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Abstract:

The study on iron chalcogenides are of particular interest because of their
interesting magnetic, semiconducting, and structural properties. In this study,
we investigated the facile chemical bath deposition of the monophasic FeS thin
films. Layer by layer and continuous deposition method of synthesis of thin
film to form a homogenous and uniform film has been employed. The XRD
structural analysis confirmed the formation of FeS films with a tetragonal
(mackinawite) structure.  Optical band gap analysis revealed that the as-
synthesised FeS thin films possess light harvesting capacity in the visible region
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of the solar spectrum.
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INTRODUCTION

The wide growing demands of thin film solar cell
and photovoltaic applications are demanding cost
effective, inexpensive, non-toxic and earth abundant
materials as an alternative to conventional materials
(Ramasamy, 2012).
widespreadly used for thin film based applications,
namely cadmium, lead, indium and selenium are
either toxic or non-abundant. The fast growing
exploitation of non-renewable energy as solar energy
applications therefore demands environmental

Most of the materials

friendly materials. Thin film solar cells based on
copper, tinand iron have geared significant progress in
the last few years either in metal oxides or sulfides
(Zhang,2004); (Liu,2017); (Chen,2016); (Rondiya,2017);
(Ge,2016). The hybrids and heterostructures based on
these materials absorb the most of the visible solar
spectrum. These materials are also proved to be a
powerful candidate in thermoelectric, magnetic
semiconductors, superconductors and sensors. Iron
and copper chalcogenides are of particular interest
because of their interesting magnetic, semiconducting,
and structural properties. From the large family of iron
sulfide phases, iron sulfide (FeS) is showing great

interest because of its electronic, magnetic, and optical
properties with applications that include solar cells
and lithium ion batteries.
potential applications in the biomedical applications,
including protein immobilization and separation,

They are also found

magnetic targeting and drug delivery, cancer
hyperthermia, magnetic resonance imaging (MRI) and
many more. Xu et al. demonstrated interconnected
porous FeS/C composite using FeS nanoparticles
embedded in carbon nanosheets for its use in anode for
LIBs. A new nanocomposite formulation using FeS and
graphene oxide anode for lithium-ion batteries is
proposed by Fei et al. via facile direct-precipitation
approach. (Huang,2016); (Lu,2013); (Wei,2015);
(Xu,206); (Fei,2013). Iron sulfides nanoparticles are
considered to be advanced inorganic material with
non-conventional applications, such as high-energy
density batteries, precursors for the synthesis of
superconductors and materials for photoelectrolysis.
Therefore, the study of nonmaterial and thin film based
on iron sulfide (FeS) with particle size and
morphological changes is of great interest in the field of
materials science. Various deposition and synthesis
techniques have been experimented to deposit thin
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films of iron sulfide (FeS) including chemical vapor
deposition, electro-deposition, hydrothermal method,
sputtering and chemical bath deposition (CBD) (Dutta,
2012); (Kim, 2011) (Fei, 2013); (Beal, 2012); (Min, 2009);
(Sines,2012). The CBD is always found to be the simple,
low temperature and cost effective method to deposit
high quality thin films of FeS. The formation of
different phases of FeS is always related to many
factors, including temperature, solution pH, and aging
time.
the deposition of nanocrystalline monophase of FeS
thin films and are expected to be a general method for
the preparation of other metal sulfide.

MATERIALS AND METHODS

Experimental Details

Herein, we report a reproducible method for

Materials

All the reagents used in the experiment, iron
chloride tetra-hydrate (FeCl,), thioacetamide
(CH,CSNH,) and urea (CO(NH,),) were purchased
from Sigma Aldrich and used without purifying it
further. HCl was used to manage the pH of the solution

(b)

P b FD VIS

(e)

and Distilled water was used as solvent in all
experimental procedure.
Synthesis of FeS Thin Films

The monophasic FeS thin films were grown onto
glass substrates of dimension (2 x 5 cm”) from the acidic
bath as shownin figure 1 a. The required molarity of the
solution is 0.15M iron chloride tetra-hydrate (FeCl,),
1M urea and 2M thioacetamide. For that 180 ml of
distilled water is kept in a beaker on a heat bath. When
the temperature of the distilled water is raised above
50°C, 1.7292gm FeC(l, is added and vigorously stirred
using a magnetic stirrer which is attached to the
heating unit. When FeCl, is dissolved completely in
water, 3.6gm of urea and 9.0gm of thioacetamide was
added to the solution under stirring. When all the
reagents were dissolved completely, almost
transparent solution is formed (figure 1b). The
temperature is maintained at 85+ 5°centigrade. Then
0.5M HCI is added drop by drop to the solution to
adjust the pH to 3. After 10 min of reaction at fixed
temperature under stirring, the color of solution

()

Fig. 1. (a) Experimental set up for chemical bath deposition of films, (b-d) progress of the reaction and
confirmation of homogeneous bath, (e) layer by layer deposition and (f) continuous bath deposition.
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changes to grey (figure 1c). Glass substrates were then
immersed vertically in the chemical bath. After 20 min
the solution turns to thick black contrast (figure 1d).
The speed of stirring is reduced to very slow. A
continues deposition method and layer by layer
deposition method was employed for obtaining
uniform films of FeS. To check the time dependent
effect on the deposition of film, glass slides were
removed from the reaction mixture after an interval of
1 hour. For the layer by layer deposition, the samples
were removed at regular intervals, washed, dried and
immersed back into the reaction mixture. The process
was continued till the formation of uniform film. The
images of typical such FeS films deposited is shown in
figure1(e) and (f).

All the films were washed with methanol and
acetone to remove surface contaminants and chemical
residues and post annealed at 70°C for 1 hour before
testing for any characterizations.

Peel test was performed for all the prepared
samples using a commercially available adhesive tape
for analyzing the adhesion between films and their
substrates (Hull, 1987). The crystal structure and
phase constitution of FeS thin film was characterized
by X-ray diffraction (XRD) (D2 phaser BRUKER, A,
«=0.15418 nm). The UV absorption spectra of the
sample were performed on a UV-VIS
spectrophotometer (Shimadzu UV 3600, Japan) to
check the optical band gap of the films. Hot probe
analysis was used to test the conductivity of the
sample. van der Pauw method of electrical resistivity
measurement was done for selected samples.
RESULTS AND DISCUSSION

A thin film formed by precipitation using a
controlled chemical reaction is employed in chemical
bath deposition (CBD). During the reaction the slow
release of the sulfurion and iron ions and condensation
of these ions on the substrate surface takes place to
form homogeneous FeS films (Brien,1998). In a
controlled hydrolysis reaction of iron salt (FeCl,) and
thioacetamide (CH,CSNH,) salt in the acidic media,
Fe’ and S” ions re released. The role of urea in the
reaction mixture is to act as a chelating agent.
Hydroxide ions via hydrolysis released in the mixture
provide ammonia for the formation of complex ion
with Fe”". These complex ions react with S ions to form
FeS. The reaction mechanism is explained briefly by
following equations (Akhtar, 2015).

FeCl, —Fe*" + 2CI
CH3SCNH; + H,O < S+

(1)

CH3SCONH, + 2H"

CO(NHz)z +H,0 « S2- + 2NH5 + CO,

Fe*" + HO + 5NH; <> [Fe(NH;3)4]* 4)
[Fe(NH3)uJ?* + S* < FeS + 4NH; (5)
[Fe(NH3)s]*" + CH3;SCCNH; + H,0O — FeS +

4NH; + CH;SCONH, + 2H* 6)

The XRD pattern shown in figure 2 of the typical
FeS thin film is in good agreement with that of iron
sulfide ((PDF No. 86-0389). It should be noted that the
strongest peak oriented along (001) in the pattern can

2)
(3)

be well indexed as the mackinawite phase (P4/nmm
space group) of FeS. The presence of single and intense
peak reveals the growth of FeS crystallites along c-axis.
Thus, it is suggested that nanocrystalline FeS is formed
as the broadness of the peaks, intensity and positions
are well matched with previously reported data for
nanocrystalline mackinawite (Xing, 2015); (Hajja,
2013); (Lennie, 1995). The formation of monophasic
mackinawite phase of FeS is further confirmed from
the diffraction as the pattern does not show any extra
peaks. The crystalline size of the particle and micro
strain has been calculated from the X-Ray diffraction
pattern using scherer's formula:

__ Kkl
b cosq @
e:b2q :osq ®)

where t is the grain size, ¢ is the micro strain, k is a
constant taken to be 0.9, B is the full width half
maximum(FWHM) and A is the wave length of X-Rays.
The obtained particle size and micro strain values are
tabulated in table 1.
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Fig. 2. Typical p-XRD pattern of FeS thin film
deposited on a glass substrate

Itis inferred that the crystallite size of the particle is
increasing with increase the deposition time and
number of layers. This data, verifies that the crystalline
size of particles in thin films increases with the increase
of the film thickness synthesized by acidic bath
method. It is also found that the quality of the film
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Table 1. Calculated values of grain size and micro
strain from the XRD diffraction data

Table 2. Optical band gap calculated from the
absorption spectra

FeSThin Duration FWHM S Micro
films /Layer (Degree) Size strain
(nm)

Layerby  1Layer 0475  17.68 0.0134

layer 2L 0298 2818  0.0084
deposition ayer : : :

3Layer  0.223 37.67  0.0063

4Layer  0.150 56.00  0.0042

Continuou 1 Hour 0475 17.68  0.0134

s depostion

2Hour  0.253 3320  0.0071

3Hour  0.161 52.18  0.0045

4Hour  0.128 65.63  0.0036

improves and shows crystallinity of the film as

deposition time increases.

The absorption fitting method of calculating the
band gap was employed (figure 3) and the values are
tabulated in table 2. The band gap range of the films
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FeS Thin films  Duration /Layer Band gap (eV)
Layer by layer 1 Layer 1.98
deposition 2 Layer 1.86
3 Layer 1.86
4 Layer 1.94
Continuous 1 Hour 2.00
depostion 2 Hour 1.82
3 Hour 1.86
4 Hour 2.06

revealed that the deposited films of FeS falls in the
visible range region of the solar spectrum (Ghobadi,
2013).

Standard hot probe analysis was carried out to
understand the carrier type of FeS thin films. A couple
of cold probe and hot probe are attached to the
semiconductor surface. The hot probe is connected to
the positive terminal of the multimeter while the cold
probe is connected to the negative terminal. If the
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Fig. 3. Typical Band gap calculation from absorption fitting method of FeS thin films (a) 1Thour, (b) 2 hour,
(c) 3 hour and (d) 4 hour
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Fig.4.I-V analysis via e van der Pauw connections of as-deposited FeS thin films

semiconductor is n-type, then positive voltage is
obtained across the meter. By this method, it is verified
that the formed FeSis a n-type semiconductor.

The van der Pauw method of calculation of
resistivity was employed to check the electrical
conductivity measurements. The following conditions
that must be satisfied to use electrical analysis: (a) The
sample must have a flat shape of uniform thickness, (b)
The sample must not have any isolated holes, (c) The
sample must be homogeneous and isotropic, (d) All
four contacts must be located at the edges of the
sample, and (e). The area of contact of any individual
contact should be at least an order of magnitude
smaller than the area of the entire sample. The as
synthesized FeS films were tested for electrical
conductivity measurements.

The contacts were named (1,2) (2,3) (3,4) (4,1) and
current, voltage analysis was done for all the four set of
contacts as shown in the figure 4. The linearity of the
graphs shows that the contacts made are good ohmic
contacts and shows uniform conductivity across all the
terminals. The average resistance across two points is
calculated as ~1.75x10’ohms.

CONCLUSION

In summary, we have synthesized FeS thin films by
chemical bath deposition method. Tape test was
passed for the adhesion FeS films on glass substrate.
Structural analysis verified that the formed FeS thin
film is of Mackinawite structure. The crystalline size of
the particle increases with the increase of deposit hours
and as the increase of the number of layers. The strain
size is decreasing correspondingly as the increase of
crystalline size. Optical analysis shows the absorption
of FeS is in the visible region of the optical spectra. The
as-deposited FeS thin film is found to be n-type
semiconductor in nature. Electrical conductivity
analysis of the film shows high resistivity nature of the
film.

REFERENCES

1. Karthik,R. Mohammad, A.M., Neerish R., and Paul
O. (2013) 'Routes to Nanostructured Inorganic
Materials with Potential for Solar Energy
Applications', Chem. Mater., 25 (18), pp 3551-3569

Lizhi, Z., Jimmy, C. Y., Maosong, M., Ling, W.,
Quan, L., and Kwan, W.K. (2004) 'A General
Solution-Phase Approach to Oriented

CHARUSAT JOURNAL BY CHAROTAR UNIVERSITY OF SCIENCE AND TECHNOLOGY Vol.2 I Issue 1 | January 2020

17



10.

11.

Nanostructured Films of Metal Chalcogenides on
Metal Foils:[1 The Case of Nickel Sulfide' . Am.
Chem. Soc., 126 (26) pp 8116-8117

Yang, L., Maixian, L.,and Mark, T. S. (2017)
'Plasmonic Copper Sulfide-Based Materials: A
Brief Introduction to Their Synthesis, Doping,
Alloying, and Applications' J. Phys. Chem. C, 121
(25) pp 13435-13447

Lihui, C., Masanori, S., Mitsutaka, H., Takashi, N.,
Ryota, S., Hiroki, K., and Toshiharu ,T. (2016) 'Tin
Ion Directed Morphology Evolution of Copper
Sulfide Nanoparticles and Tuning of Their
Plasmonic Properties via Phase Conversion'
Langmuir, 32 (30), pp 7582-7587

Sachin, R., Nitin, W., Yogesh, J., Sandesh, J.
Santosh, H., and Mukul, K. (2017) 'Structural,
Electronic, and Optical Properties of Cu2NiSnS4: A
Combined Experimental and Theoretical Study
toward Photovoltaic Applications' Chem. Mater.,
29(7), pp 3133-3142

Jie, G. Yue, Y., and Yanfa, Y. (2016) 'Earth-
Abundant Orthorhombic BaCu2Sn(SexS1-x)4 (x =
0.83) Thin Film for Solar Energy Conversion, ACS
Enerqy Lett., 1(3), pp 583-588

Amit, K. D., Swarup, K.M., Divesh. N.S., Anup, M.
Papu, B., Parimal, P. and Bibhutosh,A. (2012)
'Synthesis of FeS and FeSe Nanoparticles from a
Single Source Precursor: A Study of Their
Photocatalytic Activity, Peroxidase-Like Behavior,
and Electrochemical Sensing of H202'ACS Appl.
Mater. Interfaces, 4 (4), pp1919-1927

Jing, H., Yuancheng, L., Anamaria, O. Qiong, L.,
Peng, G. Liya, W, Lily, Y. and Hui, M. (2016)
'Magnetic Nanoparticle Facilitated Drug Delivery
for Cancer Therapy with Targeted and Image-
Guided Approaches' Adv Funct Mater. 26(22), pp
3818-3836

Wensheng, L. Yuhua, S., Anjian ,X., and Weiqgiang,
Z. (2013) 'Preparation and Protein Immobilization
of Magnetic Dialdehyde Starch Nanoparticles, |.
Phys. Chem. B, 117 (14), pp 3720-3725

Xiang, W., Weihan L., Jin, S, Lin, G.u, and Yan, Y.
(2015) 'FeS@C on Carbon Cloth as Flexible
Electrode for Both Lithium and Sodium Storage'
ACS Appl. Mater. Interfaces, 7 (50), pp 27804-27809
Yuanxian, X., Wenyue ,L.Fan, Z., Xiaolong, Z,,
Wenjun, Z., Chun,S.L. and Yongbing, T. (2016) 'In
situ incorporation of FeS nanoparticles/carbon
nanosheets composite with an interconnected
porous structure as a high-performance anode for
lithium ion batteries' J. Mater. Chem. A4, pp 3697-
3703

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ling, F., Qianglu, L., Bin, Y., Gen, C., Pu, X,, Yuling,
L., Yun, X, Shuguang, D., Sergei,S., and Hongmei,
L. (2013) 'Reduced Graphene Oxide Wrapped FeS
Nanocomposite for Lithium-lon Battery Anode
with Improved Performance' ACS Appl. Mater.
Interfaces, 5(11), pp 5330-5335

Eun-Ju, K., Jae-Hwan, K., Abdul, M. A., and Yoon-
Seok, C.(2011) 'Facile Synthesis and
Characterization of Fe/FeS Nanoparticles for
Environmental Applications' ACS Appl. Mater.
Interfaces, 3 (5), pp 1457-1462

YuLin, M., Lin, H., YouCun, C.,, YuanGuang ,Z.,
YingGuo, Z.(2009) 'Simple method to synthesis
iron sulfide self-assembled microstructure and
magnetic properties' Materials Chemistry and
Physics 114 (2009) pp 518-521

Sines, T., Dimitri, D.V.,Rajiv,M.,Popczuna, J. and
Raymond, E.S.(2012) 'Synthesis of tetragonal
mackinawite-type FeS nanosheets by solvothermal
crystallization' Journal of Solid State Chemistry, 196
pp17-20

Hull, T.R.,Colligon, J.S. and Hill, A.E. (1987)
'Measurement of thin film adhesion' Vacuum 37, pp
327-330

Paul, O. and John, M. (1998) 'Developing an
understanding of the processes controlling the
chemical bath deposition of ZnS and CdS' |. Mater.
Chem., 8 pp 2309-2314

Chengcheng, X., Dan, Z., Ke, C,, Shumin, Z.,Xin,
W., Haiying, Q., Jiabin, L., Yinzhu,J. and Liang, M.
(2015) 'In situ growth of FeS microsheet networks
with enhanced electrochemical performance for
lithium-ion batteries' |. Mater. Chem. A, 3 pp 8742-
8749

Mendili, Y.E., Abdelouas, A., Hajja, H. E.and
Bardeaub, J.F. (2013) 'Phase transitions of iron
sulphides formed by steel microbial corrosion' RSC
Adv., 3 pp,26343-26351

Lennie, A. R., Redfern, S.A.T., Schofleld, P. F, and
Vaughan, D. J. (1995) 'Synthesis and Rietveld
crystal structure refinement of mackinawite,
tetragonal FeS' Mineralogical Magazine, 59, pp 677-
683

Muhammad, S.A., Asma, A., Mohammad, A. M.
(2015) 'Synthesis of mackinawite FeS thin films
from acidic chemical baths' Materials Science in
Semiconductor Processing 32 pp1-5

Nader, G., 'Band gap determination using
absorption spectrum fitting procedure', (2013)
International Nano Letters,3:2 PP 1-4

CHARUSAT JOURNAL BY CHAROTAR UNIVERSITY OF SCIENCE AND TECHNOLOGY Vol.2 I Issue 1| January 2020



