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In this work, we synthesized SnS and MnSe compositions using a hydrothermal method and then prepared
the SnS/MnSe heterostructure. By using X-ray diffraction, the structural characteristics of these compounds
were examined. It was discovered that both the pure phases MnSe and SnS appeared in the SnS/MnSe
sample, confirming the heterostructure formation. The Raman analysis also confirmed the formation of
a heterostructure of the SnS/MnSe sample containing two phases, MnSe and SnS. The individual MnSe
and SnS compositions show good optical properties, having bandgap values around 1.3 and 1 eV,
respectively, whereas the prepared heterostructure shows a very low bandgap value of around 0.4 eV.
The SnS sample shows nano sheet-like morphology, and MnSe shows rectangular-like shapes, whereas
the SnS/MnSe heterostructure shows the presence of both shapes. The EDX study shows all the
constituent elements in the SNS/MnSe heterostructure sample. The electrical study also shows that the

properties of the prepared heterostructure are different from those of pure compositions. Investigating
Received 20th August 2024 the dielectric characteristics with ttot t df llowed for a thorough analysi
Accepted 16th October 2024 e dielectric characteristics with respect to temperature and frequency allowed for a thorough analysis
of several parameters, including the electric modulus, dielectric constant, AC conductivity, and
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1. Introduction

Over the past ten years, nanotechnology has developed at
a faster rate and has been effectively used for real-world appli-
cations. Nanomaterials with a controlled shape have drawn the
attention of several researchers, specifically one-dimensional
nanostructures in the solution-phase. Group IV-VI elements,
including Ge, Sn, Se, Pb, and Te, have smaller band gaps. Since
such materials exhibit near-infrared and infrared optical
activity, they are now the subject of intensive research. Materials
based on tin chalcogenides, such as tin sulfide (SnS), having
semiconducting properties, have become extremely popular
because of their fascinating prospective uses in storage devices,

“Department of Engineering and Materials Physics, ICT-IOC Bhubaneswar, 751013,
India

*Department of Electronics and Communication Engineering, Siksha ‘O’ Anusandhan,
Bhubaneswar 751030, India

‘Crystal Growth and Thin Film Laboratory, Department of Physics, Bharathidasan
University, Tiruchirappalli-620024, Tamil Nadu, India. E-mail: ramakanta.naik@
gmail.com

t Electronic supplementary information (ESI) available: Rietveld refinement of
XRD patterns; elemental mapping of corresponding elements of the SSMS
heterostructure; indirect optical bandgap calculation of SS, MS, and SSMS
samples; comparative plot of light and dark current of all the prepared samples;
AC conductivity at different temperatures, frequency as a function of frequency
and temperature; Nyquist plot of the SSMS sample for 100 °C and at room
temperature; atomic percentage of constituent elements, respectively, of the
SSMS heterostructure sample. See DOI: https://doi.org/10.1039/d4na00684d

© 2024 The Author(s). Published by the Royal Society of Chemistry

aforementioned optical, electrical, and dielectric characteristics of the SnS/MnSe heterostructure.

optoelectronics, and photodetectors." Tin chalcogenide
compounds, such as SnS, SnS,, Sn,Sz, SnzS,, and Sn,Ss, have
drawn a lot of attention because of their special qualities and
potential uses.»* One benefit of tin sulfide is that it may show
both n- and p-type electrically conducting properties depending
on the tin content.* The direct and indirect band gaps of SnS are
1.32-1.5 eV and 1-1.3 eV, respectively.>® Additionally, the SnS
material shows high theoretical solar conversion efficiency
(>24%), an absorption coefficient of 10* to 10° em™', and an
electrical resistance of 32.9 Q.”* All these characteristics make it
appropriate for use in solar cells. In nature, S and Sn are
abundant component elements. In addition, SnS is employed in
solar cells as an absorber layer, holographic recording medium,
and photovoltaic material.®*® Two-dimensional (2D) material
heterostructures assembled from different 2D atomic layers
have gained considerable attention owing to their promising
mechanical, semi-conducting, and optoelectronic properties.
Heterostructures like SnS-SnSe have the ability to display
distinct electrical characteristics that are absent from their
constituent parts. For example, the combination may provide
a material with a changed bandgap appropriate for certain uses
like solar cells and photodetectors.’* The heterostructures can
have type II band alignment that can separate photogenerated
electron-hole pairs, which can enhance the efficiency of devices
such as thin-film solar cells and photodetectors.”” The semi-
conducting material SnS has an appropriate bandgap for
photovoltaic and photodetector applications. At the same time,
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manganese is an important element that belongs to transition
metals, and MnSe also has interesting optical features. These
materials may be used to create heterostructures that have
better optoelectronic qualities, which can be used in solar cells,
high-performance photodetectors, and other optoelectronic
devices. Manganese selenide, with zinc blende, wurtzite (WZ),
and rock salt structures, belongs to p-type semiconducting
materials (2 eV). Because MnSe has a smaller bandgap than
MnsS (3.2 eV) and MnO (4.2 eV), it is more electrically conduc-
tive.>'* The solubility of Mn in Se may be attributed to only two
compounds: MnSe and MnSe,. The o and 3 phases of MnSe are
cubic, but the y-phase is hexagonal.*® Additionally, various
studies demonstrate that elements doped with SnSe matrices,
such as Cu, Ag, Co, and Te, display various characteristics,
including magnetic, thermoelectric, and photoelectrochemical
ones.'>"” We know nothing about the consequences of doping
bilayer SnSe with transition metal atoms. Because oxidizing the
transition metal atoms doped in the interlayer could be more
difficult, bilayer SnSe devices might function more reliably. The
magnetic and stability characteristics of the SnSe sample doped
with transition metals (Fe, Mn, and Co) have been investigated
using the first-principle technique.”® CuSe doped with transi-
tion metals of Mn and Fe is used in room temperature gas
sensors and water treatment.” With the use of the hydro-
thermal process, Narella et al. prepared SnSe doped with Co,
investigated the dielectric characteristics, and obtained prom-
ising results.?® Similarly, the electrical conductivity and relaxa-
tion of chalcogenide materials are studied by Musahwar et al.
across various temperatures and frequencies.* Li-ion batteries,
photoelectrochemical water-splitting, solar, and fuel cells are
examples of energy conversion and storage devices.”” Nano-
particles have various applications due to an important factor,
which is the surface-to-volume ratio.>® There are various reasons
for exploring this type of material, like changes in dimension,
well-tunable optical and structural characteristics, etc. The
usability of a nanomaterial depends upon its dimensions, such
as zero-dimension, one-dimension, two-dimension, and three-
dimension. If we modify the nanostructure materials, we may
get some improvement in the electronic, optical, structural, and
thermal properties.**

Our previous studies investigated the dielectric properties of
SnMnS and SnMnSe compositions, which show good dielectric
behaviour. Therefore, in this study, we synthesized the SnS/
MnSe (SSMS) heterostructure from SnS and MnSe pure phases
and studied the different characteristics including dielectric
properties. Field emission scanning electron microscopy
(FESEM) was used to analyze the morphology. The X-ray
diffraction (XRD) verified crystalline phases. The optical study
uses UV-visible spectroscopy to evaluate the bandgap value.

2. Experimental

2.1. Use of chemicals

For preparing the samples, we have utilized tin chloride dihy-
drate (SnCl,-2H,0, 98%, Fisher Scientific), selenium dioxide
(99%), thiourea ((CS(NH,),), 99%, Sigma-Aldrich), manganese
chloride tetrahydrate (MnCl,-4H,0), and hydrazine hydrate
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(N,H,4-H,0) as different sources, respectively. Deionized (DI)
water is also used to synthesize the samples.

2.2. Synthesis mechanism

2.2.1 Synthesis of SnS. In a hydrothermal experiment,
nanocrystalline SnS powder was prepared. 1.12 g of tin
precursor SnCl,-2H,0 and 2.25 g of thiourea (CS(NH,),) were
dissolved in water at a stoichiometric ratio of 1:2. For two
hours, the material was mixed using a magnetic stirrer. After
mixing, the resultant mixture was put into a 50 ml autoclave
(Teflon-lined), filling up to 80% of the vessel. The autoclave
underwent heat treatment in a hot air oven, fixed at 200 °C for
8 h. After the heat treatment, the autoclave was let to naturally
cool to ambient temperature. After centrifugation, the resultant
precipitate was removed from the reaction vessel and repeatedly
cleaned with water and ethanol. The collected sample was dried
overnight at a temperature of 60 °C. The sample SnS is
mentioned as SS in the manuscript.

2.2.2 Synthesis of MnSe. Every reactant was of analytical
quality and was used without additional purification. In
a standard hydrothermal synthesis procedure, 0.1 mol SeO, and
0.1 mmol MnCl,-4H,0 were initially dissolved in 36 ml of
deionized water. Subsequently, 30 minutes were spent
magnetically stirring the above solution; 5 ml of N,H,-H,0 was
added. Then, the solution was put inside a 50 ml autoclave
(Teflon-lined), sealed, and heated to 180 °C for 28 h. To get the
final MnSe sample, the resultant solution was centrifuged three
times with DI water and ethanol and kept overnight at 60 °C.
Sample MnSe is referred to as MS in the manuscript.

2.2.3 Preparation of the SnS/MnSe (SSMS) heterostructure.
0.1 g of SnS nanosheet and 0.1 g of MnSe nanoparticles were
combined in 20 ml of DI water in a 50 ml glass beaker to create
the SnS/MnSe heterostructure. The mixer was then placed in an
ultrasonicator for 30 minutes. The final product was then dried
for a whole night at 60 °C in an air oven. The overall synthesis
process is shown in Fig. 1.

2.3. Characterization techniques

Different techniques were used to analyze the optical,
morphological, and structural characteristics of the SSMS het-
erostructure. XRD was conducted using a Bruker D8 Advance
diffractometer, having incident beam Cu Ko radiation (A =
1.541 A). The instrument was operated at 30 kV with 40 mA
current, covering the angle from 15° to 75°. With an excitation
wavelength of 532 nm, LABRAM-HR was utilized to conduct
Raman measurements. TEM (JEOL, TEM-2100 plus) and FESEM
(JEOL, JSM-7601FPLUS) instruments were used to examine the
synthesized sample's morphology. Energy-dispersive X-ray
spectroscopy (EDX) measurement examined the synthesized
material's elemental distribution. Al Ko X-rays (1486.6 e€V) were
used to acquire core-level XPS spectra (Axis Ultra, Kratos
Analytical, UK) in a 2 x 10~° torr vacuum. The UV-vis-NIR
spectrophotometer (JASCO-660) was used to examine the
optical characteristics. The powder form of the sample was used
to take the reflectance data in the UV measurement. The
prepared powder sample's reflectance data were taken from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis steps of SS, MS, and SSMS heterostructure samples by the hydrothermal method.

200 nm to 1800 nm using the integrating sphere obtained by UV
visible spectroscopy. The current was measured using a Keithley
2450 source measuring device with a step size of 0.03. The
voltage range was from —10 to +10 V. An LCR analyzer (Model
PSM 1735, N4L) was utilized to evaluate the sample’s dielectric
properties across a wide temperature range, including ambient
temperature to 450 °C and frequency over 1000 Hz to 1 MHz. For
this investigation, we prepared a pellet of approximately 1 mm
in thickness and 10 mm in diameter. For the dielectric test, the
pellet was stored inside the furnace after it had been sintered
for three hours at 150 °C. The dielectric parameters, including

modulus (M" and M"), AC conductivity (oac), impedance (Z' and
7", and dielectric constant (&), are determined for this study.

3. Results and discussion

3.1. XRD and Raman analysis

Since the work described in this research depends on under-
standing the crystal structures of SnS and MnSe, the in-depth
structure analysis is done. The pyrite MnSe is an F3m space
group member with a cubic crystal structure. Similarly, SnS is
a Cmcm space group member with an orthorhombic crystal
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(a) XRD patterns of SS, MS, and SSMS samples, and (b) Raman spectra of SS, MS, and SSMS samples.
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structure. The o-MnSe has a rock salt (NaCl) structure, which is
stable at normal air pressure above room temperature. The
second nearest neighbour, Mn atoms, is connected by Se atoms
on its octahedral sites. By using X-ray diffraction analysis, the
phase compositions of SnS and MnSe microcrystals were
studied. As presented in Fig. 2(a), every diffraction peak can be
positively identified as belonging to the cubic MnSe pyrite
structure, having lattice constants of a = b = ¢ = 5.4 A (JCPDS
No. 01-073-1741), and SnS orthorhombic crystal system with
lattice constants of @ = 4.17 A, b = 11.42 A, ¢ = 4.12 A with
JCPDS No. 00-032-1361. The two pure phases were mixed to
prepare the SnS and MnSe composite. The XRD pattern of MnSe
shows peaks at 26 angles of around 28.6, 32.7, 46.9, 55.8, 58.4,
and 68.6 corresponding to the planes (111),(200),(220),(31
1), (2 2 2), and (4 0 0) respectively. Similarly, the observed peaks
for the SnS phase are at 26 angles of around 26.2, 31.3, 38.8,
43.9, 45.2, 48.9, 50.8, 54.3, 63.6, and 65.4, representing the
planes as following (02 1),(04 0),(131),(002),(150),(112),(1
51),(240), (20 2), and (0 8 0) respectively. The XRD pattern
shows no diffraction peaks due to any type of impurity. Every
peak observed for the SSMS composite is attributed to both SnS
and MnSe pristine phases. Thus, the observed diffraction
patterns verify that the SnS/MnSe nanocomposite was success-
fully formed. Fig. S1f shows the Rietveld refinement of the
SSMS sample done by X'pert Highscore Plus (PXHP) software.
The scale factors and profile parameters are calibrated with
respect to a standard profile. The reliability factors like the
weighted profile factor (R,.), expected factor (Re), and
goodness-of-fit (x*) were used to examine the quality of fit of the
experimental data. The goodness-of-fit x> is defined as the ratio
of Ry, . and Rexp.*® The findings of different R factors of Rietveld
refinement for the present sample, along with the lattice
parameters, are as follows R, = 28.8, Rey, = 9.3, and the
goodness-of-fit x> = 9.5. As we got the cubic phase of MnSe, the
lattice parameters are a = 5.4 A and orthorhombic for the SnS
phase having a = 5.7 A, b = 12.7 A, ¢ = 3.5 A, respectively.

The strain has a significant potential to affect the electronics
and optical properties of the material. The change in strain can
result in modifications to the bandgap and the electrical band
structure. The strain due to lattice mismatch at the contact
might modify the electrical band structure, either lowering or
increasing the bandgap. Thus, material characteristics may be
modified for specific uses through strain engineering.*® We
have calculated the strain value of compositions from the XRD
data and found that the SSMS composite has a lower strain
value of 0.0025 than the pristine SS and MS compounds. At the
same time, the SSMS has a lower bandgap value than the SS and
MS, which might be due to the effect of tensile strain in the
composite structure.”” The composite shows a low strain value
as calculated from XRD data; therefore, strain has no significant
effect on modulating the properties of the SSMS composite
material.

The study of the structural alterations in the prepared
samples was conducted using Raman spectroscopy. As shown in
Fig. 2(b), spectroscopic analysis was conducted at room
temperature from 50 to 600 cm . Vibrations associated with
variations in polarizability and consequent modifications to the
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molecule structure can be more easily identified thanks to the
Raman spectra. They contain details on atomic structures and
chemical bonds. From the figure, it is observed that two notable
peaks are present throughout the spectra. The sample SS has
one peak at 316 cm ', and sample MS has one prominent peak
at 236 cm™*. The composite sample SSMS has both the peaks
present in SS and MS samples in the same position. The peak at
316 cm ™' is assigned to the SnS vibrational band, which is
absent in the MS sample and again reappeared in the SSMS
composite sample.?® Likewise, the peak observed at 236 cm™*
for the MS sample is attributed to the longitudinal optical (LO)
phonon mode of the MnSe system, which is absent in the SS
ample and reappeared in the SSMS heterostructure sample.*
The observed data show good agreement with the XRD data.
Raman analysis also confirms the formation of the SSMS het-
erostructure material.

3.2. FESEM, EDX, elemental mapping and TEM analysis

The morphology analysis was done using the FESEM images.
Fig. 3 shows the morphology of SS, MS, and SSMS hetero-
structure samples. Here, we can observe that individual SS and
MS samples show different shapes, and both shapes are found
in the composite SSMS sample. It clearly shows the formation of
the SSMS heterostructure. The SS sample shows nano sheet-like
morphology having an average sheet length of 550 nm. Simi-
larly, the MS sample has rectangular shapes with an average
120 nm length that are uniformly distributed throughout the
sample. In the SSMS sample, the rectangular shapes of MS
changed to cubic shapes. The SSMS sample has both the sheet
and cubic shape morphology, confirming SSMS heterostructure
formation.

Fig. 4 shows the EDX images of all the prepared samples,
confirming the corresponding compositional elements in the
respective compositions. The SSMS heterostructure shows the
presence of all the compositional elements, including Mn, Sn,
S, and Se. The EDX table is presented in the ESI file.t Table S1}
shows the atomic percentage of the compositional elements.
The corresponding mapping image of the SSMS sample is pre-
sented in Fig. S2 of the ESL

Additionally, the HR-TEM and SAED studies were used to
calculate the particle size and crystallinity of the synthesized
sample. Both nanosheets and cubic morphology are visible in
the TEM picture of the SSMS heterostructure, as shown in
Fig. 5(a). The value of lattice spacing is evaluated from the
HRTEM images, and its associated lattice plane is depicted in
Fig. 5(b). The spacing value is determined to be around 0.28 nm
and 0.27 nm, which represents the (0 4 0) and (2 0 0) lattice
planes of SnS and MnSe phases, respectively. Thus, it confirms
the formation of the heterostructure, which also matches the
XRD data of the SSMS sample. The SAED patterns represent the
crystallinity of the sample shown in Fig. 5(c). The development
of crystalline nanoparticles is confirmed by the SAED pattern,
which looks into the particular ring pattern with bright spots.
Overall, the structural analysis, including XRD, HRTEM, and
SAED, shows that all the results are consistent and agree with
each other.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00684d

Open Access Article. Published on 17 October 2024. Downloaded on 4/18/2026 5:23:29 AM.

Paper

Fig. 3

(a)

768
672!

Sn

Sn

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Intensity (arb. unit)
B8 &3

106 159 212 265 318 in
Energy (KeV)

[{ec

°
®
=

ty (arb. unit)

omm 063K
042K

021K

Intens

14

View Article Online

Nanoscale Advances

(b)

Mn
Se
Se

ERR—
132

oo

099

Energy (KeV)

0.00 033 0.66 165 231

Mn Mn

Mn
Mn

o
8%

067

201

Energy (KeV)

335 402 469 603

Fig. 4 EDX images of the (a) SS sample, (b) MS sample, and (c) SSMS heterostructure.

3.3. Optical analysis

Fig. 6(a) illustrates the variation in reflectance with wavelength,
which ranges from 200 to 1800 nm of prepared materials. UV-
visible spectroscopy was used to get the synthesized material's
reflectance data using an integrating sphere. It is noticed that

© 2024 The Author(s). Published by the Royal Society of Chemistry

the MS sample has a higher reflectance value than the SS
sample, and the heterostructure shows the reflectance value
between the MS and SS samples. In our earlier investigations,
we found similar outcomes where SnMnSe has a higher reflec-
tance value than SnMnS.***' The Kubelka-Munk principle was
employed to calculate the optical band gap value from
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Fig. 5

(a) TEM image, (b) HRTEM image, and (c) SAED pattern of the SSMS heterostructure.
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(a) Reflectance of SS, MS, and SSMS samples, (b) direct bandgap of SS, (c) direct bandgap of MS, and (d) direct bandgap of the SSMS sample.
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reflectance data.* Suppose the particle size is the same or
smaller with respect to the input light's wavelength, and the
diffused reflectance spectra do not allow the secondary contri-
butions of diffraction, refraction, and reflection. In that case,
the reflectance is unaffected when the sample's thickness falls
within the appropriate restriction. In the Kubelka-Munk theory
‘R’ represents the reflectance of an infinitely thick specimen.*
In that case, the Kubelka-Munk hypothesis is valid. This
equation can be written as*
k (1-R.)

P TEF(RL») (1)

R is called the diffuse reflectance, and F(R) is considered the
Kubelka-Munk function. Again, the optical band gap values E,
and the Tauc relation associate the absorption coefficient. The
relation can be expressed as,**

ahv = A(hy — Ep)™ 2

«a is the linear absorption coefficient, 4 is the proportionality
constant, and n is the frequency of light. For the crystalline
samples, the value of “m” is taken as 1 to calculate the direct
band gap. When the incoming light has exact diffuse scattering,
then absorption k equals to 2«. In this case, the scattering
coefficient ‘s’ is considered constant. Therefore, the absorption
coefficient “k” and the F(R) are proportionate. By using eqn (2),
we can get the expression.

[F(R) = A(hy — Ey) (3)

By drawing the (F(R. )hv)® vs. hv, we can evaluate the bandgap of
the synthesized material. Fig. 6(b-d) show the direct optical
bandgap calculation, and the indirect bandgap calculations are
presented in Fig. S3 of the ESI file.7 The bandgap values of all
the prepared samples are tabulated in Table 1. It was noticed
that the bandgap of the synthesized materials had very small
values.* Similar results were found in our previous study. The
MS has a bandgap value of 1.33 eV; similar results were also
reported for the direct bandgap of the MnSe composition.** The
SM sample has an indirect bandgap value of around 0.86 eV,
which matches the values reported previously.”® Qasem et al.
have reported a bandgap value of around 1.22 eV for MnSe,
which is nearly equal to the value we got in Table 1 for the MS
sample.*” Similarly, SnS also has reported bandgap values from
1 to 1.2 eV, which is nearly equal to the calculated value we
presented in Table 1.*® The prepared SSMS composite sample
exhibits a low bandgap value. Several reports also suggest that

Table 1 Optical parameters of SS, MS, and SSMS samples

Estimated optical parameters SS MS SSMS
Direct optical bandgap () (eV) 1.08 1.33 0.42
Indirect optical bandgap (E;) (eV) 0.86 0.97 0.32
Refractive index (n) 3.30 3.10 4.32
Dielectric constant (&) 10.90 9.63 18.70

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the bandgap of the composite sample is lower than the pure
composition due to the increase in the particle size.’*** A
common optical parameter crucial for applying optical mate-
rials in the construction of optoelectronic devices is the
refractive index. Higher refractive index and lower bandgap
materials are thought to be more effective options for use in
solar cells, waveguides, and detectors.”* The ‘n’ value of the
prepared material can be calculated by using the bandgap value
in the Dimitrov and Sakka equation.*

1
n—1 E,\2

=1 4
n*+1 (20> )

The calculated refractive index varied according to the
bandgap values. The dielectric constant is an important
parameter that can indicate the capability of a material to
concentrate the electric flux. It can be expressed as the ratio of
sample’s permittivity to the permittivity of free space (e = n”).
The obtained dielectric constant and refractive index values are
shown in Table 1.

3.4. XPS analysis

The XPS analysis aimed to investigate the elemental oxidation
states in the produced sample. Surface science methods such as
XPS are used to figure out the binding states and elements
composed of materials. Since it can detect a wide variety of
elements and their valence states, it is useful for identifying
changes in a molecule's structure and their interactions with
metal centers. Fig. 7(a) shows the survey scan of the SSMS
sample, which confirms the presence of the constituent
elements, namely Mn-2P, Sn-3d, S-2p, and Se-3d. The SSMS
materials depicted in Fig. 7(b and e), which stand for Mn 2p and
Se 3d, respectively, were subjected to XPS analysis to determine
their chemical compositions and surface electronic states. Li
et al. have reported that Mn** 2p,/, and Mn** 2p;, are repre-
sented by peaks at 654.0 eV and 641.8 eV, respectively, and they
denote the positive bivalent charge of the Mn ion.” In the
meanwhile, binding energies of 56.1 eV and 55.3 eV may be
repeatedly ascribed to Se®>” 3ds, and Se®” 3ds, respectively,
indicating that the Se ion has minus two charges in the
produced sample and is compatible with the mentioned study.*
Fig. 7(c and d) show the XPS spectra of Sn-3d and S-2p elements.
The figure shows that the peaks with the binding energies 494.8
and 486.3 eV are attributed to the Sn 3d;, and Sn 3dsp,
respectively.** Similarly, the peaks at the binding energies 161
and 161.9 eV correspond to S 2p3, and S 2p,,, respectively.*
These results provide evidence for the successful synthesis of
the SSMS heterostructure. The fitting of XPS curves for all the
compositional elements is presented in Fig. 8. From Fig. 8(a),
we found that the deconvoluted peaks show clear peaks for Mn
2p: and Mn 2pg/, at 384 eV and 354 €V, respectively, having
a peak separation energy of 11.8 eV. Menezes et al. have re-
ported that the deconvoluted Mn 2p peaks show a spin-orbit
level energy spacing of 11.5 eV and are typical for Mn**-based
materials.*® For element Sn, the peak separation energy is about
8.5 eV which is nearly equal to the separation energy of 8.6 eV as
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Fig. 7 XPS spectra of (a) SSMS survey, (b) Mn 2p, (c) Sn 3d, (d) S 2p, and (e) Se 3d.

reported by Xia et al. for Sn**.*” For element S, the fitting is
proper with the peaks 2p;, and 2pz, at 161.9 and 161 eV,
respectively. From Fig. 8(d), Se 3ds/, peaked at 54.8 eV, and Se
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3d;, peaked at 55.9 eV having a peak separation energy of
1.1 eV. In the present study, the binding energies of Se 3ds/, and
Se 3dj,, were between 54.6 and 57.5 eV, indicating that the
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particulate matter was elemental Se. The report by Han et al.
states that the Se 3d peak binding energy of Se(iv) was greater
than 58.0 eV, with elemental Se ranging from 54.6 to 57.5 eV and
Se compounds ranging from 52.8 to 55.7 eV.*®

3.5. Electrical analysis

Studies have been done on the material's electrical character-
istics in light of its possible application in the manufacturing of
optoelectronic devices. At ambient temperature, the I-V exper-
iment was done with a DC voltage scanned from —10 to +10 V.
The I-V curve for synthesized samples is displayed in Fig. 9. The
MS sample shows good electrical characteristics, whereas the SS
sample shows relatively low electrical characteristics. The SSMS
sample shows different electrical properties from both the SS
and MS samples, and the values lie between the two pure pha-
ses. Thus, it also confirms the formation of the SSMS hetero-
structure of two pure phases SS and MS. The SS sample shows
a maximum current of 97 nA, whereas the MS sample shows
a maximum current value of 8.5 nA, and the heterostructure
SSMS shows a maximum current of 64 nA under light condi-
tions. The comparative I-V plots of all the samples under both
dark and light conditions are shown in Fig. S4 of the ESI filet for
a comparative study. Here, it can be observed that the light
current shows a higher value than the dark current in all three

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 /-V characteristics of SS, MS, and SSMS samples.

cases.”” This increase in photocurrent compared to the dark
current can be attributed to the charge separation and the
interaction between the light and material.

3.6. Dielectric study

3.6.1 Dielectric constant, AC conductivities, and dielectric
loss. The dielectric characterization explains the electrical
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characteristics of the prepared nanoparticles and their impact
on grain boundaries. Contributions from dipolar, ionic, and
space charge elements can all affect the sample's dielectric
characteristics. The modification of dielectric parameters of
polycrystalline samples in the optical frequency range is greatly
influenced by electronic polarizability. The separation of posi-
tive and negative ions causes ionic polarization.*® Surface
roughness is one morphological characteristic that might alter
the dielectric properties by changing the surface states and
trapping processes. Rough surfaces can disperse charge
carriers, altering both conductivity and dielectric loss.'* The
material's capacity to polarize in reaction to an external electric
field affects its dielectric characteristics. Chemical states, grain
boundaries, and crystal structure are important factors.
Minimal dielectric loss is essential for effective energy storage
and transfer, and high dielectric constant materials are
preferred for capacitors. Temperature and frequency depen-
dence of the sample dielectric properties are investigated.
Fig. 10(a) and (b) show the dielectric constant and loss tangent
variation based on the sample SSMS frequency. Both ¢, and the
loss tangent exhibit a reduction of values that becomes steady at
higher frequencies as the frequency increases. Coskun et al.
have also observed that the real dielectric constant declines as
the frequency increases.®® The phenomenological theory of

View Article Online

Paper

Maxwell-Wagner and Koop shows different polarization
processes that can explain the dielectric characteristics. The
observed high values of & and dielectric loss at the low-
frequency range may be due to the influence of different
factors like the electron cloud's displacement, the dipole's
orientation along the field direction, the development of space
charges, and the ion separation over short distances.**** The
overall polarization is reduced since the electron follows the
rapidly varying frequency. Therefore, at high frequencies, both
loss of tangent value and a decrease in the dielectric constant
are caused by the decline in the polarization value.

The ¢, and tan (9) fluctuations, according to the temperature
of the sample SSMS, are displayed in Fig. 10(c) and (d).
Temperature, ionic, and dipolar polarization are the main
factors influencing low-frequency fluctuations in the dipole and
ions. As a result, the amount of ¢, and dielectric loss grow in
increasing order as temperature rises. Furthermore, there is
a large dissipation factor in the composite, including magnetic
components.*** The dielectric constant results show that as
temperature rises, peak intensity diminishes at higher
frequencies. The material's dielectric relaxation phenomenon
may be the cause of this behavior.*®

The changes of AC conductivities according to frequency and
temperature are depicted in Fig. S5(a) and (b).T These values are
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(a) The frequency-dependent dielectric constant, and (b) dielectric loss. (c) The temperature-dependent dielectric constant, and (d) loss
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calculated through the equation o,c = w tan de.&,, here w is the
angular frequency, ¢, is the permeability of free space. At low
frequencies, the material's AC conductivities become noticeably
more apparent. The onset of AC conductivity is referred to as the
hopping frequency. The hopping frequency rises as the
temperature rises, suggesting that conductivity is temperature-
dependent and possibly thermally regulated. As a function of
frequency, conductivity values are higher at low regions, which
might be because of grain boundary contribution. Similar
outcomes were also obtained in our earlier work. Similarly, the
change in conductivities with respect to inverse temperature at
different frequencies is shown in Fig. S5(b).t An increase in
temperature excites the charge carriers over a small distance,
leading to improved conductivities.

3.6.2 Impedance and modulus spectrum analysis.
Complex impedance spectroscopy (CIS) serves as a method for
investigating the electrical attributes and diverse relaxation
activities within dielectric materials.**® In the necessary
frequency domain, both parts, real and imaginary of complex
impedance are evaluated at once and can be shown as,*

zZ=27 —iz" (5)
where Z' = Zcos § and Z" = Zsin § are real and imaginary parts
of impedance, respectively. The measurement of Z' and z’
according to frequency is depicted in Fig. 11(a) and (b). It is
evident from the graph that when the temperature and
frequency rise, the Z' value falls. At high frequencies, the
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dissipation of space charges at grain boundaries is depicted by
the convergence of Z' curves at temperatures exceeding 1000
kHz. This convergence also signifies the constancy of conduc-
tivity at elevated frequencies. The curve for Z' with frequency at
various temperatures monotonically decreases with a negative
slope. This result of Z' indicates that the SSMS sample has
semiconducting characteristics.®® The behavior of Z', which
exhibits a decrease with rising temperature and frequency, is
consistent with the increasing conductivity with increasing
temperature and frequency. This behavior demonstrated a link
between the sample's conducting and resistivity characteris-
tics.®* The Z' exhibits a constant value at high frequencies at
various temperatures, which indicates the space charge release.
The resistive qualities become less as temperature increases,
leading to an increase in AC conductivity as the material
temperature rises. Fig. S6 in the ESI filet displays the Nyquist
plot of the SSMS sample for 100 °C and at room temperature
data. The inset figures display the corresponding circuit
arrangement (Q(RQ)). The different patterns show the electrical
processes that are going on within the sample and may be
connected to the microstructure changes that had an impact on
the dielectric and electrical conductivity.

Fig. 11(b) depicts the imaginary component Z” fluctuation
with the frequency. It is evident from the figure that when the
frequency rises, the Z” decreases. The steady decline in Z”
indicates that there is less current dissipation in lower
temperature zones. Z” descends toward higher frequencies
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(a) Plot of (Z) versus frequency, (b) Z” versus frequency, and (c and d) temperature-dependent alteration in the M" and M” with frequency.
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before merging at all temperatures, indicating that space charge
has accumulated in the sample. It has been demonstrated that
complex impedance analysis can identify the transport charac-
teristics that occur between the grain and grain boundaries and
provide a more thorough explanation for the variations in
conductivity (both ac and dc), dielectric losses, and dielectric
permittivity.

The investigation in electric modulus M* gives a basic
knowledge of the electrode polarization effect, conductivity
mechanisms, and relaxation processes that take place in the
generated sample.®>* The electric modulus M* is composed of
two components: the real part (M) and the imaginary part (M").
The real component can be represented as M’ = (—1)wC,2",
while the imaginary component is given by M" = wC,Z'. Here, »
denotes the angular frequency, and C, = ¢,A/d represents the
geometrical capacitance of the dielectric material.®

’ "

, € " €
=g—madM = —0p
e+ ¢? &2 4- €2
, z" , VA
where ¢ = ,, orande = —————.
wCy(Z"? +Z?) wCy(Z"? +2Z7?)

The M approaches zero for higher temperature conditions at
lower frequency ranges, as shown in Fig. 11(c), indicating
a negligible electrode effect. The relaxation peak on the low-
frequency side of the frequency versus M" curves approaches
the high-frequency side as the temperature rises. This shows the
dielectric relaxation in the prepared sample that is regulated by
heat, indicative of non-Debye-type behavior.**

4. Conclusion

In this work, we synthesized SnS and MnSe compositions using
the hydrothermal method and then prepared the SnS/MnSe
heterostructure. We investigated the structural, optical, elec-
trical, and dielectric properties of the SnS/MnSe hetero-
structure. The structural analysis confirms the formation of the
SnS/MnSe heterostructure from the SnS and MnSe pure phases.
The individual MnSe and SnS compositions exhibit suitable
optical characteristics with bandgap values of around 1.3 and
1 eV, respectively, while the prepared SnS/MnSe heterostructure
has a very low bandgap value of about 0.4 eV. As a result of low
bandgap values, the sample shows a high refractive index,
which was calculated utilizing the Dimitrov and Sakka formula.
Both pure phases showed different morphologies, but both
morphological shapes were detected in the SnS/MnSe hetero-
structure. The SnS/MnSe sample shows different electrical
properties from both the SS and MS samples and the values lie
between the two pure phases. The dielectric measurement
showed the increment of ¢ and tan (6) with the rise in
temperature and frequency decline. This is because of the
macroscopic distortion of charges and space charge polariza-
tion. At low frequencies, the AC conductivities showed high
values and increased for higher temperatures. The prepared
SnS/MnSe heterostructure shows different optical and electrical
properties than the pure phases. All the above results indicate
that the SnS/MnSe heterostructure can be used in optoelec-
tronics and dielectric applications.
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