on the opti-
cal properties. Engineering the band gap of FeS2 using

vh
CRYSTALLOGRAPHY REPORTS  Vol. 65  No. 6  202
simultaneous Ni@Cu doping potentially makes it pos-
sible to use in multijunction based optoelectronic
devices basically wide to narrow band gaps to increase
the efficiency by capturing more of the solar spectrum.
The prepared thin films are characterized by different
characterization techniques.

EXPERIMENTAL DETAILS
Substrates Cleaning and Chemicals

The microscopic glass slides were used as substrates
with thicknesses of 0.9–1.2 mm and dimensions of
3 by 2.5 cm. The substrates were subsequently cleaned
in detergent soap, acetone, ethanol and deionized
water with the assistance of agitation each for 15 min
and finally dried in fresh air.

For the growth of Fe1 – xMxS2 (M = Ni@Cu) thin
films, iron chloride (FeCl2), thiourea (CH4N2S), cop-
per chloride (CuCl), and nickel chloride (NiCl2) were
used as the sources of Fe, S, Ni2+, and Cu1. All
required chemicals were purchased from MERCK
Germany with the highest available purity.

Fe1 – xMxS2 Thin Films Growth
In the present study, the Fe1 – xMxS2 thin films

(M = Ni@Cu) are synthesized using a versatile; low-
cost and environmentally friendly chemical spray
pyrolysis technique and the growth process of the thin
films is describe as follows:

The undoped and Ni@Cu doped FeS2 thin films
are deposited in two steps. In the first step, 0.1 M of
FeCl2 and 0.2 M of CH4N2S are dissolved in distilled
water. The solution is stirred on a hot plate with a con-
stant stirring speed until (generally 1 h) becomes uni-
form transparent solution. Then, the solution is kept in
a beaker and sprayed at a f low rate for 0.2 mL/min for
30 min on a microscopic clean glass substrate kept at a
temperature of 290 C. After that, the film was kept in
20 min at 350 C and then it’s cooled down slowly to
room temperature to remove residual solvents and to
form FeS2 solid film. For Ni and Cu doping in FeS2,
the NiCl2 (Ni = 1, 2.5, 5.0, and 10 at %) and the CuCl
(Cu = 1, 2.5, 5.0, and 10 at %) reagents are mixed
sequentially with the FeCl2 (Fe = 98, 95, 90, and
80 at %) and (0.2 M) thiourea (CH4N2S) solution,
respectively. Then the mixed solution is stirred as
before, and then sprayed onto a glass substrate to
deposit Fe98Ni1Cu1S2 thin film. The process is
repeated for the deposition of the rest thin films fol-
lowed by same stirrer and spraying conditions. All the
parameters are kept unchanged throughout the whole
experiment. The following reactions could be taken
place on the heated substrates as:

°
°

°+ + ⎯⎯⎯⎯⎯⎯→

+ ↑ + ↑ + ↑ + ↑ + ↑

290 C
2 4 2 2 2Decomposes

2 4 3

A. FeCl CH N S H O FeS

2CO 2CH HCl NH 2Steam ,
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Characterization
The morphology of the thin films was character-

ized by field-emission scanning electron microscope
(FE-SEM, Philips) and the energy dispersive X-ray
(EDX) data were also collected by this system at an
accelerating voltage 10 kV. The chemical compositions
and chemical states of the samples were investigated
using X-ray photoelectron spectroscopy (XPS) (XPS;
PHI) and the binding energies were calibrated accord-
ing to the reference C 1s peak at 284.6 eV. The phase
structures were examined using a powder X-ray dif-
fraction (p-XRD) measurement on a D2 PHASER
instrument with CuKα radiation (λ = 0.15418 nm).
The thin films were mounted f lat and scanned in
between 2θ = 10° and 80° with a step size of 0.02°. The
optical properties were carried out using the spectros-
copy ellipsometry (SE) data fitted with model data.
Room temperature SE spectra (the amplitude ratio ψ,
and the phase difference Δ) are measured in the spec-
tral range of 190 to 1790 nm (0.73 to 6.5 eV) using
a rotating-compensator instrument (J. A. Woollam,
M-2000). The angle of incidence is varied from 55° to
75° with an increment of 5°. The back side of the glass
substrate is taped with translucent plastic tape to elim-
inate back-side reflection [51]. The rotating compen-
sator ellipsometer provides accurate results for the
ellipsometric parameters ψ and Δ over the complete
measurement range (ψ = 0°–90°, Δ = 0°–360°). The
transmission data of the samples were also collected in
the same wavelength ranges.

RESULTS AND DISCUSSION
SEM and EDX

The surface morphology of the as-deposited M
doped FeS2 thin films was characterized using FE-SEM
for varying concentration of the dopant precursors M.
Figures 1a–1e show the FE-SEM images of FeS2 and
Ni@Cu-doped FeS2 thin films. The films surfaces are
continuous, uniformly distributed over the whole sub-
strate surface indicates high material yield. Overall,
the surface morphology of the thin films shows com-
pact, adherent and crack/fracture free surfaces. It
seems that the f lat surfaces are composed of granular
size grains and the granular grain sizes are uniformly
distributed over the substrates. The granular grain size
changes with Ni@Cu doping concentrations indicat-
ing that the morphology of Fe1 – xMxS2 (M = Ni@Cu)
depends on the dopant concentration, i.e., effects on
the grain growth FeS2. These results are consistent
with the report [36]. The increase of the granular sizes
as with Ni@Cu doping is attributed to the increase of

−
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incorporation of Ni@Cu in FeS2 crystal and increase
the surface roughness consequently the Ni@Cu dop-
ant ions hinder the FeS2 crystal growth which is con-
sistent with XRD results and other reports [31, 33].
The film surface seems to be roughest and coarse par-
ticles for M = 20 at % (Ni@Cu = 20 at %) doping
(Fig. 1e) could be due to incomplete incorporation of
Ni@Cu into FeS2 lattice. The crystalline quality, mor-
phology and texture are associated with the thin film
surface roughness.

The chemical compositions of the thin films were
investigated using energy dispersive X-ray (EDX)
analysis (Figs. 2a, 2b). Two elemental peaks of Fe and
S are observed in the EDX spectrum for FeS2 film
confirmed the compositions of undoped film is com-
posed of Fe and S (Fig. 2a). In particular, two extra
peaks of Ni and Cu are clearly observed along with the
Fe and S atoms in the Ni@Cu doped FeS2 sample
indicate that at least parts of Ni and Cu were incorpo-
rated into FeS2 crystal which is consistent with our
expected result (Fig. 2b).

X-Ray Photoelectron Spectroscopy (XPS)
The high resolution XPS measurements were per-

formed for qualitative analysis of pure FeS2 (Figs. 3a, 3b)
and Ni@Cu = 20% doped FeS2, i.e., Fe80Ni10Cu10S2
(Fig. 3a'–3d') samples in the range of the binding
energy of the constituent elements. It was taken to
quantify chemical compositions, chemical states,
purity, oxidation and/or the presence of other phases.
The fitted binding energies for Fe 2p, S 2p, Ni 2p, and
Cu 2p are presented in Table 1. Figures 3a, 3b show the
high resolution wide-scale spectra of the elements, Fe
and S for pure FeS2 and their binding energies. From
Fig. 3a, it can be seen four peaks are necessary to fit
the Fe 2p peak signal at 709.40, 710.99, 717.66 and
723.50 eV (Table 1). The fitted double peak at 709.40
and 723.50 eV could be attributed to spin-orbit cou-
pling of Fe 2p3/2 and Fe 2p1/2 states which are consis-
tent with the energies expected for FeS2 [52–57]. The
second peak centered at 710.99 eV and the satellite
peak at 717. 66 eV can be assigned to Fe3+–S or Fe3+–O
resulting from surface oxidation intermediates [52–
58]. These iron oxide (FeO) or Fe(SO4)3 species are
generated on the films surfaces during the cooling of
the sample at the atmospheric conditions. However,
these impurities were not identified by XRD analysis
(Fig. 4), either because of their very low degree of
crystallization or they were present as very thin layer
on the surface of pyrite crystals [52, 53]. Whereas, the
S 2p state typically splits into two components at the
binding energies of 167.57 eV (S 2p1/2) and 168.61 eV
(S–O bond) (Fig. 3b, Table 1) which are larger bind-
ing energy than the standard binding energy of S 2p
states. This higher binding energy of S 2p state is due to
the oxidation of the sample and indicates the presence of
S–O bond in the sample. While for Ni@Cu = 20%
YSTALLOGRAPHY REPORTS  Vol. 65  No. 6  2020
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Fig. 1. FE-SEM images of Fe1 – xMxS2 for (a) Ni@Cu = 0.0, (b) Ni@Cu =1.0 + 1.0 = 2.0%, (c) Ni + Cu = 2.5 + 2.5 = 5.0%,
(d) Ni@Cu = 5.0 + 5.0 = 10.0%, and (e) Ni@Cu = 10.0 + 10.0 = 20 at % thin films.
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(a) FeS2 (b) Fe98Ni1Cu1S2

(c) Fe95Ni25Cu25S2

(e) Fe80Ni10Cu10S2

(d) Fe90Ni5Cu5S2
doping FeS2 (Figs. 3a'–3d', Table 1) sample, the Fe 2p
state splitting into four chemical states at the binding
energies of 709.64, 711.32, 718.16, and 723.88 eV
(Fig. 3a'). The deconvolution peaks centered at ener-
gies of 709.64 and 723.88 eV are due to Fe 2p3/2 and
Fe 2p1/2. The presence of peaks at the binding energies
~711.32 and 718.16 eV is ascribed to Fe3+ which
demonstrates that the Fe edges in FeS2 were slightly
oxidized during the transition from the state Fe2+ to
the state Fe3+. Whereas, two peaks are observed in the
S 2p spectrum (Fig. 3b', Table 1); one at the binding
energy 167.75 eV is due to S 2p1/2 and another at the
CRYSTALLOGRAPHY REPORTS  Vol. 65  No. 6  202
binding energy 168.85 eV corresponds to the presence
of S–O bond [59]. Presence of the S–O bond in
Fe80Ni10Cu10S2 insights a partial oxidation was
occurred of the S edges in Fe80Ni10Cu10S2 thin film. It
is interesting that the Cu 2p state is fitted with two very
high intense peaks centered at the binding energies of
932.19 and 952.08 eV correspond to Cu 2p3/2 and
Cu 2p1/2 states (Fig. 3c'), respectively. The presence of
the Cu2 p3/2 and Cu 2p1/2 states in the spectrum indi-
cates that Cu was incorporated into FeS2 lattice [58].
In case of Ni element, the Ni 2p core-level (Fig. 3d')
shows two intense peaks around at the binding ener-
gies of 866.81 and 877.17 eV. The peak at 877.17 eV
0
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Fig. 2. EDX spectrum for (a) FeS2 and (b) Fe80Ni10Cu10S2 thin films. 
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is attributed to Ni 2p1/2. However, the satellite peak

at ∼866.81 eV (Ni 2p3/2) is attributed due to oxide

phase formation of Ni [60]. It should be noted that all
the peaks position are slightly shifted toward higher
energy from the standard values. However, for Ni@Cu
doping the binding energy is more shifted toward
higher energy could be attributed due to more reactive
of Fe1 – xMxS2 surface oxidation than undoped FeS2

[61–63]. It is reported that pyrite containing impuri-
ties observed to be more reactive than undoped pyrite
[61–63] and hence M doped FeS2 exhibiting the shift-

ing of binding energies of surface components toward
higher energies as compared to pure FeS2 [64].

X-Ray Diffraction (XRD)

To investigate the phases and purities of the Fe1 – xMxS2

samples, the XRD data were collected in the range of
10°–80° shown in the Fig. 4 and the data were ana-
lyzed very carefully using different formula. All the
diffraction peaks are observed in these patterns can be
indexed as pyrite FeS2 (ICDD 71-1680). The diffrac-

tion peaks at (111), (210), (211), (220), and (311) reflec-
tions planes attributed to the cubic structure of FeS2.

No other impurities peaks (such as marcasite FeS,
FeSe etc.) were observed in the patterns indicated that
the deposited samples are pure FeS2. The intensity of

the peak (111) decreases with increasing Ni@Cu indi-
CR

Table 1. Binding energy of the different elements of Fe1 – xM

Sample

Binding energy (e

Fe S

Fe 2p3/2 Fe 2p1/2 S 2p1/2

FeS2 709.40 723.50 167.57 1

Fe00Ni10Cu10S2 709.64 723.88 167.75 1
cating that the crystallinity decreases which is consis-

tent with the SEM, band gap results and report [21].

The narrow peak at 29.67° illuminated the crystalliza-

tion nature of the samples. It should be noted that the

Fe2+ cations occupy the sites of a face centered- cubic

sublattice, and the (S2)
2– dimers are centered at the

midpoints of the cube edges. The axes of the (S2)
2–

dimers are oriented along the [111] direction; each Fe

atom is coordinated to six sulfurs in a slightly dis-

torted-octahedron structure and each S atom is

bonded to three Fe atoms and dimer pair (not shown

here). From this Fig. 4 it is evidenced that FeS2 prefer-

entially grown along (111) plane. However, the diffrac-

tion peaks are broad, weak, and fluctuating, indicating

that the samples have low purity and crystallinity, i.e.,

amorphous phase coexists with crystalline phase in

the samples due to low growth temperature. The lat-

tice constant, ‘a’ is calculated using the following rela-

tion (1):

(1)

The estimated parameters lattice constant, volume

and lattice strain are presented in Table 2. The esti-

mated values of a are in good agreement with the pub-

lished values [65].

+ +=
2 2 2

2 2

1
.

hkl
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xS2 thin films

V) of the films constituent elements

Cu Ni

S–O Cu 2p3/2 Cu 2p1/2 Ni 2p3/2 Ni 2p1/2

68.61 — — — —

68.85 932.19 952.08 866.81 877.17
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Fig. 3. High resolution XPS spectra of (a, b) FeS2 and (a'–d') Fe80Ni10Cu10S2 thin films. 
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The average grain size of the films was found out
using the Scherrer’s formula [66]

(2)

where Lg is the average grain size, λ is the X-ray wave-
length of CuKα (λ = 1.5406 Å), β is the full width at
half maximum (FWHM) expressed in radian, and θ is

= 0.9λ ,
β cos θgL
CRYSTALLOGRAPHY REPORTS  Vol. 65  No. 6  202

Table 2. Lattice constants, volume, crystallite size and lattice

Sample’s name Lattice constant, a, Å Volume,

FeS2 5.281 147.28
Fe98Ni1Cu1S2 5.273 146.62
Fe95Ni2.5Cu2.5S2 5.260 145.54
Fe90Ni5Cu5S2 5.279 147.151
Fe80Ni10Cu10S2 5.264 145.85
Bragg angle in degree. It could be found that the aver-
age crystallite size lies in between 76 and 18 nm.

Optical Constants and Band Gap
The investigation of the optical properties is an

essential part of this research work. The production of
high-quality thin films, and enhancement of the
absorption coefficient and optical band gap could be a
0

 strain of Fe1 – xMxS2 thin films

 Å3 Average crystallite size, nm Lattice strain

7 76.00 0.197
3 36.30 0.393
1 21.40 0.655

17.40 0.788
6 76.00 0.196
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Fig. 4. XRD patterns of Fe1 – xMxS2 thin films. 
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solution to enhance the performance of pyrite based
optoelectronic devices; basically the solar cell devices
[36, 37]. To this point of view, a high powerful spectro-
scopic ellipsometry technique is used to collect the
spectra (phase, Δ and amplitude, Ψ) for Kramers-
Kronig analysis. From these spectra the optical con-
stants n(ω) and κ(ω), the real ε1(ω) and imaginary
CR

Fig. 5. Results of (a) refractive index, n(ω), (b) complex diel
Fe1 – xMxS2 thin films. 
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ε2(ω) parts of the complex dielectric function ε(ω) as
well as thickness (t) of the samples were determined
after fitting a model using software packages Complete
EASE® so that the parameters of the model are
adjusted to match the theoretical and experimental ψ
and Δ values of the film material [51, 67, 68]. The
interpolation B-spline model was used to adjust the
parameters. After goodness of fit, the graphs were clip-
boarded which are shown in Figs. S1a–S1d (fitted
phase, Δ and amplitude, Ψ), Figs. S2a–S2d (example:
fitted with expt. (a) refractive index, (b) real dielectric
constant, (c) imaginary dielectric constant, and (d)
extinction coefficient), Figs. S3a–S3d (transmittance
fitted with expt.) and Fig. S3e (fitted transmittance
result), respectively. The fitting procedure is described
in the Supplementary Materials. The fitted obtained
results are described in the following.

The refractive index n describes changes to light
wave caused by interaction with materials. In general
for nonmagnetic substances,  which is
very useful for relating the dielectric properties of a
material to its optical properties at any particular fre-
quency of interest. Since n depends on the wavelength
of light, thus  depends on it too, which is so
called dispersion. The complex refractive index, N
with real part n and imaginary part κ (so called extinc-
tion coefficient), is related to the complex permittivity

=(ω) ε(ω)n

ε(ω)
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Fig. 6. Tauc plots of Fe1 – xMxS2 thin films for determination of (a) direct and (b) indirect band gap. (c) Absorption coefficient,

α(ω) of Fe1 – xMxS2 thin films. 
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as,  and ,
where real part n is called refractive index and imag-
inary part κ is called the extinction coefficient.

Thus, ,  and

.

Figure 5a represented the refractive index, n(ω) of
the thin film samples. The refractive index shows well
dispersive nature for each sample and the value
reaches maximum at a certain energy indicating the
large polarization induced in that energy. After reach-
ing in maximum, the value of n(ω) decreases with
increasing photon energy attribute due to different loss
mechanism participation. It should be noted that n(ω)
is inter-related to the local polarizability as well as the
electronic density of the investigated thin films. The
value of the refractive index, n(ω) at zero energy (ω = 0)

= −e e e1 2(ω) (ω) i (ω) = −   (ω) (ω) iκ(ω)N n

= 2
 ε(ω) (ω)N ε = −2 2

1(ω) (ω) κ (ω)n
=2  (ω) 2 (ω)κ(ω)ne
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is obtained to be ~1.98, 2.0, 3, 4.5, 6.0, and 3.02 for
undoped and Ni@Cu-doped FeS2 thin films, respec-

tively. It is evident that at low energy, the value of n(ω)
decreases with increasing Ni@Cu doping concentra-
tion which is related to well-known an inverse width of
the optical band gap describe by Penn model [69]. The
results are consistent with the band gap energies of the
thin film samples.

Figure 5b shows the variation of the real ε1(ω) and

imaginary ε2(ω) dielectric functions with doping as a

function of photon energy (ω). The static dielectric
constant, ε(0) of FeS2 decreases with increasing of

Ni@Cu doping insights an increase of the band gap.
The real dielectric function ε1(ω) is high at lower ener-

gies attributed to all types of polarizations can be
effective implying that an electric field can easily
0
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polarize these materials at lower photon energy. In
contrast, the imaginary dielectric function, ε2(ω) is
just opposite nature to ε1(ω). It can be clearly seen a
good dispersive nature of ε1(ω) for each thin film and
the maximum value of ε1(ω) reaches at a certain
energy insights maximum polarization can occur in
that electric field energy. The peak position is shifted
toward higher energy with Ni@Cu doping indicates
that more polarization can be introduced by Ni@Cu
and the at least a part of Ni@Cu was incorporated into
FeS2 lattice. After reaching in maximum, the value of
ε1(ω) decreases as with increasing of photon energy
(ω) attributed due to some of the polarization may not
be effective and hence the value of ε1(ω) at higher
energy may be quite small as compared to static value.
The dielectric loss occurs after a certain energy could
be due to the lag of polarization and additional to var-
ious loss mechanisms such as: the generation of pho-
nons (lattice waves), photogeneration, free-carrier
absorption and scattering, etc. The real part dielectric
function, ε1(ω) decreases with increasing doping con-
centration is in good agreement with the report [21].
The real dielectric function, ε1(ω) showed lower value
than the theoretical report [21] could be due to the
effect of the morphology factor (grain size, grain
direction, density of the materials, etc.) [70]. The
effects of grain size, grain orientation, defects and lat-
tice constants were neglected in the theoretical study
[21] and there was only considered the defect free
structure in the bulk form. It should be remember that
the effective dielectric function in the Yamada equa-
tion is greatly affected by the change of the morphol-
ogy factor [70]. A small change of the morphology fac-
tor gives a large difference in the dielectric function
[70].

On the other hand, the imaginary dielectric func-
tion, ε2(ω) increases with increasing photon energy
(ω) and a peak arises at 1.25 eV (Fig. 5b) is due to the
optical transition from the hybridization upper valence
band Fe 3d and S 3p orbitals to the lowest conduction
band mixed Fe 3d and S 3p orbitals. Whereas, a critical
peak arises at ~ 3.20 eV is assigned to optical transi-
tions in between deep Fe 3d state to upper conduction
mixed Fe 3d and S 3p states. In case of Ni@Cu doping,
the peak at ~ 3.20 eV arises due to the optical transition
from the hybridization valence band Fe 3d Ni 3d and
Cu 3d states to the upper hybridization conduction
band Ni 3d and Fe 3d states. The optical transition
from the hybridization of valence band Fe d and S p
states to the lowest conduction band S p and Fe d
states, respectively [71]. The peak at ~3.20 eV is due to
the optical transition from the valence band Fe d and
S p states to the lowest conduction band of Ni d and
S p and Fe d states, respectively [21].

The absorption coefficient, α(ω) is determined
from the transmittance fitting data (shown in
Figs. S3a–S3e, Supplementary Materials) using the
relation, , where T is the transmittance= − α ln /T t
CR
(shown in Fig. S3, Supplementary Materials) and t is
the thickness (t = 371 ± 12, 377 ± 17, 372 ± 13, 386 ±
12 nm, and corresponding roughness of the film,
r = 8, 17, 28, and 42 nm) nm of the samples. The vari-
ation of the absorption coefficient with wavelength is
shown in Fig. 6c. It is evident that the absorption coef-
ficient increases with increasing of Ni@Cu doping up
to 10 at %, however, at higher doping concentration it
deteriorate could be due to structural change and/or
Ni, Cu ions cannot completely incorporate into FeS2
lattice [21]. It can be observed that the absorption
coefficient exhibits minimum value around ~1000 nm
insights the band gap of the films material could be
located around this region, however the absorption
coefficient increases linearly in the visible region
~650 nm to near ultraviolet region. Thus enhancing
the optical response in Ni@Cu doped FeS2 alloys in
performance acting as a p-type semiconductor proposed
in [72]. Henceforth, the absorption coefficient spectra of
alloys have transposed with that of iron pyrite. The result
of optical absorption agreed with [73, 74].

The optical transition nature of a thin film material
can be determined by the relationship between the
absorption coefficient (α) and the energy of the inci-
dent photon (hν) using Tauc’s relation [75] as:

(3)
where Eg is the band gap energy and A is a constant
related to the effective masses associated with the
valence band and the conduction band, and n is the
power factor. The value of n is assumed to be 1/2, 2,
3/2, and 3 for allowed direct, allowed indirect, forbid-
den direct, and forbidden indirect transitions, respec-
tively. Here we calculate for allowed direct (n = 1/2)
and indirect (n = 2), respectively as follows:

(4)
and

(5)
Using Eqs. (4) and (5) the direct and indirect band

gap energies of the films are determined from the
intercept on the energy axis after extrapolation of the
straight line section of the Tauc plots (αhν)2 vs. hν
(photon energy) and (αhν)1/2 vs. hν (photon energy)
curves (Figs. 6a, 6b), respectively. The direct and indi-
rect optical band gaps of FeS2 obtained to be Eg = 2.46
and 1.38 eV which is very close to the reported results
[36, 37]. The band gap energy is being progressive shift
(direct and indirect) from 2.46 to 2.72 and 1.38 to
1.64 eV (Table 3) while the concentration of Ni@Cu is
increased from 0 to 10 at %. However, at higher
Ni@Cu = 20 at % doping concentration, the band gap
is reduced (Table 3) could be due to crystal structure
change and/or improper impurity doping which is
good agreement with the SEM, XRD and optical con-
stants results. A blue shifts in the band edge shows the
formation of solid solution [21, 76, 77], however, the

= − gα ν ( ν ) , nh A h E

= − 1/2
gα ν ( ν )h A h E

= − 2
gα ν A( ν ) .h h E
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Table 3. Direct and indirect band gap energies of Fe1 –xMxS2
thin films

Sample’s name Value of direct 
band gap, eV

Value of indirect 
band gap, eV

FeS2 2.46 1.38
Fe98Ni1Cu1S2 2.54 1.50
Fe95Ni2.5Cu2.5S2 2.62 1.56
Fe90Ni5Cu5S2 2.72 1.64
Fe80Ni10Cu10S2 2.57 1.53
variation of the optical gap is not so much attributed
due to limited solubility [78] of Ni atom rather than Cu
into FeS2. In Ni doped FeS2 an irregular band gap
variation with mol % variation is also exhibited by
Sadia Khalid et al. [36, 37]. The change of the band
gap value is sensitive to small changes in carrier con-
centration, grain size, defects and film stress. With the
increase of granular size, the band gap widening is
observed could be attributed to the local electric fields
originated from the impurity or carriers density which
lead to affect the band tails near the band edge [13, 79].
Importantly, when Ni@Cu is doped in FeS2, it can be
incorporated into interstitial and/or substitution. If Ni
and Cu are incorporated into intestinal sites, it makes
free electrons like, Ni2+ → 2e and Cu+ → e impurities
layers below the conduction band resulting in band
gap could be decreased. Since the band gap is
increased, there is a possibility of substation of Ni2+

(0.069 nm) and Cu1+ (0.073 nm) on Fe2+ (0.065 nm)
sites then the impurity levels NiFe → 2e and CuFe → h+

introduced just below the conduction band minimum
in case of Ni doped and valence band maximum for
Cu doped which excellent agreement with the reports
[21, 34]. It is reported that the valence band maximum
(VBM) and conduction band minimum (CBM) are
formed by 3d orbitals of Fe atom and the mixture of Fe
3d and S 3p states. When Ni and Cu is doped into
FeS2, the impurity bands are generated just below the
CBM as a result of the mixture of Ni/Fe states reveal-
ing an upwards shift influenced by the crystal-field
splitting while in the valence band maximum down-
ward shift, the new bands are generated which are very
tights and mainly constituted by the degenerated of Ni
3d, Fe 3d and Cu 3d states caused by additional levels
of the Ni and Cu-electrons as a result the band gap is
increased up to a limiting value of Ni@Cu doping con-
centration [21, 34]. Whereas, for Ni@Cu = 20 at %
doping, the band gap reduced is observed qualified the
existence of structural change by the down shifting of
the conduction band and/or unstable of the system at
higher Ni@Cu doping [21, 34] which is consistent
with the XRD (Fig. 4), SEM (Fig. 1e) and with avail-
able works [28, 36, 37]. In this case Fe is to be reduced
receiving electrons in its 3d orbitals and the Cu was
mostly to be oxidized [80].
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CONCLUSIONS
In this research work, the undoped FeS2 and

Ni@Cu doped FeS2 thin films have been synthesized
successfully by chemical spray pyrolysis process. The
FE-SEM images exhibit that the film surface is com-
pact and composed of granular like nanostructures
grains. The granular size increases with the increases
of Ni@Cu in FeS2. The XRD results provide an evi-
denced of the formation of cubic crystal. The crystal-
linity of the films deteriorate with increasing Ni@Cu
doping. The EDX and XPS measurements exhibit that
the films are composed of Fe, S, Ni, and Cu elements
and the films were slightly oxidized. The indirect band
gap value of the Ni@Cu doped FeS2 films are found to
be gradually increased from 1.38 eV (FeS2) to 1.64 eV
(Ni@Cu = 20 at %). So, the direct band gap can be
tuned in between 2.46 and 2.72 eV using co-doping
Ni@Cu in FeS2. Importantly, the absorption increases
as with Ni@Cu doping in the visible and near ultravi-
olet regions which is an important property for opto-
electronics applications. Therefore, the thin films
deposited by chemical spray pyrolysis technique
exhibit good structure and excellent optical properties
which would be cost effective for optoelectronics basi-
cally solar cell device applications.
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