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Preface

Chalcogenides have attracted the attention of the research community for decades 
because of their distinctive characteristics. In recent years, chalcogen-based materials 
have been used in various micro-electronics and energy devices, owing to their high 
feasibility, good mechanical properties, tunable electronic structures, and attractive 
electrical conductivity. This book describes the synthesis of chalcogen-based materi-
als and their various uses. It is divided into three sections: “Chalcogen Fabrication”, 
“Solar Cells and Batteries” and “Nanoscale Devices”.

Section 1 includes four chapters that discuss the preparation of chalcogens for dif-
ferent applications. Chapter 1 describes the recent developments of multifunctional 
characteristics of chalcogen thin films. It also provides a detailed overview of the 
capability of chalcogen-based materials in supercapacitors, perovskite solar cells, 
thin-film sensors, and tandem solar cells. Chapter 2 designs the physical proper-
ties calculation of beryllium selenide (BeSe) by M.A. Ghebouli and B. Ghebouli. 
First-principles calculations were carried out using Cambridge Serial Total Energy 
Package (CASTEP) code. The authors estimate the hybrid functional parameters 
such as structural, elastic, electronics, and optical properties of zinc-blende and 
NiAs phase of BeSe. Chapter 3 summarizes spectroscopic studies of mechanically 
exfoliated PtSe2. It describes the electronic band structure and density of states for 
monolayer, bi-layer, tri-layer, and bulk PtSe2. Theoretical approximations determine 
the structural behavior of 1T phase PtSe2. Chapter 4 describes a series of synthetic 
organoselenium compounds such as ebselen analogues, diaryl selenides, spirodi-
oxyselenurane, and spirodiazaselenuranes and their glutathione peroxidase (GPx) 
catalytic activity. 

Section 2 includes two chapters on energy-based applications of chalcogenides such as 
perovskite solar cells and batteries. Chapter 5 describes the fabrication of perovskite 
solar cells using transition metal dichalcogenide (TMDs) as the electron transport 
layer. Moreover, it investigates the role of TiS2-, MoS2-, and WS2-based electron 
transport layers in perovskite solar cells. Chapter 6 discusses chalcogen (sulfur, 
selenium, and tellurium (SSTs))–tuned batteries. It describes aluminium ion batteries 
supported by SST cathodes. It also demonstrates various chalcogen substitutions in 
Li-ion and metal-ion batteries. 

Section 3 includes chapters related to the fabrication of semiconducting nanodevices 
using chalcogen materials. Chapter 7 discusses the temperature-dependent assess-
ment of conductivity, terahertz generation, and charge carrier dynamics. It also 



discusses chalcogenides such as bismuth selenide, bismuth telluride, and antimony 
telluride and their charge movements. Finally, Chapter 8 describes the recording 
characteristics of chalcogenides. 

This edited volume discusses the preparation of chalcogenides and their circular angle 
uses in different industries. 

Dhanasekaran Vikraman
Division of Electronics and Electrical Engineering,

Dongguk University-Seoul,
Seoul, Korea
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Chapter 1

Recent Developments on the 
Properties of Chalcogenide  
Thin Films
Ho Soonmin, Immanuel Paulraj, Mohanraj Kumar,  
Rakesh K. Sonker and Pronoy Nandi

Abstract

Chalcogenide thin films have attracted a great deal of attention for decades 
because of their unique properties. The recent developments on thin film-based 
supercapacitor applications were reported. As a result of sustained efforts, the 
experimental findings revealed remarkable properties with enhanced fabrication 
methods. The properties of perovskite solar cells were discussed in terms of crystal 
structure and phase transition, electronic structure, optical properties, and electri-
cal properties. Perovskite solar cell has gained attention due to its high absorption 
coefficient with a sharp absorption edge, high photoluminescence quantum yield, 
long charge carrier diffusion lengths, large mobility, high defect tolerance, and low 
surface recombination velocity. The thin film-based gas sensors are used for equally 
the identification and quantification of gases, and hence should be both selective and 
sensitive to a required target gas in a mixture of gases. Metal chalcogenide materials 
are considered excellent absorber materials in photovoltaic cell applications. These 
materials exhibited excellent absorption coefficient and suitable band gap value 
to absorb the maximum number of photons from sun radiation. The photovoltaic 
parameters were strongly dependent on various experimental conditions.

Keywords: thin films, semiconductor, band gap, solar cells, sensor,  
chalcogenide materials, supercapacitor, power conversion efficiency

1. Introduction

Chalcogenide thin films have attracted a great deal of attention for decades because 
of several reasons such as earth abundancy, environmental friendly [1–3], excellent 
structural [4–6], electrical [7–9], and optical properties [10–12]. These materials could 
be employed in various applications such as solar cells [13–15], ultraviolet light emit-
ters, laser devices [16], spin functional devices, gas sensors, transparent electronics, 
corrosion resistant coating [17], microelectronics [18], optics, magnetic and acoustic 
wave devices. Several deposition methods including chemical vapor deposition [19], 
physical vapor deposition [20], sputtering [21], SILAR, spray pyrolysis [22], chemical 
bath deposition [23–26], vacuum evaporation method [27], and electro deposition 
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method [28, 29] have been used to produce thin films. Generally, these deposition 
methods could be divided into physical method and chemical techniques. Researchers 
highlighted that the chemical deposition method has many advantages such as inex-
pensive, and convenient for large area deposition [30–32].

Supercapacitor has been considered as one of the potential energy storage systems. 
The redox electrochemical capacitors and the electrochemical double layer capacitor 
have been extensively investigated by many researchers. Researcher reported that 
transition metal oxide, conducting polymers, and metal oxide thin films have been 
tested in supercapacitors. The perovskite structure consisted of the crystal structure 
of calcium titanium oxide. This material showed high absorption coefficient with a 
sharp absorption edge. The organic-inorganic hybrid perovskites based solar cell was 
made from sandwiching a perovskite absorber layer between the electron transport 
layer and hole transport layer. The obtained solar cells showed some unique advan-
tages such as low-temperature processes for all sub cells, compatibility with flexible 
and lightweight applications. The thin film-based sensor could be used to convert 
physical or chemical quantity into equivalent electrical for measurement. Sensor is 
critical in improving the reliability and efficiency of manufacturing operations by 
providing faster and more accurate feedback regarding product quality.

In this book chapter, thin film based solar cell, thin film based supercapacitor and 
thin film based sensor will be discussed. The properties of the obtained films were 
reported. Lastly, the advantages and limitations of these materials will be highlighted.

2. Thin film based supercapacitors

Recently electronic devices such as computers, roll-up displays smartwatches, 
mobile phones and other portable devices abound in the twenty-first century. For 
greater performance, improved energy storage devices are required to reduce the 
energy consumption of these smart electronic devices [33]. As a result, devices with 
long-lasting battery, high power outputs, and quick recharge times are required. As a 
consequence, it is critical to create innovative energy storage materials and devices. 
The realities of scarcity of fossil fuels, and environmental damage should all be con-
sidered in this endeavor [34]. By modify the surface properties of the electrodes with 
a long life cycle, the supercapacitor (SC) is such an effective energy-saving technol-
ogy that is environmentally friendly with quick charging, and high energy density are 
just a few of the benefits [35]. However, this redeemer (supercapacitor) has issues. 
Nevertheless, in comparison to lithium batteries, such savior (supercapacitor) has 
challenges such as poorer energy density, unavailability, and the high cost of ruthe-
nium (IV) oxide (RuO2) and platinum electrode materials, all of whom have stymied 
the supercapacitor development. Supercapacitors, which are versatile, compact, 
ecologically benign, and yet still economical energy storage devices, are in growing 
market. The flexible supercapacitors, which bridges the gap between batteries and 
traditional capacitors, is a bright spot in the realm of energy-saving engineering. 
Flexible-all-solid-state thin film supercapacitor, an innovative novel thing, has gotten 
a lot of interest as unique energy storage devices because of its friendly construction, 
compact size, easy handling, and excellent power density with a quick charging-
discharging rate. The supercapacitor is called as electrochemical capacitors it has a 
fast charging and discharging properties, excellent power density and high specific 
capacitance with compact construction, and inexpensive cost of maintenance. The 
three primary mechanisms of supercapacitor can be classified (Figure 1), which is 
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depending of the reversible redox reactions and the accumulation of charge. There 
is electric double layer capacitors (EDLC), pseudo capacitor, and the combination of 
EDLC and pseudo capacitor called the hybrid supercapacitor [36].

Thin films are very intriguing in modern research for a variety of applications 
in ethanol sensor, photocatalytic, thermoelectric and supercapacitor [37–40]. 
The supercapacitors can store the electrical energy for all the electronic devices 
to stabilize the power supply. Generally, to prepare a pseudo capacitive electrode 
transition metal oxide (TMO) is the most popular approach, however relatively 
higher electrical resistivity restricts whose use several fields. As a consequence, the 
focus of researchers is turning to metal chalcogenides, which have a lower electrical 
resistivity than oxygen due to sulfur’s low electronegativity. The preponderance 
of these metal chalcogenides, mostly sulfides, are made from inexpensive and 
abundant transition metals. For example, Dai and co-workers [41] have prepared 
hierarchically structured Ni3S2 and multi-walled carbon nanotube (MWCNT) com-
posites using the hydrothermal methods and the prepared device can have obtained 
the maximum Cs of 55.8 F g−1, it provides a highest energy density of 19.8 Wh/kg 
at power density of 789 W/kg. Xiao and co-workers [42] prepared a nickel cobalt 
sulfide nanoparticle graphene-based sheet (NiCo2S4@GR) there is no surfactant 
through simple one-step solvo thermal method, which results revealed the maxi-
mum Cs of 1708 F g−1 at a current density of 1.0 A g−1, while comparing without gra-
phene. Mukkabla and co-workers [43] reported a Poly(3,4-ethylenedioxypyrrole) 
(PEDOP) Enwrapped bismuth sulfide (Bi2S3) nano flowers hybrid flexible SCS, 
and composite offered a maximum Cs of 329 F g−1 at 0.4 A g−1. Furthermore, these 
are usually undergoing redox reactions between the metallic ions valence states. 
Besides, TMO and transition metal chalcogenides, various metal nitrides have 
previously been observed has outstanding results as electrodes in supercapacitors 
and lithium ion batteries with impressive results. Recently, metal nitrates also have 
superior abilities in electrochemical properties with excellent chemical stability. 
Metal nitrides have gotten a lot of interest as supercapacitors electrodes since they 

Figure 1. 
Classification of supercapacitors.
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have a lot of benefits. Metal nitrates have three major advantages. (1) It has a high σ 
(electrical conductivity) of 55,500 S/cm−1 while compared to the metal oxides as a 
result shows the excellent power density, (2) compared to the metal oxides and car-
bon based materials metal nitrates have a higher specific capacitance, which results 
shows the higher energy density, and (3) high mechanical stability. These character-
istics make them extremely promising as high-performance supercapacitor elec-
trodes. Balogun and co-workers [44] have summarized the performance of different 
metal nitrides like molybdenum nitrides (MoN), nickel nitride, titanium nitride. 
Among these metal nitrides, molybdenum nitride was considered as the first metal 
nitride which could be used as supercapacitor electrode materials. However, for 
supercapacitor applications, researchers mostly considering their materials cost and 
electrochemical performance. There are many transition metals and metal oxides 
are considerable for supercapacitor applications such as CuO, NiO, Mn3O4, Co3O4, 
Ni or CuCo2O4 and Ni or CuFe2O4 [45–50]. Compared to the other metal oxides, the 
metal ferrite based materials much attracted to the researchers. For example, Fe, 
Ni or Cu based Fe2O4 materials have an excellent performance in the energy storage 
applications. There are two major methods could be used to prepare the thin films 
supercapacitors, namely physical technique (physical vapor deposition and sput-
tering) and chemical method. The successive ionic layer adsorption and reaction 
(SILAR), spin coater, and chemical bath deposition (CBD) are some examples for 
chemical deposition method (Figure 2).

Bandgar and co-workers [51] studied the nature of starting materials on the prop-
erties of NiFe2O4 thin films for flexible supercapacitors. There are several morpholo-
gies could be observed (nanosheet, flower, and feather) through different salts such 
as nickel(II) chloride hexahydrate (NiCl2·6H2O), nickel nitrate [Ni(NO3)2·6H2O], and 
nickel sulfate hexahydrate (NiSO4·6H2O), respectively. The nanosheet based electrode 
material received the maximum Cs of 1139 Fg−1, nanoflower and feather achieved 
the good Cs of 677 and 435 F g−1, respectively. Immanuel and co-workers [52] have 

Figure 2. 
Thin films deposition techniques.
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optimized the Cr doped Mn3O4 thin films for high performance supercapacitors using 
the SILAR method. The experimental results showed that 3 wt % of Cr doped Mn3O4 
thin films exhibited the maximum Cs of 181 Fg−1 at the current density of 1 Ag−1.

Jesuraj and co-workers [53] studied the pristine and Li doped NiO thin films using 
the spin coating method. Kin and co-workers [54] prepared the carbon based flex-
ible supercapacitors using the chemical vapor deposition. Yu and co-workers [55] 
have prepared the cobalt nickel oxide and sulfide heterostructure thin films through 
electrodeposition method for supercapacitor applications. The obtained findings 
revealed the maximum energy density of 78.2 Wh·kg−1 at 542.8 W·kg−1 and the high 
power density of 5440.2 W·kg−1. Recently, Immanuel and co-workers [56] synthesized 
Mn3O4 nanorod thin films via SILAR method. The prepared Mn3O4 thin films showed 
the maximum Cs value of 295 Fg−1 at the scan rate of 2 mVs−1. Vivek and co-workers 
[57] prepared a reliable electrode material, and results obtained a maximum Cs of 
426.40 Fg−1 at a current density of 1 Ag−1. Arulraj and co-workers [58] prepared the 
cubic shaped Ag2S using the CBD method on Ni mesh. The prepared Ag2S used a work-
ing electrode, which electrochemical performance showed the highest Cs of 179 C/g at 
constant charge and discharge current density of 1 A/g.

3. Thin film based perovskite solar cells

Any materials which have the crystal structure of calcium titanium oxide 
(CaTiO3), were known as the perovskite structure and the materials have stoichiom-
etry of ABX3; where “A” is the larger cation, “B” is the smaller cation and “X” is the 
anion. Each unit cell of ABX3 crystal comprises of corner sharing BX6 octahedra, with 
the “A” moiety cubo-octahedral cavity. In case of organic-inorganic hybrid perovskites 
(OIHP), halide anions (I−, Br−, Cl−) are found at the “X”-site anion instead of oxygen, 
while monovalent (CH3NH3

+, CH(NH2)2
+) and bivalent (Pb2+, Sn2+) cations occupy 

the “A” and “B” sites, respectively. Halide perovskites were first reported by Moller 
in 1958 for cesium lead halides [59]. Further, it was also observed that small organic 
molecules with effective radii less than 260 pm [methylammonium (MA), formami-
dinium (FA), hydrazinium, hydroxylammonium) can also accommodate inside the 
PbX6 octahedrons. The word “hybrid” indicates that the crystal is made specifically by 
the combination of “organic” and “inorganic” components. The architecture of OIHP-
based solar cell is quite simple and prepared by sandwiching a perovskite absorber 
layer between the electron transport layer (ETL) and hole transport layer (HTL). A 
standard OIHP based solar cell device has a structure composed of glass/ transpar-
ent conductive oxide (TCO)/TiO2 (ETL)/ mesoporous TiO2 (mp-TiO2)/ perovskite 
(~500 nm)/ HTL/ metal and a quite high efficiency exceeding 20% can be realized 
without including complicated processing steps. The operation of the perovskite 
device is sstraight forward; namely, the photo-electrons and holes created by light 
absorption are collected in the ETL and HTL, respectively, and the electrons flow 
through the outer circuit and recombine with holes at the HTL/metal interface. The 
efficiencies of OIHP-based solar cells have increased all the way from 3.8% in 2009 
to 25.5% for single-junction solar cells, and 29.15% for the highest publicly disclosed 
perovskite/silicon (Si) tandem [60].

The properties of perovskite solar cells were discussed in terms of crystal structure 
and phase transition, electronic structure, optical properties and electrical properties. 
One of the interesting aspect of the crystal structure of halide perovskite is the struc-
tural flexibility of organic cation. Taking MAPbI3 as an example, the disorder-order 
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transition of MA+ cation is believed to trigger the phase transition with the decrease 
of temperature. At high temperature MAPbI3 takes a cubic structure (space group: 
Pm-3 m; Z = 1). Since MA+ has a lower symmetry of C3v, the orientation of MA+ ion 
should be disordered to satisfy the Oh symmetry. As the temperature is lowered, 
tetragonal and orthorhombic phases are realized by an accompanying ordering of 
methylammonium ion. Structural transition from cubic to tetragonal phase occurs 
due to the reorientation of MA+ ion, as observed by nuclear magnetic resonance 
(NMR) studies where lowering the number of disorder states of MA+ was observed 
from 24 in the cubic phase to 8 in tetragonal phase [61]. Below a critical temperature 
(tetragonal-orthorhombic phase transition), the MA+ molecule is frozen (only 1 
degree of freedom) and the symmetry of MAPbI3 become orthorhombic. Similar 
crystallographic phase transition can be realized with replacing I by Br and Cl [62].

The band structure of MAPbI3 exhibits a direct bandgap of 1.6 eV at the R point. 
Calculated band structure suggests conduction band minima (CBM) is dominated 
by the Pb-p orbital, whereas the valence band maxima (VBM) is constituted by I-p 
states mixed with a small amount of Pb-s states, which is consistent with the photo-
emission results [63]. The optical transition of MAPbI3 relies on a direct bandgap p-p 
transition, leading to a strong optical absorption coefficient. Strong s-p antibonding 
enhances dispersion of the upper valence bands [64], which resulted in small effec-
tive masses of electrons (me*) and holes (mh*). Further, it is believed that the role of 
MA+ cation is to maintain the overall charge symmetry and as dictated by the crystal 
structure of the system [65]. However, it was reported that MA+ cation has an indi-
rect impact on the shape and orbital composition of the band edges. The molecular 
orientation of MA+ cation can distort the PbI6 octahedral and affected the cell size 
and bonding of Pb-I, which modulated the density of states near the band edges [66]. 
Other halide perovskites also possess similar ways of electronic band structure.

Organic-inorganic hybrid perovskites are direct band gap semiconductor and the 
direct transition produces large absorption coefficients of the order of 104–105 cm−1. In 
the case of perovskite thin films, the optical properties of perovskites are dramatically 
affected by the quality, composition and morphology of the film [67]. Sizes of the halide 
anions (X = I, Br, Cl) affected the electronic band structure of the system. Large anion 
(iodine based materials) showed a smaller bandgap and corresponded the absorption 
edge at 780 nm; whereas substituting iodine with smaller bromine (chlorine) anion 
shifts the absorption edge to 535 nm (408 nm) for MA+ based perovskite system [68]. A 
systematic blue shift of the PL emission peak is observed with the increase of Br concen-
tration in mixed halide perovskite of the type MAPb(I1−xBrx)3. Further, replacing MA 
with CH(NH2)2 red shifts the absorption spectra by 40 nm, which makes CH(NH2)2PbI3 
more suitable for high-performance solar cell applications [69]. Intermediated solid solu-
tions of MASn1−xPbxI3 with x = 0.25 and 0.5 exhibited the smallest band gap of 1.17 eV 
[70]. Irrespective of bandgap tuning, fundamental understanding of absorption and PL 
spectra are essential to study the basic photo physical properties of hybrid perovskite. 
In spite of several optical investigations performed at different temperatures, there have 
been a lot of ambiguities in the data as well as its interpretations, especially observation 
of multiple peaks in the photoluminescence (PL) spectrum of organic-inorganic hybrid 
perovskites. Literature reports excitonic emission, tetragonal inclusion in orthorhombic 
phase, order-disorder transition, surface-bulk effects are responsible for these multiple 
PL emissions [71].

Space charge limited current (SCLC) is one of the effective approaches to measure 
mobility, diffusion length and trap density of hybrid perovskites. Due to the advance-
ment in fabrication techniques, the diffusion length of hybrid perovskite has increased 
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from 1 to ~10 μm in about 3 years [72]. This improvement reflects the progress that has 
been recently made in producing samples with better structural order and morphol-
ogy. Further, it is also observed that the diffusion length has a strong dependence on 
the grain size of the film. The results showed that more than 1 μm diffusion length has 
been achieved by realizing films with an average grain size of 2 μm. The perovskite 
single crystal was found the highest measured diffusion length (10 μm) [73]. Carrier 
mobility of hybrid perovskite has also been improved over the years and exhibited 
morphology dependence. Mobility values exceeding 10 cm2V−1 s−1 have been mea-
sured in perovskite film [74] and above 100 cm2V−1 s−1 in perovskite single crystals. 
Further, it is also observed that the mobility (and also diffusion length) did not exhibit 
a strong dependence on the material composition. Further, the dielectric constant 
(relative permittivity) is a complex number given by, ε = ε/−ε//, where the real part ε/ 
is the charge storage ability and the imaginary part ε// is the energyloss. For MAPbI3, 
a small ε/ is obtained (ε/= 6.5 in experiment, while 5.6 to 6.5 in calculation) at optical 
frequency and only electronic polarization takes part in dielectric process [75]. With 
the decrease of frequency, ionic polarization and dipolar polarization (contribution 
from MA+ dipoles) leading to enhanced ε/ (ε/

low ~ 60 at 100 KHz).This large dielectric 
constant facilitates the screening effect of Coulombic attraction between photoexcited 
electron-hole pairs (excitons), so that they can be separated easily. Also, noncentro 
symmetric crystal structure in tetragonal and orthorhombic phases proposed OIHP are 
ferroelectric in nature. It is also believed that ferroelectricity may give rise to hysteresis 
observed in current-voltage (I-V) curves. However, observation of ferroelectricity in 
hybrid perovskite is not well justified from polarization-electric field (P-E) hysteresis 
loop and second harmonic generation experiments. Despite the above controversies, it 
is of great interest to study the order-disorder transition of hybrid perovskites due to 
MA+ orientation inside the PbX6 octahedral [76].

Perovskite solar cell has gained attention due to favorable material properties 
of OIHP, which include a high absorption coefficient with a sharp absorption edge, 
high photoluminescence quantum yield, long charge carrier diffusion lengths, large 
mobility, high defect tolerance, and low surface recombination velocity. At the same 
time, easy solution processability and completely tunable optical bandgap from blue 
to red regions of wavelength just by mixing the B-site cation (Pb-Sn) and the X-site 
anion (I-Br-Cl), while maintaining the sharp absorption edge makes the OIHP family 
a potential candidate for application in multijunction/tandem solar cells. Another 
strong advantage of hybrid perovskite solar cells is quite high Voc, which can be 
explained by the suppression of the defect formation in the bulk layer as well as at the 
interfaces. It is observed that OIHP solar cells with Eg < 1.65 eV, the open circuit cur-
rent (Voc) is remarkably high and Voc increases with band gap (Eg) without significant 
Voc loss. In particular, a quite high Voc of 1.26 V has been reported for a pure MAPbI3 
cell, which is very close to the theoretical limit of 1.32 V, with Voc loss of only 60 mV. 
High absorption coefficient and low nonradiative recombination rate of OIHP solar 
cell resulted very small short circuit current (Jsc) loss. We know that photovoltaic 
devices rarely operate at room temperature, and high power output is necessary 
even under high-temperature operation conditions. It is observed that OIHP solar 
cell shows the lowest temperature coefficient (TC) of −0.17%, which is far better 
than other photovoltaic devices. Also nearly 90% efficiency is maintained even at a 
high operating temperature of 85°C. Further, OIHP-based solar cell exhibited some 
unique advantages such as low-temperature processes for all sub cells, compatibility 
with flexible and lightweight applications, low life-cycle environmental impacts and 
embodied energy, and potentially low fabrication costs.
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Although OIHP solar cells produced quite impressive efficiency, they have several 
limitations too and to overcome these limitations are the major challenge for the com-
mercialization of these devices. One significant drawback of OIHP is degradation of 
these perovskite materials under a range of environmental factors such as humidity, 
illumination, oxygen, and thermal stress. OIHP solar cells are ionic crystals, and the 
presence of H2O leads to the decomposition of the perovskite structures to hexagonal-
shaped PbI2/hydrate crystals; which can be suppressed by introducing protective 
(passivation) layers. In case of mixed halide perovskites strong photo-induced phase 
segregation occurred under illumination and judicial choice of A-site cation can 
minimize this instability. Further, it is observed that a higher level of performance 
in OIHP solar cell is hindered by anomalous hysteretic behavior and large discrep-
ancy between the forward and reverse scans put a question on the reproducibility 
of power conversion efficiency (PCE) of the device. In searching for the possible 
origins of hysteresis, several explanations such as ion migration, charge trapping/
detrapping, photoinduced capacitive effect, and ferroelectricity have been imposed. 
Among them, ion migration and ferroelectricity are believed as feasible origins of the 
hysteresis in transport measurements. Extensive research efforts continue to find the 
long-term stability of OIHP solar cells.

Another major challenge is the realization of large-area module due to its fabrica-
tion limitations. Till now high efficiency of 17.9% has been realized for the large-area 
module with a size of 30 × 30 cm2 (aperture area: 802 cm2), which was formed by 
an inkjet printing technology. Thus development of proper fabrication technique is 
essential to make pinhole free large-area OIHP devices. Also in the large area tandem 
cells, current matching conditions for the top and bottom cells as well as each sub cell 
need to be established; which can be improved through technological advances.

High toxicity of heavy metal (lead) is a serious problem which cannot be neglected 
in OIHP-based solar cells. Although the content of lead (Pb) in OIHP solar panel 
(~1m2) is only a few hundred milligrams, could be severe problems in environmental 
impact. As an alternative people are trying to replace Pb2+ with Sn2+; but the efficiency 
of Sn-based photovoltaic devices are extremely poor. Thus, roof-top application of 
OIHP modules is difficult and large-area operations as solar farms are more appropri-
ate. Also, encapsulation of photovoltaic module and environmentally friendly 100% 
recycling programs are essential for OIHP-based solar modules.

The future of perovskite solar cells was highlighted. As discussed earlier, the 
significantly reduced efficiency upon solar module area scaling-up is still the main 
challenge to face for the commercialization of OIHP-based solar cell. It is observed 
that efficiency decreases to 19.6% when the aperture area increases from 0.1 cm2 to 
about 10 cm2, and further drops to 17.9% with the area approaching 1000 cm2, which 
still lags far behind that of the crystalline silicon cells (26.7% at 79 cm2 and 24.4% 
at 13,177 cm2). Thus, intensive works should be conducted to precisely control the 
uniformity of the crystallization process in large-area perovskite films. Also, the fun-
damental photophysical mechanisms relative to the efficiency loss in OIHP modules 
should be further studied to understand role of surface and interface. Development 
of green solvent systems or the solvent-free deposition technology for fabricating 
large-area perovskite film will be an important research topic in the future. Besides 
the efficiency, more and more attention need to invest in the long-term stability of 
OIHP solar modules. Recently, Okinawa Institute of Science and Technology Graduate 
University in Japan reported over 1100-h operational lifetime for a 10 × 10 cm2 solar 
module. Although many research groups and companies claimed that their devices 
have passed International Electro Technical Commission (IEC) standard test, there 
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are still some stability issues needed to be addressed at the next stage. Thus proper 
development of encapsulation technology is essential and we believe that a growing 
number of studies will move to exploit such multifunctional encapsulation materi-
als in the near future. The single-junction OIHP cells with efficiency above 24% and 
long-term stability can be more cost-effective than tandem cells which may work at a 
PCE of 27–28%. Thus, more efforts should be made in fabrication and scaling up of 
single-junction OIHP-based solar cells with high efficiency, high yield, and long-term 
stability. Development of low-cost large-scale fabrication methods with highly repro-
ducible results is required for commercialization of OIHP-based photovoltaic cells.

4. Thin film based sensor

A thin film-based sensor is a type of transducer which converts a physical or chemi-
cal quantity into equivalent electrical for measurement. It is used to detect the presence 
of stimulus to very low concentrations of toxic or harmful target environment (gases) 
of importance, such as ammonia [77], carbon monoxide [78], carbon dioxide [79], 
nitrogen dioxide [80], sulfur dioxide [81], propane [82], liquefied petroleum gas [83], 
hydrogen sulfide [84], and volatile organic compounds. Worldwide thin film gas sens-
ing technology is playing a major role in protecting the environment and improving 
homeland security. Sensors are also critical in improving the reliability and efficiency 
of manufacturing operations by providing faster and more accurate feedback regard-
ing product quality. In the area of environmental health and safety, lowering the limits 
of detection can improve the quality of life through precise information regarding the 
pollutants in air, water and soil. High-performance thin-film sensors and systems are 
essential to monitoring various kinds and quantities of analysts.

The typically thin film-based sensors are described using the main characteristics 
such as sensing response, stability, repeatability, reproducibility, linearity, response 
time, and recovery time. An efficient thin-film sensor;

• Must have a high sensing response towards a very low concentration of target gas.

• Would give the same sensing characteristics after repeated usage (stability) and 
for different sensors of the same kind.

• Should be capable of responding fast towards a target gas.

• Must regain initial characteristics as soon as the target gas is flushed.

• Thin-film sensor response should increase linearly with increasing the concentra-
tion of target gas.

The thin film-based gas sensors are used for equally the identification and quanti-
fication of gases, and hence should be both selective and sensitive to a required target 
gas in a mixture of gases. Sensitivity defines the smallest concentration of gas/vapour 
that can be fruitfully and repeatedly sensed by a thin film sensor.

Thin film-based semiconductor is commonly used materials as sensor application 
as indicated in Table 1. This is because of its versatile advantages like high sensitivity 
and low manufacturing is metal oxide which contain the elements having one oxida-
tion state because it requires more energy to form more than one oxidation states. 
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Semiconductor metal oxide films have been exploited for the sensing of various toxic 
and harmful gases in the form of ceramics, thick films, thin films or nanostructures. 
Sensors based on ceramics have shown advantages in terms of their mechanical 
strength, large resistance to chemical attack and good thermal and physical stability 
and most of the available commercial sensors are based on ceramics only. One of the 
additional attractive features associated with low temperature operated semiconduc-
tor thin film sensor is that it can lead to a complete integration with well-established 
Si based micro-electronics technology.

The limitation of thin film based sensor was described. A number of thin film sen-
sors might be recognized from sensor arrays which yield slightly different responses 
to various target gases. The availability of thin film gas sensor potentially creates a 
complicated selection problem, and is more important in view of cost and technology 
limitations. Many researchers have self-sufficiently confirmed practical limitations 
to thin film gas detection at low temperature and have attributed it to the require-
ment of high activation energy which can be attained only at elevated temperatures. 
A reduction in the number of sensors to be involved in E-Nose is advantageous due 
to several reasons as discussed. Sensors which exhibit an insignificant response to 

S. 
No.

Material/modifier Temperature 
(°C)

Gas 
concentration 

(ppm)

Response Response/
recovery 

time

Reference

1. SnO2/Pt 200 1000 89 20/27 sec [85]

2. ZnO/PANI 36 1000 13 3.3/9.8 min [86]

3. TiO2/PANI 273 0.1 vol% 0.63 3.3/3.0 min [87]

4. TiO2/Ni 250 1000 37 −/− [88]

5. ZnO/PEDOT: PSS 27 1000 0.58 3.7/3.1 min [89]

6. ZnO/MWCNT 30 1500 61 5.8/3 min [90]

7. h-BN/− RT 3.0 vol% 6.17 55/40 sec [91]

8. PANI/− RT 100 12.10 11/07 sec [92]

9. ZnO-TiO2/PANI 30 20 412 35/54 sec [93]

10. CdS/− 70 20 173 5.52/3.46 min [94]

11. Ag-BaTiO3/CuO 250 5000 0.28 15/10 min [95]

12. CuO-CuxFe3−xO4 250 3000 0.50 9.5/− min [96]

13. CdO 250 5000 0.01 3.33/5 min [97]

14. PEDOT-BPEI RT 1000 0.03 −/60 min [98]

15. La1−xSrxFeO3 380 2000 0.25 11/15 min [99]

16. ZnO 200 3000 0.03 8 /40 sec [100]

17. ZnO-La (50%) 400 5000 0.65 90/38 sec [101]

18. SnO2/PANI/Ag 30 1000 67 1000/900 sec [102]

19. TiO2/Zn RT 1.5 vol% 2.92 120/− Sec [103]

20. Fe2O3/ PANI RT 20 229 2.35/3.8 min [104]

Table 1. 
Literature survey of various gas sensing characteristics of different metal oxidebased nanomaterials with different 
modifiers.
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target gases, increase variance (noise) in E-Nose and do not assist pattern recognition 
process. Furthermore, sensors exhibiting similar responses to the target gases provide 
no additional information and are redundant.

In future, low temperature operation of the thin film sensors is an attractive 
proposition for the industry since it not only holds a promise to cut down the costs 
but also overcome technological limitations of miniature heaters of high wattage. 
In order to identify the target gases other classification technique such as artificial 
neural network approach is required where the selected features/variables obtained 
from principal component analysis (PCA) could be used as input features, and will 
be carried out in future. Therefore, a new methodology or novel design approach is 
essentially required in order to fulfil the essential requirements of future sensor in the 
market.

5.  Metal sulphide, metal telluride and metal selenide thin film based  
solar cells

Metal chalcogenide materials are considered as excellent absorber materials in 
photovoltaic cell applications. These materials exhibited excellent absorption co-
efficient and suitable band gap value to adsorb the maximum number of photons 
from sun radiation. Photovoltaic cell can be used to convert sunlight into electricity. 
These materials have a several advantages such as flexible, lower in weight, have less 
drag and very thin layer (from nanometer to micrometers). Preparation of the films 
has been reported by many researchers via different deposition methods. The proper-
ties of obtained films were studied by using various tools. The obtained experimental 
findings revealed that these materials could be classified into two groups, namely 
p-type and n-type materials. Experimental results confirmed that electron (n-type 
material) can absorb the energy from photons, following that, jump to the p-type 
materials, to produce electric potential.

Metal chalcogenide materials are considered as excellent absorber materials in pho-
tovoltaic cell applications [105, 106]. These materials exhibited excellent absorption 
co-efficient and suitable band gap value to adsorb the maximum number of photons 
from sun radiation [107, 108]. Photovoltaic cell can be used to convert sunlight into 
electricity. These materials have a several advantages such as flexible, lower in weight, 
have less drag and very thin layer (from nanometer to micrometers). Preparation of 
the films has been reported by many researchers via different deposition methods 
[109]. The properties of obtained films were studied by using various tools [110]. The 
obtained experimental findings revealed that these materials could be classified into 
two groups [111, 112], namely p-type and n-type materials. Experimental results con-
firmed that electron (n-type material) can absorb the energy from photons, following 
that, jump to the p-type materials, to produce electric potential.

Based on the global photovoltaic market [113], the market shares of silicon based 
solar cell decreased from 92% (in 2014) to 73.3% in 2020. Silicon based solar cell 
accountable for the highest percentage of market share due to the abundant raw mate-
rial availability and high efficiency value. The thin film based solar cells increased 
from 2014 (7%) to 2020 (10.4%). Solar cell market is expected to growth rapidly due 
to the rising demand for commercial, residential and utility applications. According 
to the market share of thin film technologies [114], there are three common thin film 
materials such as amorphous silicon, cadmium telluride and copper indium gallium 
selenide. Amorphous silicon based solar cell was the oldest thin film technologies, 
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and it dominates overall market from 2000 to 2003. This type of solar cell can absorb 
a wide range of the light spectrum, did excellent in low light, but loses efficiency 
rapidly. The CdTe films have been deposited successfully onto glass. Quaternary 
thin films such as copper indium gallium selenide were prepared via co-evaporation 
method. The global demand for CdTe films and CIGS films was expected to drive the 
market start from 2004 and onwards [114].

The cadmium telluride thin films could be used as solar absorber due to suitable band 
gap value and high absorption coefficient in the visible light region [115]. The materi-
als have high absorption coefficient was able a low absorber thickness (about 1 μm) to 
absorb sufficient sunlight. Generally, several researchers reported the synthesis of CdTe 
films by using various deposition methods such as chemical bath deposition [116], spray 
pyrolysis [117], thermal evaporation [118], molecular beam epitaxy [119], close space 
sublimation [120], pulsed laser deposition method [121], hydrothermal method, elec-
trochemical deposition technique. Researchers pointed out that the CdTe films deposited 
onto glass substrates showed some problems such as heavy and fragile. Currently, more 
and more research activities are focusing on the synthesis of CdTe films onto metal foils 
in order to lower the investment in equipment and infrastructure. The thin film depos-
ited onto flexible substrates could be folded in any shape, and the researcher concluded 
that the supporting structure requirements are minimum if compared to heavy glass 
substrates. Table 2 showed the advantages, limitations, power conversion efficiency of 
CdTe films. Also, the solar power plant was described in the table. So far, the First Solar 
Company is the main producer of CdTe film.

Advantages Limitations Solar power plant Power conversion efficiency (%)

CdTe has band gap 
about 1.5 eV, it can 
absorb sunlight at close 
to ideal wavelength, 
it captures energy at 
shorter wavelength.

Toxic effect 
of cadmium

The Topaz Solar 
Farm was located in 
California, United States. 
The photovoltaic power 
station includes 9 million 
CdTe thin film modules 
[122].

19% as reported by Gloeckler and 
co-workers [123]

The cadmium is 
abundant

Very limited 
availability 
of tellurium

In the Desert Sunlight 
Solar Farm (California, 
United States), it 
employed 8.8 million 
CdTe film modules [124].

13.3% as highlighted by Kamala 
and coworkers [125]

CdTe film based 
solar cell showed 
the shortest energy 
payback time and 
the smallest carbon 
footprint.

It does not 
remain 
stable under 
severe stress

The Waldpolenz Solar 
Park was located in 
Germany, has used 
CdTe film modules, was 
52megawatt photovoltaic 
power station [126].

15% as pointed out by Devendra 
and co-workers [127]

It is very 
important to 
enhance the 
efficiency of 
solar cells

Templin solar power 
plant was located in 
Germany, has installed 
more than 1.5 million 
CdTe film modules [128].

17.8% as concluded by Deb and 
coworkers [129]

9.59% as described by Xixing and 
coworkers [130]

Table 2. 
Advantages, limitations, power conversion efficiencies and CdTe film based solar power plant.



15

Recent Developments on the Properties of Chalcogenide Thin Films
DOI: http://dx.doi.org/10.5772/intechopen.102429

The copper indium gallium selenide (CIGS) thin films have been prepared by 
using different deposition methods such as thermal evaporation method [131], spray 
pyrolysis [132], solvothermal method [133], physical vapor deposition [134], and 
electro deposition method [135]. Table 3 showed the advantages, limitations and 
power conversion efficiency of CIGS thin films. These films showed p-type absorb-
ing layer materials and the tunable band gap (1.07–1.7 eV) value [141]. Researcher 
highlighted that there are 99% of the light will be successfully absorbed in the first 
micrometer of the materials [142]. The solar cell is classified as heterojunction struc-
tures [143]. Generally, the junction is produced between thin films having various 
band gap values. Experimental results showed that the addition of small amount of 
gallium can improve the voltage, boost band gap value and enhance the power conver-
sion efficiency of solar cell [144]. There are several companies produced CIGS solar 
cell such as Solar Frontier, Solyndra, SoloPower, Global Solar, SulfurCell, MiaSole and 
Nanosolar. The solar cell showed open circuit voltage, short circuit current and the 
maximum power values of 5 V Dc, 95 mA and 0.25 watts, respectively.

The copper rich p-type CuInS2 films were synthesized by using thermal co-
evaporation method. The obtained results showed that small (less than 10%) solar 
to electrical conversion losses when the copper to indium ration between 1 and 
1.8. The highest power conversion efficiency was 10.2% as reported by Scheer and 
co-workers [145].

The chemical bath deposition was used to produce Ni3Pb2S2 thin films [146]. The 
photovoltaic parameters such as open circuit voltage (0.61 V), short circuit current 
density (9.9 mA/cm2), fill factor (0.47) and power conversion efficiency (2.7%) were 
studied. The band gap was calculated based on the absorption spectra and was about 
1.4 eV.

The atomic layer deposition was employed to produce SnS films [147] as high-
lighted by Rafael and co-workers. These materials are non-toxic solar cell, and the 
power conversion efficiency was 4.36%. Vera and co-workers [148] reported that 
SnS heterojunction solar cell was made, and reached power conversion efficiency 
about 3.88%.

Advantages Limitations Power conversion efficiency (%)

CIGS thin films have been 
deposited onto substrates 
(flexible)

Less efficient if compared 
to silicon based solar panels

Conventional solar cell: 22.67%. Adding 
the BSF (PbS) layer in solar cell: 24.22% 
as reported by Barman and Kalita [136]

The active layer could be 
deposited in polycrystalline 
form.

Higher production costs if 
compared to other thin film 
technologies.

The highest efficiency is 25.5% as 
highlighted by Sobayel and coworkers 
[137]

Much lower level of cadmium 
will be used during the 
synthesis of thin films

Complex structures The highest power conversion efficiency 
was 26.4% as concluded by Sobayel and 
co-workers [138]

CIGS thin films based 
solar panel indicated better 
resistance to heat.

Boubakeur et al. have achieved power 
conversion efficiency of 21.08%. [139]

Much less expensive if 
compared to silicon based solar 
cells.

Nour and Patane reported the highest 
power conversion efficacy about 24.5%. 
[140]

Table 3. 
The advantages, limitations and power conversion efficiency of CIGS thin films.
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The performance of p-type InSe films for solar cell was reported. The open circuit 
voltage (0.55 V), short circuit current density (7.09 mA/cm2), fill factor (53.85%, and 
power conversion efficiency (0.52%) were highlighted. Researchers explained that 
higher series resistance and reduced shunt resistance lead to lower value of efficiency. 
The band gap values are in the range of 1.75–1.95 eV in as-deposited films, annealed 
films at 250 and 300°C as concluded by Teena and co-workers [149].

The electrochemical technique was used to produce CdSe film MnCdSe films as 
described by Shinde and co-workers [150]. XRD analysis showed the obtained films are 
polycrystalline with hexagonal crystal phase. The SEM images revealed that nanosphere 
morphology and nanonest structure for CdSe and MnCdSe films respectively. The band 
gap value was measured, and the reduced from 1.81 eV (CdSe) to 1.6 eV (MnCdSe). 
The fill factor and power conversion efficiency of CdSe films 0.71 and 0.67%, respec-
tively. The MnCdSe films showed power conversion efficiency about 0.37%.

thin films Power conversion efficiency (%) References

Cu2ZnSnS4 5.74 Kazuo and co-workers [155]

Cu2ZnSnS4 2.62 Hironori and co-workers [156]

Cu2ZnSnS4 6.8 Wang and co-workers [157]

Cu2ZnSnS4 4.1 Schubert and co-workers [158]

Cu2ZnSnS4 0.23 Chet and co-workers [159]

Cu2ZnSnS4 3.2 Jonathan and co-workers [160]

Cu2ZnSnS4 3.4 Ennaoui and co-workers [161]

Cu2ZnSnS4 0.396 Sawanta and co-workers [162]

Cu2ZnSnS4 6.03 Tsukasa and co-workers [163]

Cu2ZnSnS4 0.12 Shinde and co-workers [164]

CuS 0.39 Donghyeok and co-workers [165]

CdS 8 Karl [166]

ZnS 8.83 Qiu and co-workers [167]

PbS 2.02 Omer and co-workers [168]

PbS:Mo 2.16 Omer and co-workers [168]

Sb2Se3 7.6 Wen and co-workers [169]

Sb2Se3 5.93 Liang and co-workers [170]

Sb2Se3 5.6 Chao and co-workers [171]

CuInTe2 3.8 Manorama and co-workers [172]

CuInTe2 4.13 Lakhe and co-workers [173]

CuInTe2 1.22 Jia and co-workers [174]

CuInSe2 1.75 Hyun and co-workers [175]

CuInSe2 2 Se and co-workers [176]

CuInSe2 4.57 Prabukanthan and co-workers [177]

MnCuInSe2 6.38 Prabukanthan and co-workers [177]

Table 4. 
Power conversion efficiencies of different types of thin films.
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The ternary compound such as Cu2SnS3 (CTS) films showed high absorp-
tion coefficient (104 cm−1) and wider range of band gap energy (0.9–1.7 eV). 
Researchers reported that easy to control the secondary phase during the synthesis 
of CTS films. The formation of cubic, monoclinic, tetragonal and orthorhombic 
structure strongly depended on deposition method and annealing process. The 
magnetron sputtering method was used to produce CTS films. The films reached 
the highest power conversion efficiency about 2.2%, due to the formation of 
pure phase of CTS, lowest sheet resistance (8.2 Ω/cm2), highest shunt resistance 
(111.1 Ω/cm2) and uniform morphology [151]. The p-type CTS films have been 
produced via co-evaporation method [152]. The photovoltaic parameters such as 
open circuit voltage (248 mV), short circuit current density (33.5 mA/cm2), fill 
factor (0.439) and power conversion efficiency (3.66%) were highlighted. Mingrui 
and co-workers [153] described the preparation of CTS films by using sputtering 
method. The films prepared at 2812 seconds indicated the highest efficiency value 
(2.39%), with fill factor (39.7%), open circuit current voltage (208 mV) and short 
circuit current density (28.92 mA/cm2).

The Cu4SnS4 films showed p-type electrical conductivity and the band gap values 
(0.93–1.84 eV). Chen et al., have reported the synthesis of thin films by a combination 
of mechanochemical and doctor blade techniques [154]. The highest power conver-
sion efficiency reached 2.34%. The influence of the film thickness on the properties 
of samples was study. Based on the absorption spectra, the absorption edge moved 
towards longer wavelength with increasing the film thickness (0.25–1 μm). Also, band 
gap reduced (1.47–1.21 eV) due to reduction of structural disorder and the increase in 
the crystalline size.

The Table 4 showed the power conversion efficiency of the various thin films. 
The obtained experimental results confirmed that metal sulfide, metal selenide and 
metal telluride thin films could be used in solar cell applications. The photovoltaic 
parameters were strongly depended on various experimental conditions. Researchers 
also highlighted a lot of research activities have been carried put in order to enhance 
the power conversion efficiency of thin film based solar cell.

6. Conclusions

Chalcogenide thin films have received a great deal of attention for decades due 
to some unique properties. The thin film based supercapacitor can have store the 
electrical energy for all the electronic devices to stabilize the power supply. Metal 
nitrates have gotten a lot of interest as supercapacitors electrodes due to showed 
higher electrical conductivity, higher specific capacitance, good energy density, and 
excellent mechanical stability. Perovskite solar cell indicated higher power conversion 
efficiency value. The organic inorganic hybrid perovskite solar cells are very simple, 
and prepared by sandwiching a perovskite absorber layer between the electron 
transport layer and hole transport layer, reached power conversion efficiency exceed-
ing 20%. The thin film-based sensors showed high sensitivity and low manufacturing 
cost. In future, low temperature operation of the thin film sensors is an attractive 
proposition for the industry. The market shares of silicon based solar cell decreased, 
while thin film based solar cells increased in the global photovoltaic market due to the 
low material consumption, low manufacturing cost, shorter energy pack back period. 
Solar cell market is expected to growth rapidly due to the rising demand for commer-
cial, residential and utility applications.
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Chapter 2

Contribution to the Calculation
of Physical Properties of BeSe
Semiconductor
Mohamed Amine Ghebouli and Brahim Ghebouli

Abstract

We expose various physical parameters of binary compound BeSe in the stable zinc
blend and NiAs structures using the functional HSE hybrid, GGA-PBE, and LDA. We
deduce elastic constants, mechanical parameters, and wave velocities according to
different orientations. BeSe semiconductor has Γ-X (2.852 eV) and Γ-K (0.536 eV)
bandgap in zinc blend and NiAs structures. Electrons transit from Se-p site to the Be-s
state and show covalent bonding. Optical absorption peaks result from electronic
transitions under ultraviolet light irradiation.

Keywords: CASTEP, zinc blend, NiAs, band structure, bandgap, absorption, BeSe

1. Introduction

Researchers have focused on II-VI semiconductors, which are intended for tech-
nological applications. BeSe crystallizes in zinc blend structure at room temperature
and its properties depend on structure, pressure, temperature, and calculation
method. The HSE hybrid underestimates the lattice parameters compared to GGA-
PBE and LDA but gives a bandgap in accordance with the experimental value. The
phonon dispersion curve of BeSe shows two optical and acoustic couplets and con-
firms its stability. The maximum of reflectivity (63% and 56%) is observed in the
ultraviolet light domain. We expose the detailed calculation concerning the lattice
parameters, elastic constants, bandgap, phonons frequencies, and optical parameters.
For works carried out by other researchers, we note the transition from zinc blend
phase to NiAs structure at 55 GPa [1]. The study of elastic constants and bandgap of
BeSe in zinc blend phase [2, 3], the experimental bandgap ranging from 2 eV to 4.5 eV
[4, 5], a small ionic radius ratio, a high degree of covalent bonding, and high hardness
[6]. Appropriate bandgap and optical absorption parameters make BeSe as an
important material in the area of catalysis and luminescent devices [7–9].

2. Computational method

We perform calculations on BeSe by using the CASTEP code [10]. The energy Ecut

of 660 eV and k-points of 8 � 8 � 8 using Monkhorst-Pack scheme [11] ensure well
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convergence. We use 20 � 20 � 20 k-points in the computation of optical parameters.
The GGA, LDA, and HSE hybrid functional [12, 13] treat the exchange-correlation
potential. Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization technique [14]
determines the structural parameters. The tolerance of geometry optimization was a
total energy 5 � 10�6 eV/atom, maximum ionic Hellmann-Feynman force 0.01 eV/Å,
and maximum stress 0.02 eV/Å3.

3. Results and discussions

3.1 Ground state

The position of Be atom is the corner (0, 0, 0), while the Se atom takes place at
(1/4, 1/4, 1/4) and (1/3, 2/3, 1/4) for zinc blend and NiAs phases. Figure 1(a) gives
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The plots of total energy versus volume (a) and enthalpy versus pressure (b) for BeSe in zinc blend and NiAs phases.
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the plots of total energy versus unit cell volume, where the zinc blend phase is more
stable. Figure 1(b) visualizes the effect of pressure on formation enthalpy. The two
enthalpy-pressure diagrams show a transition region around 55 GPa [1]. We report in
Table 1 that the lattice parameters, bulk modulus, and its pressure derivative are
calculated with GGA, LDA, and HSE hybrid. Our results agree well with experimental
measurements [15] and theoretical data [4, 16–25]. The HSE hybrid underestimates
the lattice parameters.

3.2 Elastic constants and mechanical parameters

Table 2 includes elastic moduli of BeSe in both phases within GGA and LDA. Our
elastic constants of zinc blend structure agree with theoretical values [18, 22, 26, 27].
The following relationships [28, 29] ensure the elastic stability of BeSe.

Zinc blend

0hC11 þ 2C12, 0hC44, 0hC11 � C12,C12hBhC11 (1)

NiAs

0hC11 � C12j j, 0hC33 C11 þ C12ð Þ � 2C2
13, 0hC44 (2)

Figure 2 shows the dependence of elastic moduli on pressure for beryllium sele-
nide in zinc blend and NiAs phases. We list in Table 2 the bulk modulus, shear
modulus, Young’s modulus, Poisson’s ratio, anisotropy factor, and BH/GH ratio. The
Poisson’s ratio and anisotropy factor indicate the covalent bonding and strong anisot-
ropy in BeSe. The reported BH/GH value translates the brittle zinc blend phase and
ductile NiAs structure. Figure 3 visualizes the effect of orientation on Poisson’s ratio
(a) and shear modulus (b) in xy, xz, and yz planes. It can be seen that the two
parameters are isotropic only in the B8 phase and in the xy plane. Table 3 predicts the
maximum and minimum values of Young’s modulus, linear compressibility, shear

Zinc blend NiAs

GGA LDA HSE
hybrid

Exp Other GGA LDA HSE
hybrid

Exp Other

a (Å) 5.129 5.083 4.976 5.139
[15]

5.137 [16]
5.037 [17]
5.087 [18]

3.513 3.456 3.415 3.524 [16]
3.421 [17]
3.502 [19]

c (Å) 5.459 5.461 5.347 5.462 [16]
5.398 [17]
5.529 [19]

B0

(GPa)
74.50 87.35 99.484 92.20

[15]
74.97 [18]
80 [4]

96.5 [20]

89.20 100.30 112.76 94.7 [17]
86 [21]

109.6 [22]

B
0

3.82 3.65 3.565 4.02 [23]
3.58 [24]
3.85 [19]

3.94 3.826 3.749 3.852 [17]
3.70 [25]

Table 1.
Lattice parameters, bulk modulus, and its pressure derivative for BeSe in zinc blend and NiAs structures within
GGA-PBE, LDA, and HSE hybrid functional.
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modulus, and Poisson’s ratio. Table 2 reports the Debye temperature of BeSe, which
agrees with the theoretical value [26]. Table 4 predicts elastic wave velocities along
[100], [110], [111], and [001] directions.

3.3 Electronic parameters

Figure 4 shows the band structure of BeSe using GGA-PBE and HSE hybrid
functional. We observe the indirect bandgap Γ-X (Γ-K) in the zinc blend (NiAs)
structure. Table 5 reports the bandgap between various symmetry points. The
bandgap of BeSe in the zinc blend structure agrees with other calculations [3, 16,
23, 31]. Figure 5 displays the dependence on the pressure of the direct and indirect
bandgap. The bandgap calculated using the HSE hybrid agrees with the experimental
one [3, 32, 33]. Figure 6 shows the plots of total and partial densities of states. Se-p
and Be-s orbitals are responses for the upper valence band. The first conduction band
is wider for both structures and consists of Be-s and Se-p orbitals, with a small
contribution of the Se-s site. The optical transition occurs from Se-p state to the Be-s
site. There is a hybridization between Se-p and Be-s in the upper valence band, which
translates their covalent bonding.

Zinc blend NiAs

GGA LDA Other GGA LDA

C11 (GPa) 120.06 137.22 117 [18]
145 [24]

140.27 167.04

C12 (GPa) 30.73 55.94 45.5 [26]
51 [22]

71.51 80.20

C44 (GPa) 66.2 74.35 73.39 [26]
61 [22]

8.48 14.57

C13 (GPa) 36.45 46.51

C33 (GPa) 178.40 202.79

ΘD (K) 460.91 465.77 407 [26] 280.75 332.74

B(GPa) BV 60.51 83.08 83.08 98.15

BR 60.51 83.08 83.08 98.15

BH 60.51 83.08 83.08 98.14

G (GPa) GV 131.16 60.86 66.24 [27] 31.23 60.86

GR 127.51 55.83 61.14 [27] 16.22 55.83

GH 129.34 58.53 63.78 [27] 23.73 58.53

EH (GPa) 129.34 141.82 153.42 [27] 65.00 86.89

σH 0.138 0.21 0.203 [27] 0.36 0.35

AU 0.188 0.45 4.62 2.60

BH/GH 0.46 1.41 1.349 [27] 3.5 3.05

Table 2.
Elastic constants Cij, Debye temperature ΘD, bulk modulus B, shear modulus G, Young’s modulus EH, Poisson’s
ratio σH, anisotropy factor AU and ratio BH/GH for BeSe in zinc blend and NiAs structures.
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3.4 Phonon frequencies

Figure 7 shows the phonon dispersion curve of BeSe in zinc blend structure.
Optical (acoustic) phonons exhibit two couplets of longitudinal optical (LO)
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Elastic moduli versus pressure in zinc blend (a) and NiAs (b) phases.
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Figure 3.
The orientation effect on Poisson’s ratio (a) and shear modulus (b) in zinc blend and NiAs phases.

Parameters Young’s modulus Linear compressibility Shear modulus Poisson’s ratio

Emin Emax βmin βmax Gmin Gmax σmin σmax

Zinc blend GGA 107.54 145.55 5.5083 5.5083 44.665 44.665 0.009 0.253

LDA 104.83 171.79 4.0142 4.0142 40.644 74.354 0.0039 0.409

NiAs GGA 42.108 163.56 4.5012 4.5012 13.201 47.33 0.118 0.623

LDA 49.954 185.29 3.3662 3.3662 14.575 64.941 0.102 0.719

Table 3.
The maximum and minimum values of Young’s modulus E, linear compressibility β, shear modulus G, and
Poisson’s ratio σ for BeSe in zinc blend and NiAs structures.
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Material Directions [100] [110] [111] [001]

Zinc blend vl (ms�1) 5439 5898 6043 —

vt1 (ms�1) 3803 4305 3316 —

vt2 (ms�1) 3803 3803 3316 —

NiAs vl (ms�1) 5192 — 6067

vt1 (ms�1) 2187 — 1243

vt2 (ms�1) 1243 — 1243

Table 4.
Sound velocities for BeSe along with main directions in zinc blend and NiAs structures.

Figure 4.
The band structure of BeSe in zinc blend (a) and NiAs.(b) phases at various points in the Brillouin zone.
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Zinc blend NiAs

GGA LDA HSE hybrid Exp Other GGA LDA HSE hybrid

EΓ-Γ (eV) 4.84 4.42 5.81 4.72 [3]
5.5 [30]

2.55 2.43 3.45

EL-L (eV) 5.65 5.52 7.40 4.64 4.88 6.02

EX-X (eV) 5.41 5.20 6.71

EΓ-X (eV) 2.85 2.408 3.45 4–4.5 [3] 2.41 [31]
3.12 [16]

EΓ-L (eV) 4.60 4.39 6.05 4.33 [23] 2.38 2.27 6.23

EΓ-K (eV) 3.94 3.62 4.71 4.73 [32] 0.68 0.51 1.16

EM-M (eV) 3.28 2.98 3.94

Table 5.
Band gaps for BeSe at equilibrium between various symmetry points in zinc blend and NiAs structures.

Figure 5.
The band gaps versus pressure in zinc blend and NiAs phases.
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{longitudinal acoustic (LA)} and transverse optical (TO) {transverse acoustic (TA)}
modes and confirm the dynamical stability of BeSe. The frequency 16.06 cm�1

(198 cm�1) separates optical (acoustic) longitudinal and transversal branches. The
maximum of longitudinal optical phonons is at X point. Figure 8 shows the effect of
pressure on phonon frequencies ωLO and ωTO of BeSe. The equilibrium values of ωLO

and ωTO at Γ point are 537 cm�1 and 471 cm�1.

Figure 6.
Total and partial densities of states.
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3.5 Optical parameters

3.5.1 Loss function

We plot in Figure 9 the loss function spectra versus wavelength for BeSe in zinc
blend and NiAs structures. The high-loss region has a wavelength ranging from 42 nm
to 90 nm. The low-loss function has a wavelength range less than 40 nm and greater
than 90 nm. The maximum loss function reaches the value of 4.84% (4.49%) at
60.32 nm (57.25 nm) in the zinc blend (NiAs) structure. There is no loss in the
ultraviolet and visible light domain.

Figure 7.
The phonon dispersion curves.
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3.5.2 Optical absorption

We applied a smearing value of 0.1 to obtain more distinguishable absorbance
peaks. We attribute the absorption peaks as depicted in Figure 10 to the photo
transition energies from the maximum valence band to the minimum conduction
band under ultraviolet light irradiation. BeSe absorbs a maximum of ultraviolet light
331,971 cm�1 (335,643 cm�1) at wavelength 163.6 nm (163 nm) in zinc blend (NiAs)
structure, shows narrow indirect bandgap, then it is a good candidate for
photocatalysis in the ultraviolet light domain (120–400 nm).

3.5.3 Optical reflectivity

The reflectivity estimates the amount of incident light on the surface of
photocatalytic material. The reflectivity of BeSe, as shown in Figure 11, starts at 0.007

Figure 9.
The loss function versus wavelength.

Figure 8.
The phonon frequency versus pressure at Γ point.
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and corresponds to a wavelength around 33 nm. It reaches a maximum value 0.63%
(0.56%) at 149 nm (136.5 nm) in zinc blend (NiAs) structure. The reflectivity in the
ultraviolet light domain (120 nm–400 nm) is 0.63% (0.56%) in zinc blend (NiAs)
structure. While in the visible light (400 nm–800 nm), it is 0.43% (0.23%) for zinc
blend (NiAs) phase.

4. Conclusion

We study BeSe in zinc blend and NiAs phases using GGA-PBE, LDA, and HSE
hybrid. BeSe is a good candidate for photocatalysis material. We estimate the lattice
parameters, shear modulus, Young’s modulus, Poisson’s ratio, average sound
velocities, and Debye temperature. The maximum absorption at ultraviolet light is
331,971 cm�1 (335,643 cm�1) in zinc blend (NiAs) structure. We perform transverse
and longitudinal optical phonon frequencies ωTO and ωLO at Γ point. A frequency gap

Figure 10.
The absorption versus wavelength.

Figure 11.
The reflectivity versus wavelength.
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of 16.06 cm�1 (198 cm�1) in zinc blend structure separates longitudinal and transver-
sal optical (acoustic) branches. The reflectivity in the ultraviolet light domain is 0.63%
(0.56%) in zinc blend (NiAs) structure. While in the visible light, the reflectivity is
0.43% (0.23%) for the zinc blend (NiAs) phase.
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Chapter 3

Thickness Dependent 
Spectroscopic Studies in 2D PtSe2
Nilanjan Basu, Vishal K. Pathak, Laxman Gilua  
and Pramoda K. Nayak

Abstract

Transition metal dichalcogenides (TMDCs) are emerging to be an exciting class 
of 2D materials apart from graphene or hexagonal boron nitride (h-BN). They are a 
class of layered materials that exhibit inspiring properties which are worth exploring, 
among them PtSe2 is fairly a new addition. Although bulk PtSe2 was first synthesized 
more than a century ago, the study of its layer-dependent properties is still at a 
nascent stage. The monolayer of PtSe2 exhibits a band gap between 1.2 and 1.8 eV, the 
band gap starts to decrease with an increase in the number of layers thus transform-
ing into semimetal type. Among all other 2D materials it shows the highest electron 
mobility of about 3000 cm2 V−1 s−1 and unlike other TMDCs, it is strikingly stable in 
ambient conditions. Owing to its stability and tunable properties, it has great poten-
tial in the fields of optoelectronics, spintronics, sensorics, and many more. In this 
book chapter, we report the thickness dependent spectroscopic properties of mechan-
ically exfoliated PtSe2. We have explored low temperature Raman spectroscopy as 
well as polarized Raman spectroscopy to study in detail the vibrational properties of 
PtSe2. Raman spectroscopy is also employed to determine its thermal conductivity. 
We hope that this work will provide a fresh overview of PtSe2 from a spectroscopic 
perspective.

Keywords: transition metal dichalcogenides, PtSe2, raman spectroscopy,  
electronic band structure, thermal conductivity

1. Introduction

Once a forbidden material, one atom thick material came into existence with 
the discovery of graphene in 2004 by Novoselov et al. [1]. Unsurprisingly due to the 
unique properties and momentous potential of 2D materials, the research world 
jumped into the foray. Interestingly the term “graphene” was coined in 1986 by 
Boehm and the electronic band structure of single layer graphite is studied since 
1942 [2]. The surge of discovery didn’t stop with graphene, it gathered pace, and 
“2D materials” like h-BN, transition metal dichalcogenides (TMDCs), and several 
other layered materials came into existence. This present work deals with one of the 
less explored TMDCs, i.e. PtSe2. Its unique and exciting properties are worth explor-
ing. It has a wide range of applications like photodetectors, gas sensing, electronics, 
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piezoresistive sensors, and electrocatalysis [3–6]. Another interesting fact about PtSe2 
is that it can be grown under relatively low temperatures when compared to other 
TMDCs via vapour phase synthesis process. This increases the choice of substrates. 
It has been reported to be grown at temperatures as low as 100°C [7]. Although 
PtSe2 emerged more than a century ago, its layer dependent properties and their 
respective applications are hardly explored. This chapter gives an outline of Raman 
spectroscopic studies of PtSe2 of different thicknesses, both at room temperature and 
low temperature. It also deals with the task of using Raman spectroscopy to measure 
in-plane thermal conductivity. Theoretical calculation of electronic band structure 
and density of states of the monolayer, bilayer, tri layer, and bulk PtSe2 has also been 
incorporated in this chapter.

The 1T phase of PtSe2 belongs to space group P m1 and this phase is more stable 
when compared to 1H phase [8]. The Bravais lattice of 1T phase monolayer PtSe2 is 
hexagonal and has D3d point group symmetry. The monolayer is made up of three 
atomic sub layers, Pt layer is being sandwiched between two Se layers. The reported 
lattice vectors are  [9]. Figure 1 
shows the structure of PtSe2, i.e. top view (a) and side view (b). The calculated lattice 
constant of the primitive unit cell of monolayer PtSe2 is 3.70 Å which matches with 
the measured value of the same by STEM (scanning tunneling electron microscope) 
measurement [8, 10]. The primitive unit cell contains three atoms. The Pt-Se bond 
length for 1T phase is 2.52 Å and the distance between the top and bottom Se sub 
layers is 2.68 Å [10].

In monolayer 1T-PtSe2 phase the bonding is completely covalent in nature with no 
net transfer of charge between the bonded atoms. The work function of single layer 
PtSe2 is 5.36 eV and the values for other dichalcogenides like MoSe2 and WSe2 are 
4.57 and 4.21 eV [8, 11]. The monolayer behaves as a semiconductor whereas the bulk 
behaves as a semi-metal [12, 13]. The phonon spectrum of mono layer 1T-PtSe2 consists 
of nine phonon modes out of which six are optical and three are acoustic. Figure 2a 
shows the phonon modes in 1L1 T-PtSe2. The six optical modes can be decomposed into 
- Γ = 2Eg + 2Eu + A1g + A2u. The in-plane modes (169 cm−1 for Eg and 218 cm−1 for Eu) 
are doubly degenerate and out of plane modes (200 cm−1 for A1g and 223 cm−1 for A2u) 
are singly degenerate, the (A1g + Eg) modes are Raman active, 2Au is infrared active and 
2Eu is both infrared and Raman active. Out of these four modes, only two of them  
(Eg mode at 169 cm−1 and A1g at 200 cm−1) are prominent. Figure 2b shows their cal-
culated relative intensities along with the modes of vibration [8]. The strong covalent 

Figure 1. 
(a) Top view and (b) side view of 1T phase PtSe2. Grey atoms represent Pt and green atoms represent Se, 
respectively [8].
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Figure 2. 
(a) The phonon band diagram and (b) normalized Raman intensity of 1-layer 1T-PtSe2 [8]. (Grey atoms – Pt 
and green atom – Se).

Figure 3. 
Raman spectrum of bilayer and multilayer (~5 nm thick) CVD grown PtSe2 at room temperature measured using 
laser wavelength of 532 nm [14].
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nature of the Pt-Se bond makes the in plane vibrational modes more intense when 
compared to out of plane modes.

Figure 3 shows the Raman spectra of both bilayer and multilayer (~5 nm thick) 
CVD grown PtSe2 [14]. In bilayer PtSe2, two prominent peaks are observed which are 
centred at 179 and 207 cm−1. These peaks are associated with first order phonon emis-
sion of in-plane and out of plane vibrational modes i.e. Eg and A1g modes. Additionally, 
another less prominent peak is recorded at 235 cm−1. This low intensity peak arises due 
to the longitudinal optical mode and can be separated into two vibrations. These two 
vibrations correspond to first order two phonon emission for out of plane (A2u) and in 
plane (Eu) vibrations of Pt and Se atoms [14]. O’Brien et al. [15], reported the above 
mentioned peaks to be centred at 175 cm−1 (Eg), 205 cm−1 (A1g), and 230 cm−1 (LO), 
and they also showed that these modes have approximately constant peak position for 
laser excitation of 488, 532, and 633 nm. The differences between theoretically derived 
(previously discussed) phonon modes and experimentally recorded ones can be 
attributed to the fact that PtSe2 layers are not pristine with definite thickness [15].

2. Density functional theory study of layered PtSe2

We employed density functional theory (DFT) to calculate the electronic band 
structure and density of states of mono layer, bi-layer, tri-layer, and bulk 1T -phase 
PtSe2. This section deals with the theoretical calculations. DFT is a quantum modeling 
method used to investigate the properties of chemical systems, including atoms and 
molecules (i.e., many body systems), particularly the electronic structure properties. It 
is an ab inito method for solving the Schrodinger equations for many-electron systems 
which are defined by the electron density. The approach taken is, instead of using a 
many-body wave function, one-body density is used as the fundamental variable. Since 
the electron density n(r) is a function of only three spatial coordinates, rather than 3N 
coordinates of the wave function, DFT is computationally feasible for small to large 
systems. The root of DFT comes from two theorems given by Hohenberg and Kohn who 
considered interacting electrons in an external field [16, 17]. The theorems state that 
the ground state energy is a unique function of electron density, allowing us to work 
in three dimensions than in 3N dimensions. Only the electron density that minimizes 
the energy of functional is taken, with the assumption that the function is known. 
HK theorems sound simple but can be applied only under certain circumstances but 
they are not considered in practice as densities of atoms do not obey these constraints. 
Taking into consideration some of the fundamental issues, Kohn and Sham reduce the 
problem to noninteracting electrons moving in an effective potential, leading to a set of 
self-consistent, single particle equations known as Kohn-Sham equations that contains 
exchange correlation potential. The result of DFT calculations depends on the choice 
of exchange-correlation functional. In terms of increasing accuracy, we have LDA, 
GGA, meta-GGA, and hybrid functionals. Some functionals give good results for one 
system and some for another. More accurate functionals consume more computational 
resources with a trade-off between accuracy and speed of calculation.

2.1 Computational methods

All the computational calculations were performed using the DFT with the 
projector augmented wave (PAW) pseudopotentials available with quantum-
espresso [18]. Which is an integrated suite of open-source codes for the electronic 
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structure calculation and materials modeling at the nanoscale. We used the 
generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof 
(PBE) functional for the calculation of exchange and correlation potential. The 
van der Waals correction for the layered structures was taken into account using 
the DFT-D2 method as proposed by Grimme [19]. The arrangement of layers was 
taken such that it has the lowest ground state energy value and the top-to-top 
(AA) stacking order is the most favorable one with the interlayer distance calcu-
lated to be 2.44 Å. The kinetic energy cut-off for a plane-wave basis set was taken 
to be 800 eV.

The convergence criteria for self-consistent calculations for electronic structures 
were set to 10−6 eV. For the optimized geometrical configurations, the energy con-
vergence criterion was set to 10−5 eV, structure relaxations were conducted until the 
residual force acting on each atom is less than 0.01 eV/Å and pressure values less than 
1 kbar. The sampling of the first Brillouin zone was done using Г-centered k-point 
mesh of 15 × 15 × 15 and 15 × 15 × 1 for bulk and thin film structures, respectively. 
A region of at least 14 Å vacuum space was added in the z-direction to minimize the 
interaction between the neighboring atomic layers.

2.2 Structure and electronic properties

The bulk phase of PtSe2 has 1T phase with tetragonal symmetry having space group 
P-3 m1 and the lattice constant, after optimization, found to be a = 3.77 Å, c = 5.52 Å, 
a significant close to the experimental value and similar other reported values as 
discussed earlier. The monolayer structure is composed of three atomic sublayers with 
a Pt layer sandwiched between two Se layers. The lattice constant is calculated to be 
3.70 Å which is in agreement with previously reported data, and the vertical distance 
between the upper and lowermost layer of Se is about 2.65 Å close to the reported value 
of 2.53 Å [12]. While moving from bilayer to bulk structure, the interlayer distance also 
decreases, along with the trend of increasing layer-layer interaction which enlarges the 
covalent Pt-Se bond. The lattice constant of monolayer, bilayer and trilayer is found to 
be 3.70 Å, 3.73 Å and 3.74 Å respectively and for bulk it is 3.78 Å.

Figure 4 shows the electronic band structure of 1L,2L, 3L and bulk PtSe2.The 
electronic structure calculations using the PBE functional show the transition from 
semiconductor to (semi)metal behavior of the material. The calculated bandgap of 
monolayer is around 1.39 eV, close to the experimental value [20]. While moving 
from monolayer to bilayer, the electronic band gap rapidly decreases to 0.38 eV. It is 
also found that PtSe2 crystals having a thickness larger than two layers exhibit metal-
lic behavior. Looking at the band structures, one can see that 1T-PtSe2 monolayer 
has its valence band maximum (VBM) at Г point and conduction band minimum 
(CBM) within Г-M point. While going from monolayer to bilayer and higher layers, 
we observe that position of CBM at Г-M point is fixed and VBM shifted from Г point 
to within K-Г high symmetry point. The reason behind this shift might be due to the 
non-periodicity of layered structure along the growth direction which is different 
from the band structure of bulk 3D structure of same material, as the energy band 
structure is strongly dependent on the crystal periodicity. The decrease in band 
energy of CB states and increase in VB states leads to metallization starting from 
trilayer [21, 22].

The DOS variation with different layers is shown in Figure 5a–d. In the DOS 
plots, for monolayer (Figure 5a), peak appears for the VBM, depicting a greater 
number of bands near the VBM, and flat near 0 eV. For the bilayer (Figure 5b), the 
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Figure 5. 
Calculated density of state of (a) 1L, (b) 2L, (c) 3L and (d) bulk PtSe2.

Figure 4. 
Calculated electronic band structure of (a) 1L, (b) 2L, (c) 3L and (d) bulk PtSe2.



53

Thickness Dependent Spectroscopic Studies in 2D PtSe2
DOI: http://dx.doi.org/10.5772/intechopen.103101

peak disappears near the VBM, where the band involves two peaks near Г point. 
This remains until peak appears around fermi energy when it comes to more than 
three layers. It is also noticed that DOS under VBM is small for multilayers due to the 
large splitting between the first valence band with the second valence band [23, 24]. 
In this study, we were able to observe an increase in band gap with the decrease in 
layer numbers from bulk down to monolayer structures. Unlike other TMDs like 
MX2 (M = Mo and W; X = S and Se) which are direct bandgap semiconductors 
at monolayer, there is no shift from indirect-to-direct band gap with decrease in 
number layers from bulk to monolayer limit. This may be due to the difference in 
crystal structure i.e. – MX2 has 2H structure and PtSe2 has 1T structure. We were 
able to observe the inverse relationship between the band gap and number of layers, 
which is governed by factors such as quantum confinement effect and interlayer 
interaction.

3. In plane thermal conductivity of layered PtSe2

The thermal conductivity of layered materials can be measured by employing 
Raman spectroscopy which is non-destructive in nature. It is fairly common to 
employ this method to measure the in-plane thermal conductivity in many 2D materi-
als like graphene, h-BN and other TMDCs [25–28]. There are several advantages for 
this method, such as measurement can be done for 2D material of different thick-
nesses over any substrates and also on suspended ones. In addition, the effect of 
substrate on the thermal conductivity can also be studied. Here, we employed Raman 
spectroscopy to study the thermal conductivity of multilayer mechanically exfoli-
ated PtSe2. The parent crystal used for mechanical exfoliation was sourced from 2D 
semiconductors, USA. Exfoliation was done over SiO2/Si substrate with SiO2 layer 
being 290 nm thick. A Horiba HR800 UV Raman spectrometer was used to acquire 
all Raman spectra which had 1800 lines/mm grating and 100X objective (0.9 NA) 
with a spot size of ~1 μm. The excitation wavelength was 488 nm f0r all the recorded 
Raman spectra. For low temperature Raman spectroscopy, Linkam liquid nitrogen 
cooling stage was used. During low temperature measurement, a long working 
distance 50× objective with 0.5 NA was used. The Raman plots are fitted with the 
Lorentzian function where the solid lines are fitted data and dots are raw data. We 
measured the thickness of the flakes by using atomic force microscopy (AFM), which 
was done by using a Park systems NX10 model. The AFM images were recorded in 
non-contact mode. Tip radius was less than 10 nm having a force constant of 42 N/m 
and frequency of 330 kHz. The height has been measured at 10 places to estimate the 
standard deviation in the measurement. The optical micrographs were taken by using 
a Nikon Eclipse LV100ND microscope.

We used three differently thick multilayer flakes (named as flake 1, flake 2 and 
flake 3) for this study. The Raman spectra of flake 1 at different laser power and at 
different temperatures is depicted in Figure 6a and b respectively. The laser power 
was varied from 0.227 to 1.08 mW whereas the temperature was varied from 107 
to 293 K. Both the in-plane (Eg) and out of plane (A1g) modes shifted to lower wave 
numbers with the rise in temperature. This shift is due to the thermally bond soften-
ing [29]. With higher power both the modes shifted to higher wavelength. Figure 7a 
and b shows the AFM and optical micrograph of flake 1 respectively. Although the 
optical image shows a uniform contrast over the whole flake, it is clear from the AFM 
image that the edges have different thicknesses. The inset of the AFM image shows 
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the height profile, the thickness is about 42 nm ± 2 nm (at the middle part where 
the thickness is uniform). Which corresponds to approximately 54 layers, each layer 
being 0.8 nm thick [10]. The Raman spectra in Figure 6 don’t show the LO mode, as 
the flake is about 42 nm in thickness whereas the LO mode is suppressed due to the 
bulk nature of the flake.

The variation of the Eg and A1g (for flake 1) with laser power and temperature is 
shown in Figure 7c and d respectively. Both the plot is linearly fitted and have a nega-
tive slope. The range of power was chosen such that the excitation laser doesn’t damage 
the flake [30, 31]. The negative slope in power dependent Raman spectra for both Eg 
and A1g implies that the peaks shift to lower wave numbers. This is due to the fact that 
with increase in power local heating increases and the Pt-Se bonds softens. The thermal 
conductivity can be deduced by using these two plots (Figure 7a and d). The power (P) 
dependent peak position (ω) is linear in the low power range and is governed by [32]:

  (1)

So, the power coefficient is given by .

Figure 7. 
(a) AFM image of the flake 1, inset showing the height profile, (b) Optical micrograph of the same flake. (c) and 
(d) Variation of the in plane (Eg) and out of plane (A1g) with power and temperature respectively.

Figure 6. 
Power dependent Raman spectra (a) and temperature dependent Raman spectra (b) of flake 1 measured at fixed 
power of 2.27 mW.



55

Thickness Dependent Spectroscopic Studies in 2D PtSe2
DOI: http://dx.doi.org/10.5772/intechopen.103101

The power coefficient of both the Eg and A1g modes have been calculated through 
a linear fit of power dependent peak shift of these modes (as depicted in Figure 7c). 
The temperature dependence of both the in-plane (Eg) and out of plane (A1g) Raman 
modes can be stated as [32, 33]:

  (2)

Where ω0 is the frequency of Eg and A1g at T = 0 K, α1 and α2 are the first and 
second order temperature coefficients. The second order coefficient is applicable at 
high temperatures, so for the present case, this can be neglected. After neglecting the 
second order coefficient, the equation was used to linearly fit the evolution Raman 
peak position with temperature in Figure 7b. The first order temperature and power 
coefficient can be used to get the thermal conductivity (K) arising from a particular 
mode of vibration. For 2D materials the expression used by using α1 and χP and is 
given by [34]:

  (3)

where h is the thickness of the flake.
The slope of linear fit corresponding to Eg mode in Figure 7c and d i.e. χP and α1 

is −1.654 cm−1/mW and −0.017 cm−1/K respectively. Applying these values to Eq. (3) 
we get in-plane thermal conductivity for flake 1, which is –38.90 W/mK ± 17.43 W/
mK. The error in thermal conductivity was calculated by taking into consideration the 
error of the slopes in Figure 7c and d and also for the thickness of flake 1. The range 
of error is consistent with the current literature for this method [35].

We investigated another two flakes named flake 2 and flake 3. The Raman spectra 
of flake 2 at different laser power and at different temperature is shown in Figure 8a 
and b respectively. Figure 8c shows the AFM image, with the optical micrograph and 
height profile in the inset. The thickness of flake 2 as derived from the height profile 
is 59 nm ±2 nm. Here too the absence of the LO mode is due to the bulk nature of the 
flake. The evolution of the Eg and A1g Raman modes with power and temperature is 
depicted in Figure 9a and b respectively.

Figure 8. 
(a) Raman spectra at different laser power, (b) at different temperature with fixed laser power of 2.27 mW. (c) 
AFM image, inset shows the optical micrograph and the height profile of flake 2.
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The plots are linearly fitted as discussed in previous section. Employing Eq. (3) 
we find the thermal conductivity of flake 2 is 40.42 W/mK ± 16.37 W/mK. Figure 10a 
and b shows the AFM, optical micrographs and evolution of the Eg and A1g modes 
with power and temperature (Figure 10c and d respectively) of flake 3. The thickness 
of flake 3 is 119 nm ± 3 nm. Using α1 and χP from Eq. (3) we get the thermal conduc-
tivity, which is 39.30 W/mK ± 14.96 W/mK.

Figure 10. 
(a) and (b) AFM and optical micrograph of flake 3, inset showing the height profile. (c) and (d) Variation of 
the Raman peak shift (both Eg and A1g) with laser power and temperature respectively.

Figure 9. 
Dependence of Raman peak shift (both Eg and A1g) with (a) power and (b) with temperature of flake 2.
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Table 1 shows the comparison between the thermal conductivity, α1 and χP of the three 
flakes. The thermal conductivity of all the flakes is approximately similar. This shows 
that PtSe2 over 40 nm thick has almost constant thermal conductivity. The first order 
temperature coefficient is also fairly constant for all three flakes. The calculated thermal 
conductivity at 300 K for monolayer PtSe2 is about 18 W/mK [36]. The saturation value 
for thicker PtSe2 over SiO2/Si substrates can be approximately taken as 40 W/mK.

4. Effect of laser polarization over different thicknesses of PtSe2

The state of laser polarisation during Raman spectroscopy affects the two promi-
nent modes of vibration i.e., Eg (in plane) and A1g (out of plane) mode. Figure 11a 
and b shows the 1 nm (a) and 5 nm CVD grown PtSe2 under vertical (Z(YY)-Z) and 
horizontal (Z(YX)-Z) polarization [15]. For the 1 nm film, the intensity out of plane 
(A1g) mode significantly varies under vertical and horizontal polarization, whereas 
the 5 nm film has considerably less variation. When the thickness is increased to 
59 nm (flake 2, Figure 11c) the intensity is almost similar under both states of polar-
ization. This is because for the thicker film, the contribution from the bottom layers 
is more prominent and makes the intensities similar. The state of polarization has no 
effect over the intensity of the in-plane mode for 1 nm and 59 nm, this is because of 
it’s planar nature of vibration.

5. Conclusion

2D PtSe2 is an excellent material, its unique layer dependent properties. The fact 
that it is stable under ambient conditions unlike most other TMDCs makes it a great 
choice for scientific study. This book chapter gives an overview of the layer dependent 
properties of PtSe2 like band gap, density of states and thermal conductivity. DFT was 

Flake h (nm) α1 (cm−1/K) χP (cm−1/mW) K (W/mK)

1 42 −0.017 −1.654 38.90

2 59 −0.011 −0.734 40.42

3 119 −0.015 −0.511 39.30

Table 1. 
Comparison of thermal conductivity, α1 and χP of the three flakes for Eg mode.

Figure 11. 
Raman spectra of CVD grown (a) 1 nm and (b) 5 nm films of PtSe2 [15] (c) flake 2 of present work under 
parallel and horizontal polarization.
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employed to study the electronic band structure of 1L, 2L, 3L and bulk PtSe2, which 
showed that there is a drastic reduction of band gap when moving from monolayer to 
bilayer.

Optothermal method by using Raman spectroscopy was employed to explore the 
thermal conductivity of PtSe2 flakes. The Raman study was carried out by both vary-
ing the power and temperature of the sample. The incident laser power was varied 
from 0.25 to 2.27 mW and the temperature of the sample was varied from 107 to 
353 K, the power coefficient (𝜒𝜒p) and the temperature coefficient (𝛼𝛼1) was calculated 
from these data. The thermal conductivity was obtained by using both coefficients 
for a specific thickness of the flake. The optothermal study reveals that the saturation 
thermal conductivity of PtSe2 with thickness more than 40 nm is about 39–41 W/
mK. Perpendicular and parallel polarization study was done for 59 nm thick flake, 
which reveals that both the in plane and out of plane modes didn’t suffer any change 
in intensity in contrast with thinner flake (5 nm thick). The authors hope this book 
chapter shall aid the exploration endeavour regarding PtSe2.
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Chapter 4

Functional Mimics of Glutathione 
Peroxidase: Spirochalcogenuranes, 
Mechanism and Its Antioxidant 
Activity
Devappa S. Lamani

Abstract

The present chapter describe a series of synthetic organoselenium compounds 
such as ebselen analogues, diaryl selenides, spirodioxyselenurane, spirodiazase-
lenuranes and its Glutathione peroxidise (GPx) catalytic activity. These ebselen 
related compounds either by modifying the basic structure of ebselen or incorporat-
ing some structural features of the native enzyme, a number of small-molecules of 
selenium compounds as functional mimics of GPx are discussed. In addition to this, 
spirodioxyselenuranes and spirodiazaselenuranes are important class of hypervalent 
selenium compounds, whose stability highly depends on the nature of the substitu-
ents attached to the nitrogen atom. The glutathione peroxidase (GPx) mimetic activ-
ity of all the selenium compounds showed significantly by facilitating the oxidation 
of the selenium centre. In contrast to this, ebselen analogue shows significant antioxi-
dant activity compared with spirodiazaselenuranes and its derivatives.

Keywords: spirodiazaselenuranes, antioxidant activity, selenoenzymes, ebselene

1. Introduction

Selenium has been discovered by the Swedish scientist Jons Jakob Berzelius in 
1818. The chemistry of selenium, the next element to sulfur in the chalcogen group, 
is very less explored as compared to the chemistry of sulfur [1]. The diethyl selenide 
was synthesized by Lowig in 1836 and it was obtained in pure form in 1869 ass first 
synthetic selenium compound [2, 3]. Selenium chemistry was initially mainly focused 
on the synthesis of simple diselenides (RSeSeR), selenols (RSeH) etc. However, due 
to the unpleasant odor of selenols and aliphatic selenides, and also its toxicity the 
selenium chemistry faced a serious setback. Furthermore, due to toxicity of selenium 
was associated with diseases such as liverstock disease [4], intoxication in experimental 
animals [5–7] etc., therefore, it was considered a toxic element. In 1954 by Pinsent was 
established with the beneficial effect of selenium for living organisms the discovery 
that certain bacteria grew faster in selenium fortified medium [8]. However, the exact 
role of selenium responsible for the growth of bacteria was not clear. Almost after 
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20 years of this discovery, in 1973, it was found that two bacterial enzymes, formate 
dehydrogenase and glycine reductase contain selenium in their active sites [9, 10]. Flohe 
and co-workers was discovered almost at the same time the importance of selenium to 
mammals [11]. They found that the mammalian enzyme glutathione peroxidase (GPx), 
contains a selenocysteine residue in its active site. Nowadays the major selenoenzymes 
discovered to date include formate dehydrogenases [12], hydrogenases [13–16], glycine 
reductase [17] iodothyronine deiodinases (ID) [18–22], thioredoxin reductases (TrxR) 
[23–26], selenophosphate synthetase [27], and selenoprotein P [28, 29], glutathione 
peroxidase (GPx) [30–33].

1.1 Glutathione peroxidase

Glutathione peroxidase (GPx) an mammalian enzyme, contains selenocysteine resi-
due in its active site, For the last four decades, an extensive research has been carried out 
on the mammalian antioxidant enzymes GPx [34]. The cGPx utilizes glutathione (GSH) 
as reducing substrate exclusively for the reduction of H2O2 and organic hydroperoxides 
such as tert-butyl hydroperoxide (t-BuOOH) and cumene hydroperoxide (Cum-OOH). 
This enzyme exhibits good activity with all phospholipid hydroperoxides, fatty acid 
hydroperoxides, t-BuOOH, Cum-OOH, cholesterol hydroperoxides, and H2O2. The crys-
tal structure of GPx indicates that the Sec residue (Sec45) forms a ‘catalytic triad’ with 
other two amino acids, glutamine (Gln80) and tryptophan (Trp158) (Figure 1) [36].

The crystal structure of the seleninic acid form of human pGPx also indicates 
that Gln79 and Trp153 are located within hydrogen bonding distance of the selenium 
atom (Figure 1). These residues appear to play an important functional role in their 
catalytic mechanisms.

A catalytic cycle of GPx (Figure 2) starts with the oxidation of the selenol (ESeH) 
moiety of Sec residue by peroxide to generate the selenenic acid (ESeOH) [37, 38], 
which reacts with cellular thiol (glutathione, GSH) to generate a selenenyl sulfide 
intermediate (ESeSG).

Another equivalent of GSH cleaves the -Se-S- bond in the selenenyl sulfide inter-
mediate to regenerate the selenol with elimination of glutathione disulfide (GSSG). 
The cellular level concentration of GSH is maintained by glutathione reductase (GR) 
[39], which reduces GSSG to GSH by using NADPH as cofactor. The overall catalytic 
mechanism, two equivalents of NADPH is consumed to reduce one equivalent of per-
oxide. At very high concentrations of hydroperoxide the selenium centre in GPx may 

Figure 1. 
(a) Catalytic triad at the active site of GPx; (b) active site of glutathione peroxidase (PDB code 1GP1) 
determined by X-ray crystallography [35].
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be overoxidized to produce seleninic acid (ESeO2H) and selenonic acid (ESeO3H). 
Whereas the oxidation of selenenic acid to seleninic acid is reversible in the presence 
of GSH, the further oxidation to selenonic acid may inactivate the enzyme.

2. Mimics and models of glutathione peroxidase

2.1 Ebselen analogues as GPx mimics/models

Synthetic selenium compounds with significant GPx activity have potential 
therapeutic applications (Figure 3). The first synthetic compound that has been 
shown to mimic the GPx activity was ebselen ([2-phenyl-1,2-benzisoselenazole-
3)-(2H)-one] (1) [40–43]. Furthermore, the synthesis of such compounds may help 
in understanding the chemistry at the active site of GPx. The initial success of ebselen 
was mainly due to its very low toxicity and high stability of the selenazole moiety does 

Figure 3. 
Some representative examples of Ebselen analogues as GPx mimics.

Figure 2. 
Proposed mechanism for the GPx-catalyzed reduction of H2O2.
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not allow the elimination of selenium during the biotransformations. Therefore, the 
selenium metabolism of this compound does not interfere with the organism and as a 
result ebselen used in clinical trials for the treatment of patients suffering from active 
ischemia stroke.

In literature there were a several animal model studies have demonstrated that 
ebselen reduces oxidative stress in ischemia-reperfusion in heart and that it exhibits 
promising neuroprotective effect in brain. In addition to this, ebselen can be toxic to 
cells suggested in recent evidences. It has been shown that ebselen inhibits certain cell 
growth and induces apoptosis. However, the mechanism underlying the toxicity of 
ebselen is not known, the cellular glutathione (GSH) level appears to be depleted by 
ebselen. The GSH depletion increases the susceptibility of cells to oxidant injury as 
the reduced GSH is important for cell survival.

After the discovery that ebselen exhibits significant antioxidant activity by 
mimicking the active site of GPx, much attention has been devoted to the design and 
synthesis of novel analogues of ebselen. The ebselen homolog 2, tetrahedral carbon is 
incorporated into the heterocycle, retains the Se-N bond essential for the GPx activity. 
The selenazole model system 3 has been used extensively to understand the anti-
oxidant redox chemistry of selenocysteine at the active site of GPx and several such 
compounds has been synthesized and evaluated for its GPx activity (Figure 4) [44].

According to this mechanism the corresponding selenenyl sulfide is mainly the 
reaction of ebselen 1 with a thiol (RSH). The obtained intermediate compound is 
found to be unstable in the assay system, and therefore, undergoes a disproportion-
ation reaction to generate the stable diselenide. Subsequent reaction of with peroxide 
produces the selenenic acid and seleninic acid. During this mechanism when RSH is 
depleted in the reaction mixture, the seleninic acid and interestingly, the selenenic 
acid having a free N-H moiety undergoes cyclization to regenerate ebselen1 [45].

Back and co-workers [46], reported the catalytic cycle of di(3-hydroxy-propyl) 
selenide 9 and acts an efficient catalyst for the reduction of t-BuOOH in the presence 
of BnSH. The compound 9 involves the formation of an unusual spirodioxyselenurane 

Figure 4. 
Proposed catalytic cycle of ebselen and related compounds [45, 46].
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10. The oxidation of compound 9 with t-BuOOH produces the transient selenoxide 10, 
which undergoes a spontaneous cyclization to produce the dioxyselenurane 11 iso-
lated compound structure was confirmed by spectroscopic methods and single X-ray 
crystallography.

The reaction of 11 with BnSH produces an intermediate 12, which upon reaction 
with second equivalent of BnSH regenerates the selenide 9 with elimination of BnSSBn 
(Figure 5). When t-BuOOH is present in the reaction mixture, compound 10 is recy-
clized to compound 11. Although the reactivity of compound 9 was only about 15times 
higher than that of ebselen under indentical condition, the catalytic mechansium 
involves the formation of an unusual spiro compound [47].

3. Spirochalcogenuranes

3.1  Spirodioxyselenuranes/spirodiazaselenurane and its analogues as GPx 
mimics/models

Lesser and Weiss in 1914 reported the first example of a spirodioxyselenurane 
13. After this initial study, several spirodioxyselenuranes such as 14–19 have been 
reported in the literature [48–50]. This type of hypervalent selenium compounds 
attracted significant attention in recent years due to their interesting structural 
and stereochemical properties [51]. The selenium center in spirodioxyselenuranes 
generally shows trigonal bipyramidal geometry around central atom with the lone 
pair lying in the equatorial plane and the electronegative oxygen atoms occupying 
the apical positions [52]. In contrast to the well-studied spirodioxyselenuranes, 
spirodiazaselenuranes that contain two nitrogen substituents are extremely rare. 
Back and co-workers [53] few years ago, demonstrated the relative instability of 
spirodiazaselenuranes. They reported that the oxidation of the selenium center 
in 2,2′-selenobis(benzamide) by H2O2 does not produce the expected spirodiaza 
derivative 8, but it results in the formation of azaselenonium hydroxide 23 [54]. The 
azaselenonium cation contains one Se–N bond and the compound is stabilized by a 
noncovalent interaction between the selenium atom and the carbonyl oxygen atom of 
the other amide moiety (Figure 6).

Figure 5. 
Catalytic cycle of selenide 9 [47].
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In continuation selenium compounds in 2004 Back and co-workers reported for 
the first time that spirodioxyselenurane and its tellurium analogue exhibit very good 
antioxidant activity by mimicking the glutathione peroxidase (GPx) enzyme which 
protects the organism from oxidative damage by catalyzing the reduction of peroxides 
using thiol as the cofactor [47, 56]. Subsequently, a series of spirodioxyselenuranes 
with different stereochemistry and ring size has been reported [50, 54]. Very recently, 
we have reported the first example of a hydrolytically stable spirodiazaselenurane 24 
and its tellurium analogue 25 bearing two nitrogen substituents in the apical positions 
[57]. In continuation of our research work on selenium compounds we have synthe-
sized different substituted spirodiazaselenurane and its analogues and its Antioxidant 
activity [58, 59]. Very recently, Singh and co-workers have synthesized and character-
ized a new pincer type bicyclic diazaselenurane 26 where the two amide groups are 
present in the same phenyl ring forming the bicycles [55].

3.2 Glutathione peroxidase (GPx) activity

Back and co-workers reported that spirodioxyselenurane 11 exhibit excellent 
antioxidant property by mimicking glutathione peroxidise enzyme [47]. The effect of 
different substituents attached to the nitrogen atom was one of the objectives of this 
study to understand the antioxidant activity of selenides and spirodiazaselenuranes. 
Therefore, the GPx-like catalytic activity of compounds 27 was studied using glutathi-
one (GSH) as thiol cofactor and hydrogen peroxide (H2O2) as substrate [57, 58]. The 
reduction of H2O2 by the selenides mechanism may involve a redox shuttle between the 
selenides and spirodiazaselenuranes via the corresponding intermatidates selenoxides 
(Figure 5). As previously described, the reactions of compounds 27 with H2O2 produce 
the corresponding selenoxides 28 which upon elimination of a water molecule gener-
ate the spirodiazaselenuranes 29. Selenides 27 regenerate by GSH due to the reductive 

Figure 6. 
Some representative examples of stable spirochalcogenuranes [47, 50, 53, 55].
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cleave of the Se-N bonds in compounds 30 (Path A, Figure 7). This pathway is particu-
larly favored at higher concentrations peroxide.

The nucleophilic attack of the thiol at the selenium center may produce the 
intermediates 30 which upon reaction with GSH can regenerate the selenides at 
higher concentrations of GSH. The nucleophilic attack of GSH at the selenium center 
is expected to favor due to noncovalent interactions between the selenium and one 
of the carbonyl oxygen. It should be noted that the mechanism shown in Figure 7 is 
different from that of GPx and other diselenide-based mimetics that utilize a selenol 
moiety for the reduction of peroxides.

3.3 Mechanism of spirocyclization

Detailed mechanistic studies of spirodiazaselenuranes and structural charac-
terization were carried out by using 77Se NMR spectroscopy. It was observed in the 
previous studies the presence of aromatic substituents cyclization process is very 
rapid at room temperature (25°C) on the nitrogen atoms as apical position [58]. To 
detect intermediates at room temperature (25°C) the cyclizations of the selenides to 

Figure 8. 
Formation of spirodioxyselenurane from diaryl selenide by an oxidation-elimination mechanism [58].

Figure 7. 
Proposed mechanism for GPx activity of compounds 27–30 [57, 58].
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the corresponding spiro compounds were too fast. However, the formation of selen-
oxide could be observed when the cyclization is blocked by replacing the N-H moiety 
in compound 29 with an N-Et group. Therefore, the oxidation of selenide 29 by H2O2 
produced the selenoxide 30 with very good yield.

However, it was observed when a solution of compound 31 in acetonitrile with 
H2O2 was kept for a week, formation of the corresponding spirodioxyselenurane 32. 
The mechanism for the formation of 33 may proceed via the initial attack of a water 
molecule at the selenium center in compound 31 followed by a nucleophilic attack 
of the selenium-bound oxygen atom at the carbonyl carbon of one of the amide 
moieties, leading to the formation of an intermediate 32 (Figure 8) [59]. Although 
the formation of a spirodioxyselenurane has been proposed for a selenide having an 
N-methyl-N-phenylamide moiety [55, 58, 59] the conversion of 31 into 33 suggests 
that such mechanism can be generalized for diaryl selenides having different substitu-
ents on the amide nitrogen atom as mentioned in Figure 9.

4. Conclusions

In conclusion, a series of ebselen, diaryl selenides and spirodiazaselenuranes and 
its glutathione peroxidase (GPx) activity were discussed. A detailed mechanistic study 
suggests that the spirocyclization occurs via the formation of selenoxide intermediates. 
The glutathione peroxidase (GPx) mimetic activity of the selenides and the spirodiazase-
lenuranes indicates that the substituents attached to nitrogen atom have significant effect 
on the activity. Therefore, the selenoxide intermediates involved in the cyclization process 
could be isolated at the room temperature when it reacts with methyl halide. The com-
parison of the GPx-like activity showed that the antioxidant activity of diaryl selenids 
shows significant antioxidant activity due to oxidation of selenium and followed by the 
addition of H2O2 leads to spiro-compounds. Therefore, these compounds can provide a 
better protection against reactive oxygen species like H2O2 and peroxynitrite.
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Solar Cells
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Abstract

Conventional perovskite solar cells utilize a combination of a compact and  
mesoporous layer of TiO2 or SnO2 as the electron transport layer. This structure is 
vulnerable to massive loss of photogenerated carriers due to grain boundary resis-
tance in the layer. In this chapter, we will discuss a potential electron transport layer 
that might drive higher power conversion efficiency, i.e., thin and single-crystalline 
2D transition metal dichalcogenide. Because of their ultimate thin structure, they 
facilitate rapid electron transport and enhanced carrier extraction in the solar cells 
device. We will also discuss the current state of the art of 2D transition metal dichal-
cogenide atomic layer application as an electron transport layer in the perovskite solar 
cells as well as our recent attempt in this field.

Keywords: 2D atomic layer, transition metal dichalcogenide, electron transport layer, 
perovskite solar cells

1. Introduction

Perovskite solar cells (PSCs) have received a great deal of attention in the past 
few decades due to their impressively high power conversion efficiency (PCE) [1]. 
To date, PCE as high as 25.6% has been successfully recorded. This performance has 
already been compared with the single-crystalline silicon solar cells system. With 
the advancement in the perovskite properties control, including the crystallinity 
properties, grain size, and stability properties, further improvement in the PCE is 
expected to be achieved soon. The continuous growth in the preparation of the high-
performance charge selective layer in the perovskite solar cells further contributes to 
the rapid progress in the PCE improvement of the PSC [2].

Along with the transparent conducting electrode (TCE) and the top metal contact, 
a PSC device is composed of an electron-transport layer (ETL), an organometal-
halide perovskite active layer, and a hole-transport layer (HTL). In these solar 
cells, the perovskite and its photoelectrical properties are the keys to the overall 
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photovoltaic process. Its unique high-optical absorption constant drives massive 
photon absorption and exciton generation in the device. Despite this key fact, the car-
rier transport and interfacial charge transfer dynamics play another crucial factor for 
the generation of the overall PSC performance. These two parameters depend on the 
nature of the surface and the crystallinity properties of the charge-selective layers [3].

One of the serious problems in perovskite solar cell devices is the loss of charge 
carriers during the transport process in the carrier layer. This is because, the carrier 
layer has low crystallization, high grain boundary resistance as well as experiences loss 
of carrier charge during extraction to the outer electrode. The main factor of carrier 
charge lost during extraction to the outer electrode is due to the high interface resis-
tance between the electrode and the carrier layer. Therefore, it is expected that when a 
carrier layer that has high crystallinity, very low thickness, and good coupling condi-
tions with external electrodes is used, then the performance of the device will increase.

The electron transport layer (ETL), for example, TiO2, and other semiconducting 
oxides, such as SnO2, ZnO, have been widely applied in the perovskite solar cells fabri-
cation. Despite the excellent performance demonstrated by them, this ETL suffers from 
large-density surface defects related to oxygen vacancy, particularly in the TiO2 system. 
The defect from such vacancy causes immense trap-limited (Shockley-Read-Hull) 
transport in the extraction of the photogenerated carrier to the external electrode. 
This in many cases degrades the photovoltaic performance of the PSC up to a certain 
degree, reducing the power conversion efficiency of the device. Even though there 
exist several methods in the passivation of such defects, such as acid passivation, etc., 
the improvement is minute. In addition, this method may add additional resistance 

Figure 1. 
Mesoporous TiO2 ETL. (A and C) Top and side view of mesoporous TiO2 layer on compact layer TiO2.  
(B and D) Top and side of mesoporous TiO2 layer. (Reprinted from [4]. © 2017 American Chemical Society).
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to the photocarrier transport reducing the power conversion efficiency. Along with 
these crucial factors, the crystallinity properties of the ETL add an additional issue to 
the photocarrier transport dynamic in the device. As normal in the high-performance 
PSC fabrication, mesoporous TiO2 or SnO2 was used as ETL along with a compact 
layer of TiO2 or SnO2 (See Figure 1), [4]. As the figure reveals, the mesoporous layer is 
composed of a large number of interconnected small grain particles that produce grain 
boundary resistance due to lattice mismatch among the connected particles. This resis-
tance should be massive due to their large-scale existence on the layer. This certainly 
complicates the transport of photogenerated electrons to the electrode layer, such as 
high internal resistance or radiationless recombination [5, 6]. Therefore, the selection 
of the right material for the carrier layer is important in determining the performance 
of a device. Such resistance boundary further augments the presence of mesoporous-
compact layer interface resistance in the ETL system of the PSC. From this picture, we 
can estimate the loss would be suffered by the device during the photovoltaic process. 
This means that if such ETL is replaced with the single-crystalline ETL system, the 
performance of the perovskite solar cells can be improved.

2. Two-dimensional transition metals ETL

Recently, materials of two-dimensional (2D) dichalcogenide transition metals 
(TMDs), such as MoS2, WS2, TiS2, CdTe, and others, have been used as carrier layers 
in perovskite solar cells due to their high charge carrier mobility, unique optoelectrical 
properties, large exciton binding energy, very fast interface charge transfer properties 
as well as excellent physical and chemical stability properties [7]. Their optoelectronic 
properties were also found to correspond to the number of layers, dopants, and 
strains (straining). The phenomenon of the massive charge transfer process in these 
van der Waals crystals driven by the collective motion of excitonic surfaces enables a 
high interfacial charge extraction and reduces charge recombination for an effective 
photovoltaic process [8]. One of the uniqueness of the TMDs layer is that it has an 
atomic-scale thickness (very thin) and has high crystallinity. With its planar (2D) 
structure, it will produce a strong coupling when grown on the electrode surface. 
Therefore, it has great potential for a carrier layer in perovskite solar cells.

Transition metal dichalcogenide (TMD) has the chemical formula of MX2 where 
M is the transition metal from groups 4 to 10 in the periodic table system, and X is a 
chalcogen atom such as sulfur (S), selenium (Se), or tellurium (Te). Figure 2 shows 
the typical structure of TMD. The structure has two layers of chalcogen that clamp a 
transition metal layer making this material have its uniqueness in electronic, opto-
electronic properties, and chemical stability [10]. The electronic and optical proper-
ties of TMDs materials change significantly depending on the number of layers. For 
example, the MoS2 band gap increases from 1.29 eV (multilayered MoS2) to 1.59 eV 
(monolayer MoS2), and also this bandgap changes from an indirect bandgap to a 
direct bandgap as the number of layers decreases [11].

As is well known, most of these 2D TMD materials have ambipolar properties that 
enable the materials to transport both electrons and holes [12]. In other words, this 
allows 2D TMDs material to be used as ETL or HTL in n-i-p or p-i-n perovskite solar 
cells. However, most perovskite solar cell applications use these 2D TMD materials 
as HTL. Only MoS2 and TiS2 have been used as ETLs and have successfully produced 
efficiencies as high as 13.14% and 18.79% [7, 13]. Table 1 shows several PSC device 
structures utilizing TMD as ETL. Recently, there was a first simulation study on the 
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Figure 2. 
Typical structure of transition metal dichalcogenide materials. (A) Typical layer stacking structure in bulk 
transition metal dichalcogenide structure. T and X represent the transition metal and chalcogen elements, 
respectively. (B) Top and side view of single-layer of TMD with 2H-phase. (C) Side view of single-layer TMD 
with 1T-phase.  (Reprinted from [9]. © 2020, The Author(s)).

Material Device structure Jsc (mA cm−2) Voc 
(V)

FF PCE 
(%)

Ref.

TiS2 FTO/TiS2/MAPbI3/
spiro-OMeTAD/Au

23.38 1.05 0.71 17.37 [14]

TiS2 ITO/TiS2/ FAxMA1-

xBrxClyI1-x-y/spiro-OMeTAD/
Ag

24.68 1.00 0.75 18.79 [7]

MoS2 FTO/MoS2/MAPbI3/
spiro-OMeTAD/Au

21.70 0.89 0.63 13.14 [15]

MoS2 ITO/MoS2/Csx(MAyFA1-y)1-

xPb(IzBr1-z)3/spiro-OMeTAD/
Au

16.24 0.56 0.37 3.36 [16]

MoS2/
TiO2

ITO/TiO2/MoS2/MAPbI3/
spiro-OMeTAD/Au

13.36 0.65 0.51 4.43 [17]

MoS2/
SnO2

ITO/SnO2/MoS2/FAxMA1-

xBrxClyI1-x-y/spiro-OMeTAD/
Ag

24.57 1.11 0.79 21.73 [18]

MoS2 Graphene/MoS2/MAPbI3/
PTAA/Au

20.92 0.91 0.76 14.42 [19]

MoS2 ITO/MoS2/MAPbI3/PCBM/Al 12.50 0.85 0.57 6.01 [20]

SnS2 ITO/SnS2/MAPbI3/
Spiro-OMeTAD/Au

23.70 0.95 0.61 13.63 [21]

SnS2 ITO/SnS2/MAPbI3/
Spiro-OMeTAD/Au

21.70 1.011 0.60 13.20 [22]

Table 1. 
Photovoltaic parameters of perovskite solar cell devices using dichalcogenide transition metals (TMDs) as ETLs.
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photoelectric properties of WS2 as an ETL in perovskite solar cells reported with 
efficiencies as high as 25.70% [23]. By having high electron mobility as well as energy 
levels appropriate to the perovskite layer, the WS2 atomic layer is expected to function 
as an ETL capable of producing high-performance perovskite solar cell devices.

2.1 TiS2 electron transport layer

TiS2 is one of the TMDC family that has been intensively studied recently due 
to its semi-metallic properties with low-bandgap value, i.e., 0.2 eV. With high 
electrical conductivity, i.e., 1 x 104 S m−1, this material is potential as an electrode 
in many applications including lithium-ion batteries and solar cells. Despite its 
excellent electrical properties, the use of TiS2 as independent electrode material in 
the application is limitedly demonstrated. It is mainly stacked with other materials 
such as MoS2 [24] or TiO2 to improve the properties in applications. For the case of 
MoS2 stacked with TiS2, the TiS2 can form Schottky contact with MoS2 with barrier 
height [24] between these two atomic layers can be varied by the doping type and 
concentration either in the MoS2 or TiS2 side (Figure 3). This certainly provides 
a wider opportunity to modify the electrical properties of the system for desired 

Figure 3. 
PLDOS of TiS2–MoS2 (ML) FET-like junctions doped with different doping concentrations and the variation 
of band structure at interface B. a–d The doping concentrations are: N = 5 × 1019 cm−3, N = 1 × 1019 cm−3, 
N = 5 × 1018 cm−3, and P = 5 × 1018 cm−3. The thickness of TiS2 is four layers. On the right side, the plot shows 
the variation of band structure under different doping concentrations. The scale bar is from 0.0 to 90.0 (1/eV). 
Interface A is the interface between TiS2–MoS2. (Reprinted from [24]. © 2020, The Author(s)).
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performance in application. In the typical process, n-type-doped TiS2–MoS2 (ML) 
contacts exhibit a barrier height relatively larger, i.e., 1.0 eV below doping level 
degeneracy. Nevertheless, these n-type-doped contacts still have the potential as the 
switch in high-power as well as tunnel Schottky barrier MOSFETs. In contrary to 
the n-type doped system, the p-type-doped TiS2–MoS2 (ML) exhibits a zero barrier 
height at a particular doping concentration, i.e., 5 × 1018 cm−3. Under this condi-
tion, the depletion region width is zero and the band becomes flat, revealing that 
the contact is ohmic and the barrier height is small. These results reveal the unique 
unusual interfacial properties arising from this ultimate thin contact that promise a 
special function in the application. This phenomenon could be the driving factor for 
an efficient photocarrier extraction in the perovskite solar cells using ETL modified 
with MoS2 or TiS2 atomic layer.

For example, in the perovskite solar cells system with SnO2 ETL (Figure 4), there 
is an increase in the energy band alignment between the ETL and perovskite layer 
when the 2D TiS2 is attached to the surface of SnO2 [18]. The conduction band level 

Figure 4. 
(A) Cross-sectional SEM image of the PSC. (B) The energy level diagram. (C) Representative J-V curves of the 
PSCs with SnO2 or SnO2 /2D TiS2 as ETLs. (D) EQE curve and integrated current density of the PSC with SnO2 
/2D TiS2 as the ETL. (E) Histogram of the PCE of PSCs with SnO2 and SnO2 /2D TiS2 as ETLs analyzed from 
25 cells. (F) Steady-state efficiency of the PSCs with SnO2 and SnO2/2D TiS2 as ETLs measured under constant 
voltages of 0.86 V and 0.92 V, respectively. (Reprinted from [18]. © 2019 Royal Society of Chemistry).
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of ETL (SnO2) reduced from 4.68 to 4.63 eV in the presence of 2D TiS2. This has 
narrowed the offset energy between the ETL and perovskite (conduction band level 
at 4.36 eV). As the result, the photogenerated carrier extraction becomes enhanced, 
improving the photocurrent and the power conversion efficiency. As shown in  
Figure 4C–4F, the power conversion efficiency increases from 19.65% to 21.73% 
when the SnO2 ETL is modified with the 2D TiS2 atomic layer. The nature of interfa-
cial photocarrier dynamic improvement in the presence of the 2D TiS2 atomic layer 
can be seen from the increase of the Voc, FF, and the IPCE of the device. This process 
is also reflected by the decrease in the device hysteresis and the improvement of the 
stability properties.

Figure 5 explains in detail how the photocarrier dynamic in the device was 
impressively modified in the presence of a 2D TiS2 atomic layer on the surface of SnO2 
ETL. As presented, the photocurrent is enhanced impressively. This is the result of 

Figure 5. 
Comparison of SnO2 and SnO2/2D TiS2 as ETLs in PSCs: (A) Jph-V eff curves; (B) J-V curves in the dark  
(the dash-dot lines represent the fitting lines); (C) Nyquist plots; (D) steady-state PL spectra; (E) transient PL 
spectra; (F) C-V characteristics. (Reprinted from [18]. © 2019 Royal Society of Chemistry).
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enhanced interfacial charge transfer as indicated by the transient and steady-state 
photoluminescence analysis result, which is also supported by the electrochemical 
impedance spectroscopy result, showing decrease in the interfacial charge transfer 
resistance in the device.

We also in our recent result have coupled the TiS2 atomic layer on top of the TiO2 
surface to compensate for surface defect due to the oxygen vacancy, enhancing the 
interfacial charge transfer and transport dynamic when applied as ETL in perovskite 
solar cells [25]. The perovskite solar cells’ performance improves from 18.02 to 18.73% 
(Figure 6). Electrochemical impedance analysis revealed that there is an improve-
ment as high as 13% in interfacial charge transfer in the ETL with 2D TiS2 and 43% 
improvement in the charge recombination resistance (Figure 7A). The latter is veri-
fied by the increase in the photocurrent (Figure 7B) and the decrease in the leakage 

Figure 6. 
Photovoltaic performance of the 2D TiS2-TiO2 NG and TiO2 NG-based PSC. (A) Schematic structure of 2D 
TiS2-TiO2 NG-based PSC. (B) J-V curves of the champion device. (C-F) The comparison of the photovoltaic 
parameters, i.e., PCE, Voc, Jsc, and FF, for the two devices. (Reprinted from [25]. © 2021 The American Chemical 
Society).
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current of the device when 2D TiS2 passivates the TiO2 surface (Figure 7C). We can 
relate this process to the reduction in the trap density in the device as shown by the 
value of VTFL of the double-log J-V curve as depicted in Figure 7D where the VTFL 
value depends linearly with the trap density in the device.

2.2 MoS2 electron transport layer

MoS2 atomic layer is the most studied TMD system because of its excellent optical 
and electrical properties [26–28] and has been used widely in perovskite solar cells as 
a hole-transport layer (HTL) and an electron-transport layer (ETL) [11, 15, 26] in the 
form of colloidal or flakes thin film [15, 28–30]. Table 1 lists down several perovskite 
solar cells using MoS2 as ETL with a particular device configuration. For example, 
Singh, Giri, et al. [13] have obtained power conversion efficiency as high as 13.2% 
from PSC devices using MoS2 material as ETL. In this study, they synthesized the 
MoS2 film directly on FTO substrate using microwave irradiation-assisted reduction 
method. It is found that the efficiency obtained by MoS2 material is close to the effi-
ciency value obtained from TiO2 and SnO2 material making MoS2 material comparable 
to other ETL materials. Abd Malek et al. [16] have also developed different structures 
of MoS2 ETL on the ITO substrate. Instead of colloidal or flake structured film, an 
ultrathin layer of MoS2 prepared from ultrasonic spray pyrolysis was fabricated to 

Figure 7. 
Photoelectrical properties of the PSC device. (A) Electrochemical impedance spectra and equivalent circuit of 
the device. (B) Photogenerated current of the PSC device (Jph-Veff curve). (C) Semilog J-V curve of the PSC in the 
dark. The green lines represent the fitting line. (D) Double log J-V curve in the dark for photoelectrical dynamic in 
the device. Three distinct regimes of (i) the ohmic response, (ii) filled trap transition, and (iii) SCLC are shown 
by different colored regions. (Reprinted from [25]. © 2021 The American Chemical Society).
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obtain its functionalities as ultrathin ETL in the PSC device. The result showed that 
the PCE device performance depended on the condition during the preparation of the 
MoS2 atomic layer, particularly the substrate temperature. It is demonstrated that sub-
strate temperature of 200°C is suitable for growing high-quality MoS2 atomic layer on 
ITO surface, thus, optimizing the power conversion efficiency of the PSC (Figure 8). 
This MoS2 thin-film-based device as ETL has shown high-stability properties where 
its efficiency can be maintained as much as 90.24% of the original efficiency after 80 s 
exposure continuously under simulated solar light illumination (AM1.5).

In addition to being used singly in the ETL, TMD materials can also be combined 
with other organic or inorganic electron transport materials to form electron trans-
port materials. For example, Ahmed et al. [31] have added a MoS2 layer on top of the 
TiO2 layer to be used as ETL in perovskite solar cells. The use of MoS2/TiO2 as ETL 
has successfully increased the efficiency of the device by 16% higher than the device 

Figure 8. 
The photovoltaic parameter for MoS2 as ETL in PSC. (A) Schematic structure of the PSC device. (B) The 
J-V curves for the champion device, (C-F) PCE, Voc, Jsc, and FF of the MoS2 based PSC devices with different 
substrate temperatures, namely MoS180 (a), MoS200 (b), MoS220 (c), and MoS250 (d). (Reprinted from [16]. © 
2020 Elsevier).



89

Two-Dimensional Transition Metal Dichalcogenide as Electron Transport Layer of Perovskite…
DOI: http://dx.doi.org/10.5772/intechopen.103854

that only uses TiO2 as ETL. Similarly, Huang et al. [18] have successfully produced an 
n-i-p type plane device using SnO2 and 2D TiS2 as ETL. High efficiency was recorded 
by this group, which was as high as 21.73% with a relatively small hysteresis value. The 
increase in efficiency in this device is due to the matching of the ETL energy level and 
the appropriate perovskite layer as well as the lack of electron trap density in the ETL.

2.3 WS2 electron transport layer

Tungsten disulfide (WS2) share common basic properties of TMD with other 
systems, such as high-mobility properties, unique optoelectronic properties, large 
exciton-binding energy, and good physical and chemical stability as well as ambipolar 
properties [11]. In addition, WS2 has an energy level that is suitable for the perovskite 
layer of three types of cations (Figure 9) and can be easily synthesized by the 
ultrasonic spray pyrolysis method. WS2 also has high stability as well as having fast 
interface charge transfer properties [32]. Among the available 2D TMD, the energy 
band structure of WS2 is a much better match with the common perovskite of MAPbI3 
(Figure 10). Furthermore, it also has a relatively larger bandgap if compared with the 
other system in this class of materials, promising facile excitonic separation during 
the photovoltaic process and producing better power conversion efficiency.

Recently, we have realized the PSC device utilizing the WS2 layer as ETL and evalu-
ated how the number of layers of WS2 influences the carrier dynamic in the device 
[5]. We prepared the WS2 atomic layer via ultrasonic spray pyrolysis. Figure 11 shows 
a schematic diagram of the 2D atomic layer preparation. A modified commercially 
available ultrasonic spray system (Daiso, Japan) was used. A homemade solution 
container was placed on the top of the ultrasonic membrane of the system (Figure 11). 
Ultrasmall solution precursor mist can be produced from the process and fall on the 
ITO substrate surface that is positioned approximately 5 cm below the membrane. The 
temperature of the substrate was set at 350°C.

Figure 9. 
Energy levels of dichalcogenide transition metal materials (TMDs) as ETLs and MAPbI3 as perovskite layers in 
perovskite solar cells.
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The typical morphology of the WS2 atomic layer on the ITO substrate is shown 
in Figure 12A. The WS2 nanosheet’s morphology resembles a circular structure that 
is produced from the precursors’ mist that emerged from the ultrasonic spray mem-
brane. Confocal Raman imaging further indicated the existence of a very thin layer 
of structure from the circular structure as shown in Figure 12B. Raman analysis then 
confirmed the phase crystallinity of the WS2 (Figure 12C). As the figure reveals, there 
are two sharp peaks obtained from the Raman spectrum that is centered at 348.9 cm−1 

Figure 10. 
Energy level diagram for n-i-p perovskite solar cells using WS2 ETL.

Figure 11. 
Schematic diagram of ultrasonic spray pyrolysis for the preparation of TMD ETL.
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and 412.3 cm−1, which are associated with the in-plane (E2g) and the out-of-plane (A1g) 
vibration modes of the lattice (see inset in Figure 12C) [33–39]. According to the value 
of the separation between these two peaks, the thickness of the atomic layer is esti-
mated to be in the range of 10 L. The X-ray diffraction analysis further confirmed the 
phase crystallinity of the WS2 layer (Figure 12D) [40–42]. The high-resolution trans-
mission electron microscopy (HRTEM) and selected area electron diffraction (SAED) 
analysis results (Figure 12F and G) show that the sample is single crystalline. However, 
the presence of SAED composed of a triple spot is related to the stacking of the WS2 
atomic layer during the transfer to the lacey grid for HRTEM analysis. The XPS analysis 
then further confirmed the Raman and XRD analysis results on the phase crystallinity 
of the sample of which it belongs to WS2 (Figure 12H-I).

PSCs device was fabricated using the WS2 atomic layer as ETL and investigated 
how the thickness of the WS2 ETL influenced the photovoltaic process. The structure 
of the PSC device is ITO/WS2 nanosheets/Perovskite/Spiro-OMeTAD/Au. Perovskite 
used was triple cations system of Cs0.05[MA0.13FA0.87]0.95Pb (I0.87Br0.13)3 [43].

It was found that the thickness, represented by the number of layers, of the WS2 
atomic layer ETL, strongly influences the power conversion efficiency of the PSC 
device (Figure 13). The results show that the PCE performance improves with the 
increase of thickness from 4 L to the optimum thickness of 7 L (WS30 sample in 
the figure). The optimized WS2 ETL thickness can produce a PSC device with PCE 
as high as 18.21% with Jsc, Voc, and FF as high as 22.24 mA cm−2, 1.12 V, and 0.731, 

Figure 12. 
The morphology, phase crystallinity, chemical state properties of WS2 nanosheet. (A) FESEM image of WS2 
nanosheet on the ITO substrate. (B-C) Raman imaging and spectrum of WS2 were obtained using 532 nm laser 
excitation. The inset in (C) shows the corresponding main vibration mode of Raman. (D) XRD spectrum for WS2 
nanosheet showing 2H phase. (E-F) Low and high-resolution TEM image of WS2 nanosheet. (G) SAED pattern 
of WS2 nanosheet showing at least three stacking WS2 nanosheets. (H-I) High-resolution scan of XPS at W and S 
binding energy of WS2 nanosheet. (Reprinted from [5]. © 2020 Wiley-VCH GmbH).
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respectively. The average performance was 17.84%, 22.33 mA cm−2, 1.10 V, 0.731 
for PCE, Jsc, Voc, and FF, respectively. However, due to an increase in the energetic 
disorder when using the WS2 ETL, the device performance then declined when the 
thickness of the ETL increased above 7 L. From Figure 13, we can also see that the val-
ues of Voc and fill factor (FF) are impressively high, which is higher than 1.1 V for Voc 
and approximately 74% for FF. This reflects that the photogenerated carrier dynamic 
in the device is high and the photogenerated carrier is effectively extracted to the 
external circuit to produce photocurrent [44]. This is verified by the high-external 
quantum efficiency (EQE) of the device as shown in Figure 13F.

To understand the extent effect of the WS2 atomic layer as ETL in the PSC device, 
the device performance was compared with the reference PSC utilizing well-known 
SnO2 ETL. In the typical process, the performance of SnO2-based PSC shows lower 
performance than the WS2 atomic layer–based device (Figure 14). Steady-state and 
transient photoluminescence analysis revealed that the interfacial charge trans-
fer from the perovskite to ETL is high in the WS2 atomic layer [45], the result of 

Figure 13. 
The photovoltaic performance of PSC using different thicknesses of WS2 ETL. (A) J-V curves for the champion 
PSC device. (B–E) The statistic plot for PCE, Voc, Jsc, and FF, respectively. (F) EQE and integrated current 
density (J) of the corresponding device. (Reprinted from [5]. © 2020 Wiley-VCH GmbH).
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optimized coupling due to ultra-flat surface morphology offered by the WS2 atomic 
layer. This phenomenon is further confirmed by the electrochemical impedance 
spectroscopy analysis result where it is obtained that the interface charge transfer 
resistance is lower in the WS2-based PSC device than the SnO2-based device. Thus, 
it can be remarked that the WS2 atomic layer enables highly active interfacial charge 
transfer for a high-performance PSC device.

3. Conclusions

2D atom thick TMD promises facile charge extraction and transport in the 
perovskite solar cells due to its ultimate thin and single-crystalline nature. The 
optimization of the 2D TMD layer to obtain a large dimension on the substrate 

Figure 14. 
The comparison of the photovoltaic parameter between WS2 (7 L, WS30 sample) and SnO2-based PSC device. 
(A) J-V curves for the champion device. (B–E) The comparison of PCE, Voc, Jsc, and FF for the two devices, 
respectively. (F–H) Steady-state PL, time-resolved PL spectra (TRPL), and electrochemical impedance spectra for 
WS2 and SnO2-based PSC devices, respectively. (Reprinted from [5]. © 2020 Wiley-VCH GmbH).
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Abstract

As on today the main power sources of lithium-ion batteries (LIBs) research 
developments gradually approach their theoretical limits in terms of energy density. 
Therefore, an alternative next-generation of power sources is required with high-
energy densities, low cost, and environmental safety. Alternatively, the chalcogen 
materials such as sulfur, selenium, and tellurium (SSTs) are used due to their excel-
lent theoretical capacities, low cost, and no toxicity. However, there will be some 
challenges to overcome such as sluggish reaction of kinetics, inferior cycling stability, 
poor conductivity of S, and “shuttle effect” of lithium polysulfides in the Li-S batter-
ies. Hence, several strategies have been discussed in this chapter. First, the Al-SSTs 
systems with more advanced techniques are systematically investigated. An advanced 
separators or electrolytes are prepared with the nano-metal sulfide materials to reduce 
the resistance in interfaces. Layered structured cathodes made with chalcogen ligand 
(sulfur), polysulfide species, selenium- and tellurium-substituted polysulfides, 
Se1-xSx uniformly dispersed in 3D porous carbon matrix were discussed. The construc-
tion of nanoreactors for high-energy density batteries are discussed. Finally, the 
detailed classification of flexible sulfur, selenium, and tellurium cathodes based on 
carbonaceous (e.g., carbon nanotubes, graphene, and carbonized polymers) and their 
composite (polymers and inorganics) materials are explained.

Keywords: sulfur, selenium, tellurium (SSTs) electrodes, polysulfides,  
nano-metal chalcogen and flexible batteries, nanoreactors, electrochemical properties

1. Introduction

Recently, much attention has been focused on the development of more safe, high-
energy density, long-life, and low-cost batteries to satisfy our energy demand as our 
daily life includes electric vehicles, portable electronics, and large-scale grids [1–4]. 
However, lithium-ion batteries (LIBs) successfully prepared and available in the 
commercial market since the 1990s, even though their theoretical specific capacity, 
energy density of the electrode material is relatively low. Hence, still it is challenging 
to development of next generation of lithium-ion batteries to fulfill the demand by 
overcoming their hindrance by the intrinsic limitation [5].
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Various metal sulfides, metal oxides, and metal poly-anions have been developed, and 
they exhibited preferable capacities, but their output voltages are not sufficient. Hence, 
chalcogen materials (sulfur, selenium, and tellurium (SSTs) are emerging conversion-
type cathode materials for aluminum-ion batteries (AIBs) [6]. They exhibit the multi-
electron transfer process; therefore, AlSST batteries can deliver very high capacities.

The low-cost and -toxicity, most-abundant sulfur (S) has theoretical gravimetric 
capacity of 1672 mA h g−1 due to the reaction between S and sulfide (S2−) exhibiting 
the highest capacity, over all cathode materials in AIBs [7]. Notably, lithium-sulfur 
(Li-S) batteries exhibited the highest theoretical energy density of 2600 Wh kg−1. 
Moreover, the sulfur-based cathodes require a large number of conductive additives 
due to their electrical insulating property to avoid leakage/loss issues, which greatly 
decreases the actual capacity [8]. Therefore, it is usually difficult to achieve the theo-
retical specific capacity. Based on these merits, metal chalcogens batteries (MCBs) are 
an attractive interest for alternative of new-generation secondary batteries.

The main research has been focused on lithium dendrite and “shuttle effect” of high-
order lithium phosphate sulfur batteries. There is three-phase boundary between cathodes, 
electrolytes, and modified interface layers. The interface boundaries occupied by the sulfur 
species restrict the redox kinetics. Therefore, to improve the redox reaction, it is necessary 
to make strong bond of S to the host, thereby continuing to conduct mixed charge carriers 
(Li+ and e−). There is another difficulty that the degradation of active materials between the 
electrodes due to shuttle process, in which cathode electrolyte interfaces bring rapid decay 
of the capacity, thereby reducing the coulomb efficiency of Li-S batteries [2]. The forma-
tion of lithium dendrites on the surface of lithium anode and also unstable solid electrolyte 
interface (SEI) leads to low columbic efficiency (CE) and poor cyclic performance [9]. To 
overcome these problems, most suitable nanomaterials are considered for energy applica-
tions due their unique crystal structure providing high surface-area-to-volume ratio and 
shortening lithium ions transport [9].

In order to create the metal-ligand covalency is the one of strategies by replacing 
the oxide ligand with the chalcogen (S, Se) to achieve an anion redox stabilization, 
where the less electronegative nature of the chalcogen improves the ligand p band 
penetration into the metal d band. Tarascon et al. investigated layered chalcogen 
structures as well as their electrochemical performance for the next generation of 
cathodes [10]. The results exhibited the superior performance in voltage and capacity 
fade with voltage hysteresis. Hence, chalcogen anion redox plays a critical role in a 
Li-rich cathode batteries. Some of research was carried out on chalcogen cathodes, 
both Li-rich and conventional chalcogen cathodes for the evolution of chalcogen 
anion redox cathode [11, 12]. Mespoulie et al. [13] introduced fast Li-ion conductors 
of mixed anionic and cationic redox activity of Li2SnS3, by introducing the Fe redox 
couple in the host cation Sn site.

Selenium (Se) is another class of material present in Al-Se battery that showed 
higher voltage plateau resulting a desirable energy density [14]. Selenium metal has 
high theoretical volumetric capacity (3253 mA h cm−3, ρ = 4.81 g cm−3), which is more 
suitable especially in hybrid electric vehicles and in the mobile smart phones due to 
restrictions of the battery volume [15]. Selenium showed higher electronic conduc-
tivity (1 × 10−3 S m−1) and excellent kinetic behavior than sulfur [16]. The chemical 
compound Se1-xSx with different Se-S ratios shows higher theoretical capacity as well 
as better electronic conductivity due to fast reaction of kinetics than pristine S [17]. 
Even though, Se1-x Sx cathode materials also suffer from poor cycle performance, 
lower coulombic efficiency due to the dissolution and shuttling of intermediates [18]. 
The electrochemical performance of Li-Se1-xSx batteries improved by carbon coating, 
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which provide a strong chemical affinity of polarized surface, which can effectively 
trap the soluble intermediates to minimize the shuttle effect and side reactions in 
the electrolyte [19]. A series of Se1-xSx cathodes were prepared by Se/S ratio and the 
presence of supercritical CO2. NC@SWCNTs@Se1-xSx cathodes exhibited higher 
conductivity and strong adsorption leading to superior cyclic efficiency.

Tellurium (Te) material has the highest atomic weight among sulfur and selenium, 
high electrical conductivity and a 6-electron transfer reaction process made it to be 
promising cathode material in AIBs [20]. However, still there are several challenges 
remaining to overcome for the development of batteries such as low electronic 
conductivity of S, shuttle effect, slow kinetics of ionic liquids as well as undesirable 
reaction mechanism [21]. Tellurium exhibits a higher theoretical volumetric capacity 
of 2619 mAh cm−3 due to its intrinsic electrical conductivity of Te (2 × 102 S m−1), 
much better than that of S (5 × 10−16 S m−1) and Se (1 × 10−4 S m−1). Therefore, the 
high utilization ratio of active material of Te leads to good performance at the large 
current density. The fabricated batteries based on Te/porous carbon (Te-G-CNT) 
electrode materials deliver a high volumetric capacity up to 2493.13 mAh cm−3 [22].

The polysulfide (Li2Sn) species have strong tendency to catenate and form reac-
tive polysulfide dianions as well as radical anions (Sn2− and Sn/n/2

−
, 2 < n < 8). These 

conversion reactions of sulfur ↔ Li2S kinetically favored in the mediated solution 
and their deposition degrading the lithium surface and the cyclic stability [23–25]. 
The dissolved species shows shuttle effect by insulating deposition of Li2S/Li2S2. 
Polysulfide molecules modified by substituting chalcogen atoms minimized the 
intrinsic shuttle effect [26]. By substituting S, Se and Te can be facilely formed as the 
polyselenosulfides (Li2SexSy) and polytellurosulfides (Li2TexSy). However, selenium 
and tellurium lead to significant differences in the electrochemical performance 
compared with Li-S batteries. The substitution of selenium and tellurium has signifi-
cant impact on the metal-chalcogen batteries and solid-state batteries by employing 
chalcogenide solid electrolytes. Therefore, in this chapter, the strategies to improve 
electrochemical performance are elaborated, and the development of new trends for 
next-generation lithium-ion batteries is provided.

To fabricate flexible lithium-ion batteries using sulfur-based cathodes, there are 
two main synthetic approaches: (1) Post-sulfur loading: The formation of a flexible 
skeleton then loaded with sulfur by using vapor infusion, melt diffusion, or repre-
cipitation of sulfur from a solution (generally carbon disulfide (CS2) or toluene). (2) 
Pre-sulfur loading: pre-synthesized sulfur composites into a flexible cathode. By keep-
ing the flexible cathode required features in mind such as (1) high content of active 
materials with respect to total mass of the electrode, (2) mechanically robust skeleton, 
(3) long-range interpenetrated conductive network, (4) porous structure, and (5) 
three-dimensional (3D) scaffold to improve areal sulfur loading [27]. The flexible 
energy Li-S batteries, flexible alkali metal-chalcogen batteries, and two special flexible 
batteries such as prototypes of foldable and cable-type Li-S batteries are discussed.

2. Results and discussion of various topics

2.1 Sulfur, selenium and tellurium batteries

Many efforts have focused on the cathode material design, electrolyte optimiza-
tions, separator modification, still some of the challenges remain due to slow kinet-
ics, electrolyte compatibility, and inferior cycling stability. Hence, there are many 
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possibilities for the development of more reliable sulfur, selenium tellurium (SSTs) 
batteries. He et al. [5] showed schematic representation of various components for the 
development of lithium-ion batteries based on SST as shown in Figure 1. The carbon-
based materials, conductive materials, and their nanostructure with a porous matrix 
refereed as a host due to low electrical conductivity of SSTs (S and Se) and the soluble 
properties of the chalcogenide. Therefore, the host materials can provide necessary 
contact with SSTs to reduce the formation of inactive regions and satisfy the adsorbing 
as well as accommodation of soluble active materials. Therefore, the mass loading of 
SSTs cathodes can efficiently be increased. The various approaches such as melting dif-
fusion, chalcogen vaporization are used to increase the mass loading of active SSTs into 
the conductive host materials. An introduced of metal atoms to form a bonding with 
SSTs is another possible method for reducing the reaction barriers in Al-SSTs batteries.

2.1.1 Al-sulfur batteries

The most abundant high-surface-area carbon porous materials are possible to 
absorb the SSTs materials, which is more impartment for limiting chalcogenide dis-
solution [28]. Thus, well-designed porous structure carbon materials composites can 
enhance not only the charge transport but also improve the retention of SSTs cathode 
during electrochemical reaction [29]. Therefore, carbon materials are attractive 
to be host for the insulating S with a regular matrix. A melt-diffusion method was 
conducted to prepare the S/activated carbon cloth (ACC) composite cathode mate-
rial in Al-S battery as shown in Figure 1a. As prepared ACC material exhibited type 
I adsorption, corresponding to microporous structure with a pore size below 2 nm. 
The Brunnauer-Emmett-Teller (BET) measurement showed that after compositing of 
S into the ACC, specific surface area decreased from 2376.6 to 1532.8 m2 g−1 and also 
decreased to its micropore volume from 0.93 to 0.61 cm3 g−1, indicating that the S 
material was uniformly impregnate into the microporous structure. The Al-S bat-
tery based on S/ACC cathode exhibited a high specific capacity of 1320 mA h g−1 and 
discharged voltage about 0.65 V as shown in Figure 2b.

The microporous structure ACC host consists of pore size less than 2 nm and can 
effectively provide the fast solid-state reaction kinetics favoring to its ready electron 

Figure 1. 
Perspective for Al-SSTs batteries. Reprinted from ref. [5].
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access, large reaction area, and decreasing the ionic diffusion length. Similarly, a 
free-standing CNF host was also introduced in Al-S battery as shown in 2b. The 
carbon nanofiber with a diameter of 100–200 nm occupies between the interspaces 
in micrometer scale level. This CNF structure provides a spacious, robust, conductive 
matrix to accommodate the active S and their products. The S and EMIC/AlCl3 slurry 
dispersed into the freestanding CNF host, the Al-S battery exhibited a good capac-
ity of 1250 mAhg−1. These above free-standing carbon materials not only provide a 
conductive matrix for S materials, but also reduce the side reaction from the binder, 
thereby enhanced stability of Al-S battery. The porous carbonized Cu-based metal 
organic frameworks (MOFs) called as HKUST-1-C also introduced as a host to the 
S in Al-S batteries [30]. The HKUST-1-C carbon materials exhibited high hierarchi-
cal porous structure with surface area of 179 m2 g−1 and a pore sizes in <5 nm range. 

Figure 2. 
The galvanostatic charge/discharge curves of a, b) Al-S battery, c, d) Al-Se battery (n ≥ 1), and e, f) Al-Te 
battery. Reprinted from ref. [5].
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These are more suitable for being host in S cathode batteries. The metallic Cu can 
react with polysulfides to form S-Cu ionic clusters, thereby reducing the kinetic 
barrier of the electrochemical conversion reaction and facilitating the reversibility of 
S during charge/discharge processes. Therefore, the S@HKUST-1-C cathode battery 
exhibited a stable performance with a reversible capacity of 600 mA h g−1 at the 
75th cycle and retained 460 mA h g−1 even after 500 cycles at 1 A g−1. These results 
indicate that the metallic material provides a valuable strategy to develop stable Al-S 
batteries. A nitrogen-doped hierarchical porous carbon called as HPCK used as a host 
for S in Al-S batteries [31]. Hierarchical micro-, meso-, and macro-pores of HPCK 
was prepared by carbonizing a N-rich polymer precursor combined with zinc nitrate 
and followed by a KOH etching process. Interestingly, KOH etching process greatly 
improved the surface area (2513 m2 g−1) and created more micro- and meso-pores. 
The Al-S batteries based on S/HPCK cathode delivered a capacity of 1027 mA h g−1 
at 0.2 A g−1 for 50 cycles and exhibited excellent cyclic ability of 405 mA h g−1 at 1 A 
g−1 for 700 cycles. The hierarchical porous structure of HPCK with high surface area 
and large pores confined S materials. The huge macropores provide fast ion transport 
in the electrolyte. Therefore, the porous carbon powders, metal content along with 
structure optimization for host are impartment factors for Al-S batteries.

2.1.2 Al-selenium batteries

Selenium composite prepared with carbon meso-porous material (2 nm < pore 
size <50 nm) can enhance the encapsulation of Se in the Al-Se batteries as shown 
in Figure 2C [32]. The CMK-3 carbon demonstrated that it exhibited a hexagonal 
meso-porous structure favorable for being host material in Al-Se batteries as shown in 
Figure 2c. The CMK-3 carbon nanorods showed a large pore volume of 1.78 cm3 g−1, 
a high surface area about 1632 m2 g−1, and a uniform pore size of 3.4 nm. The Al-Se 
battery based on Se@CMK-3 cathode delivers an initial discharge capacity of 
218 mA h g−1 at 100 mA g−1 and a relatively high discharged potential above 1.5 V 
as shown in Figure 2d. Hollow selenium carbon nanotube (Se@CT) with a specific 
surface area of 61.49 m2 g−1 and pore diameter of 3.36 nm was also demonstrated 
as cathode material in Al-Se batteries [6]. The Se@CT cathode exhibited an initial 
discharge capacity of 447.2 mA h g−1 at 200 mA g−1 with a voltage of about 1.6 V. The 
capacity retains 83.5% even after the 200 cycles at 500 mA g−1. The carbon materials 
in Se@ CT cathode reside their structural stability of Se, reduce the dissolution of 
selenide products, and also avoid the volume change of Se during the electrochemical 
process. Therefore, mesoporous structure and pore size are important to stabilize 
the Se cathode as well as enhance the electrochemical performance. Mesoporous 
carbon fibers (MCFs) size from 2.7 to 8.9 nm prepared and demonstrated the effect 
of pore size on the electrochemical performance of Al-Se batteries [32]. The Al-Se 
battery based on MCFs material with pore size of 7.1 nm exhibited a good capacity of 
366 mA h g−1. The chloroaluminate ion diffusivity greatly affects in the mesopore size 
of MCFs composite Se cathode. The carbon well-designed structures may provide the 
chloroaluminate ion transportation as well as charge transportation during charge/
discharge processes, which enhances the electrochemical behavior of Al-Se batteries.

2.1.3 Al-Te cathode batteries

The electrical conductivity of Te cathode is very high [12]. Hence, utilization ratio 
of active material is large and also exhibited good rate performance in Al ion batteries. 
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Te cathode is easily prepared by coating the slurry of Te powder, acetylene black, and 
binder on current collector, without any host materials as shown in Figure 2e [20]. 
The Al-Te battery exhibited with raw material an initial capacity of 913 mA h g−1 at 
20 mA g−1 with a potential of 1.4 V as shown in Figure 2f. The Al-Te battery deliv-
ers a good rate performance at different current densities due to the high electrical 
conductivity of Te. However, Te batteries exhibited capacity fading due to its leaching 
of soluble telluride from the cathode. Further, the rGO materials were introduced to 
encapsulate Te nanowires in Al-Te battery [6]. This Te/rGO cathode battery exhibited 
a capacity of 1026 mA h g−1 at 500 mA g−1 and also delivers a considerable capacity 
beyond 100 cycles at 1.0 and 2.0 A g−1. The rGO materials suppress the dissolution 
of telluride into electrolyte indicating better utilization of Te. Further, N-doped 
porous carbon materials coupled with rGO also introduced as a host materials for 
the improvement of the stability of Al-Te batteries [33]. The rGO materials are easily 
encapsulated soluble tellurium species under physical and chemical confinements. 
Therefore, the Al-Te batteries exhibited excellent cyclic ability. It exhibited initial 
specific capacity of 935.5 mA h g−1 and 467.5 mA h g−1 after 150 cycles with the Te 
loading of 70 wt%. Thus, a host material with well-designed structure, such as porous 
conductive matrix with specific components is necessary for cathode materials in 
Al-SSTs batteries.

2.2 Interfacial problems in sulfur batteries

In the case of sulfur lithium-ion batteries, during the discharge/charge reaction, 
the sulfur required to be tightly attached to a host with sustainable conduction of Li+ 
and e−. Generally, the cathodic reaction occurs at the host/elemental sulfur/liquid 
electrolyte interface. The carbon nano materials such as graphene, carbon nanotube 
(CNT), or carbon nanofiber and metal sulfide are the indispensable 2D materials to 
sulfur host. The modified host materials with only nano-sized pores alone cannot 
accommodate the sulfur and completely reduce suppression of the shuttle effect in 
the LiPS [34]. Therefore, in recent years the development of interface components for 
Li-S batteries is most impartment [28, 35]. One of the main strategies is that the coat-
ing of materials exhibited several merits such as fast electrical and ionic transmission 
capability, uniform thickness, and stable distribution of composition on the surface 
of cathode materials without effect of volume.

The another most prominent strategy is that in situ growth of nano transition 
metal oxides (sulfide) [36] or the loading of nano transition metals [37, 38] on the 
carbon surface leads to overcome the poor contact between sulfur and carbon materi-
als. In this process, (sulfides, oxides, nitrides, etc.) compounds are added or doped 
some of the elements (N, S and co-NS) and their derivatives. Therefore, polar bonds 
are generated between host and sulfur; those provided fast transmission of electrons 
as well as increase the ions redox reactions at the interface.

2.2.1 Inter facial problems in nano metal sulfides (oxide)

Various nano metal oxides have interacted with LiPS through strong chemical 
bonds, which are reducing the shuttle effect. In particular, oxygen-rich compounds 
such as V2O3 [39], TiO2 [40, 41], SnO2 [42], Co3O4 [43], MnO2 [44, 45]) successfully 
prepared as LiPS traps to enhance the cyclic stability. The high conductive Ni foam/
graphene/carbon nanotubes/MnO2 nanoflakes (NGCM) were proposed in which inter-
connected Ni foam, graphene, and carbon nanotubes of the NGCM sponge facilitated 
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efficient electron transfer. The NGCM sponge showed good wettability and interfacial 
contact with the Li-S electrolyte, and the MnO2 nano flakes exhibited electro-catalytic 
effects as well as strong chemisorption on LiPS [46]. The porous and double-shelled 
architecture decreases the ion transfer distance, Uniform sulfur distribution offers 
active interfaces as well as decreases volume changes. Luo et al. developed spinel Ni-Co 
oxide double-shelled microspheres (NCO-HS), which consisted of defective spinel 
NiCo2O4–x, as the multifunctional sulfur host material. The S@NCO-HS prepared 
under high sulfur loading exhibited minimum capacity fading rate of 0.045% per cycle 
over 800 cycles with high areal specific capacity of 6.3 mAh cm−2 at 5 C.

2.2.2 Capping layer of MTO-CNTs for sulfur cathode

The thin barrier layers designed with light weight and with high polysulfide-
trapping capabilities showed high weight density (usually >0.3 mg cm−2), unexpectedly 
reducing the overall energy densities of Li-S batteries as shown in Figure 3 [47–55]. The 
development of lightweight MTO-CNTs capping layer directly coated onto the surface 
of sulfide cathode as shown in Figure 4a. The MTO-CNTs capping layer prepared on 
the sulfur cathode, which is directly contacted with an electrically conducting layer 
to form a cathodic “sub cell” for capturing and decreasing the polysulfide species. 
The thickness (~2 μm) and the weight density (0.06 mg cm−2) of the MTO-CNTs 
capping layer are much lower than other barrier layers reported elsewhere, as the 
mesoporous carbon and the grapheme layers [47, 48]. Moreover, it is noted that the area 
of conventional interlayer is higher than the coated capping layer. To understand the 
layer-by-layer electrode structure and the cathode structure was observed by SEM and 
energy dispersive X-ray spectroscopy (EDX). The 1D, MTO-CNTs nanostructure and 
the ultrathin capping layer are formed through self-weaving and firmly coated on the 
surface of sulfur cathode (Figure 4b). The existence of MTO-CNTs capping layer is 
estimated by the elemental mapping analysis (Figure 4c, d). The MTO-CNTs capping 
layer formed on the cathode can trap more effectively, polysulfides within the cathode 
material, thereby reducing the shuttle effect of polysulfide. The CV curves of electrodes 
reveal that the electrode with MTO-CNTs capping layer has sharper and more intensive 
oxidation and reduction peaks exhibited than an electrode without capping layer, 
indicating that the capping layer efficiently enhanced reaction kinetics of the electrode. 
The substantially promoted charge transfer is further confirmed by EIS analysis. The 
sulfur cathode with MTO-CNTs capping layer presents much lower charge-transfer 
resistance compared with cathode without MTO-CNTs capping layer, indicating that 

Figure 3. 
Schematic diagram of as fabricated Li-S battery using MTO-CNTs interlayer. Reprinted from ref. [41].
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improvement of redox-conversion ability as well as conductivity. These results indicate 
that the capping layer is not only favorable for adsorption confinement of polysulfides 
within the electrode, but also increasing charge transfer, accelerating reversibility of 
polysulfide conversion. The galvanostatic charge-discharge profiles of the device with 
the capping layer were recorded at different rates as shown in Figure 4e. At the 0.2 
C rate reversible capacity of 1212 mAh g−1 has been achieved. The specific capacities 
of 922 and 606 mAh g−1 were delivered at the high rates of 0.5 and 1 C, respectively. 
The cycling stability of the device with the capping layer at 0.5 C rate still it retains a 
capacity of 577 mAh g−1 after 500 cycles with capacity decay rate of 0.07% per cycle 
(Figure 4f), indicating a good cycling stability. These results indicate that the formation 
of MTO-CNTs capping layer is convenient route to fabricate high performance Li-S 
batteries with sulfur host along with commercial carbon materials.

The cell was disassembled after 100 cycles at 0.2 C, to understand the function of 
the MTO-CNTs capping layer at a potential of 2.8 V. The dimethyl carbonate solution 
was used to wash electrodes with capping layer and their structure analyzed by X-ray 
microtomography (XRM) and SEM. The overall structure and morphology of the 
MTO-CNTs are similar to that of the original sample as shown in Figure 5a, the SEM 
images of the capping layer after 100 cycles. The TiO2 volume cannot change due to 
its robustness and the interaction of the CNTs. The layer-by-layer stacked structure 
was indicated by a 3D reconstruction of the electrode (Figure 5b). The capping layer 
is uniformly and strongly anchored on the sulfur cathode surface and worked as a 
good absorbent layer to keep polysulfide species rather than to diffuse into the lithium 
anode. The signal of sulfur precipitate is very strong and uniformed in the cathode 
(Figure 5c), reveals that the polysulfide shuttle behavior retained by the MTO-CNTs 

Figure 4. 
(a) The dripping of MTO-CNTs on the surface of sulfur electrode. (b) SEM images of the sulfur electrode with 
MTO-CNTs capping layer. (c) Corresponding Ti and (d) S elemental mapping. (e) Charge-discharge curves of 
sulfur electrode comprises MTO-CNTs capping layer at various C rates. (f) Cycling stability of the MTO-CNTs 
capping layer on sulfur electrode at 0.5 C. [reprinted from ref. [41].
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capping layer. The charge products are clearly seen in the capping layer execute the 
recycling of trapped polysulfides. Figure 5d reveals that the capping layer on surface 
of the sulfur cathode retain as it is without any cracks after cycling indicates that the 
structural stability. These results indicate that the light MTO-CNTs capping layer 
coated on the surface of sulfur cathode enhanced battery performances.

2.3  Multi (mixed cationic and anionic) redox in chalcogen cathode for Li-ion batteries

In order to improve the metal-ligand covalency by substituting a lower elec-
tronegative chalcogen ligand such as sulfur in the cathode. In this case, reversible 
mixed anionic and cationic redox occurs by the metal d band penetrates into the 
ligand p band. The partially filled d orbital redox couples like Fe2+/3+ are introduced 
in the Li-ion conducting phase (Li2SnS3) is the development of a new family of 
layered structured cathode materials. Investigation of high-resolution transmission 
electron microscopy and high annular dark field-scanning transmission electron 
microscopy reveals that the multi-redox structural modifications and nanopore 
formation on its surface, during cycling process. In this study, Ni, Co ions free 
cathodes using various functional materials in the chalcogen-based dual anionic 
and cationic redox cathodes.

2.3.1 Electrochemical kinetic study

The charge-discharge profiles clearly exhibited a large hysteresis (0.511 V at 50% state 
of charge) starting from the first cycle. A voltage hysteresis plot for the 1st–30th cycles is 
shown in Figure 6a. Further to understand the hysteresis clearly by analyzed the effect 
of the upper cutoff potential on the voltage hysteresis as shown in Figure 6b. But these 
results have no significant effect on the voltage hysteresis, indicating that the hysteresis 
in the Sn-based chalcogen system may be due to the origin of intrinsic nature of the Li 
insertion extraction reactions. Therefore galvanostatic intermittent titration technique 
(GITT) measurements were carried out with current density of 5 mA/g for an interval 

Figure 5. 
(a) SEM picture and (b) 3D XRM picture and (c, d) partial 2D of the sulfur electrode with MTO-CNTs capping 
layer at a potential of 2.8 V after 100 cycles at 0.2 C. reprinted from ref: [41].
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of 30 min. Then it allowed opening circuit state for 1 hour, to obtain a steady state. Two 
continuous cycles of the composite electrodes by the GITT measurements are shown 
in Figure 6c, d. The first charge process represents the Low over potential increment 
gradually and the discharge process battery delivered a very high potential with different 
behavior. The 0.2 Fe substituted composite cathode shows the less overpotential with 
gradual increment is due to the smooth and kinetically faster of Li extraction process 
compared with the Li insertion process. The huge over potential observed around 
2.5–2.1 V during the insertion process reveals that the Li insertion is kinetically limited 
and slower than the extraction process. In the similar way, the second cycle showed and 
high over potential during discharge and less over potential during charge condition. 
Further, the discharge profile region shows the two different slops indicating that due to 
the multiphase reaction region and the structural modifications. GITT profiles reveals 
that the inflection point region represents the high potential of ∼187 mV compared to 
other regions. The electrochemical insertion of Li+ ions is limited in these regions due to 
the slow Li-ion diffusion and charge transfer resistance.

The Li insertion and extraction was estimated by cycling test for all the com-
pounds in a half-cell configuration at the current density of 10 mA/g. The elec-
trochemical investigation of 0.2 Fe substituted compounds compared with other 

Figure 6. 
Electrochemical kinetic study of the Sn-based chalcogen anion redox cathode (0.2Fe-Li1.33Sn0.67S2). (a) Voltage 
hysteresis profile of active cathode material at 10 mA/g current density. (b) Voltage profile of the cathode at 
different upper cutoff potentials. GITT profiles of active cathode material: (c) 1st cycle and (d) 2nd cycle GITT 
profiles with 30 min pulse and 1 h relaxation. Reprinted from ref. [13].
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compositions are shown in Figure 7a. There is a gradual deterioration in all the 
compounds cyclic performance at a very low current density of 10 mA/g for 50 
continuous cycles in terms of capacity fade. Further, a cycling test of the 0.2 Fe substi-
tuted cathode done at 50 mA/g, reveals that the high rate cycling stability about 76% 
retention after 80 cycles as shown in Figure 7b. The multi-redox induced structural 
transformation is the main reason for capacity degradation and evidenced by the 
microscopy analysis. The cycling stability of this composite materials is comparable to 
that of existing chalcogen anion redox cathodes [11, 56]. Further, the nanostructure 
and surface coatings strategies would enhance the cycle life [57, 58]. In this chalcogen 
framework the Fe doped composition showed good electronic and ionic conductiv-
ity, excellent electrochemical properties with the high loading of 10 mg/cm2 cells at 
10 mA/g current density.

2.3.2 HAADF-STEM and HR-TEM pictures

The structural evolution due to Li insertion extraction was visualized in a series 
of samples using HAADF-STEM images (Figure 8). High atomic number elements 
such as transition metals represented by the bright spots and the light elements such 
as Li, S, and O represented without bright spots. Figure 8a shows the ordered pristine 
cathode composition showed bright spots of metal elements and the lattice exhibits 
without distortions or cracks. The lattice showed severe structural distortions and 
nanopore formation after the 1st cycle, indicated by the yellow-colored circles and 
arrows in the Figure 8c−f.

The structural distortion was observed in the first discharged cycle like honey-
comb and after consequent cycling the ordered crystalline domain lost its crystal-
line nature as shown in Figure 8c. Further, investigations reveal that complete 
distorted structure after cycling due to the pores and structural distortions was 
high and the crystallinity degraded. The degradation of pore and crack formation 
happened during the initial cycles to extended cycling conditions. The low mag-
nification images of second charged, second discharged, and cycled samples are 
shown in Figure 8g, h indicating a lot of nanopores present throughout the cycled 
cathode. Hence, the nanopore created by accelerated Li ion insertion-extraction 

Figure 7. 
Electrochemical study of Sn-based chalcogen anion redox cathodes. (a) Cycling stability of different Fe substituted 
Li1.33Sn0.67S2compounds. (b) Cycling stability of 0.2Fe- Li1.33Sn0.67S2 cathode at a high current density of 50 mA/g 
(initial few cycles at 10 mA/g) reprinted from ref. [13].
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and also the sulfur loss by degradation. The formation of nanopore/nanovoid due 
to oxygen loss in the Li-rich oxide anion redox cathode as well as their degrada-
tion mechanisms correlated with the fundamental issues of voltage fade, voltage 
hysteresis, and capacity fade [59]. The sulfide anion is a significant charge con-
tributor during Li extraction and the sulfur loss increased amorphization which 
is reflected in charge-discharge voltage profiles by means of capacity fade of the 
cycled cathode materials.

2.3.3 Impedance spectroscopy analysis

Figure 9a shows the impedance plots of cathode material at different discharged 
cycles. All the EIS measurements showed two semicircle regions except the pristine cell. 
The semicircle observed at high frequency region indicates the surface film formation 
on the positive electrodes. Another semicircle was observed in the low frequency region 
attributed to the charge transfer resistance upon Li+ insertion-extraction. The observed 
slope line indicates the Warburg diffusion (W) in the bulk electrolyte. An equivalent 

Figure 8. 
HAADF-STEM investigation of the 0.2Fe-Li1.33Sn0.67S2composite electrode at different states of charge: (a) 
pristine, (b) 1st charged, (c) 1st discharged, (d, g) 2nd charged, (e, h) 2nd discharged, (f, i) cycled electrodes; In 
panel (c), the honeycomb ordering was visualized. Reprinted from ref. [13].
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circuit model (Figure 9b) designed by the fitted EIS data and the resistance values for 
all the active materials at different cycles noted. In the equivalent ckt Re corresponds to 
the solution resistance. The Cs and Rs correspond to and capacitance and the surface 
film resistance of the active sulfide composite cathode, respectively. The Li ion inser-
tion and extraction double layer capacitance and induced charge transfer resistance 
represents as Rct and Cdl, respectively. From the Figure 9a calculated Re values for all 
the materials indicated small differences for all the cycles, reveals that the electrolyte is 
stable during cyclic process. The Rs and Rct values increased proportionally in the initial 
cycle number during 1st and 2nd cycles, representing that the structural distortion 
during the electrolyte and electrode interface. This observation consisted with GITT 
analysis that the very large potential during lithium insertion of initial cycles is due 
to the kinetic limitation of Li insertion reactions. The most of the surface film forma-
tion will occur during initial cycling. The Rct values decreased with increasing cyclic 
number, indicating that the resistance increased during the initial cycles and decreased 
by cycling cyclic number. This is due to the sulfur loss by rising cycling number, where 
the complete amorphization and nanopore are formed [12]. The anion redox indicates 
sulfur loss by reducing the Li insertion-extraction ability. These indicate the capacity 
fading occurred during the cycling. Therefore Sn based chalcogen layered structure 
materials worked as mixed redox cathode for Lithium Ion batteries.

2.4 Chalcogen substitusion into the polysulfides for batteries

The cyclic voltammograms (CVs) of half cells assembled using [Li2S + 0.1 S/Se/Te] 
cathodes as shown in Figure 10a. The presence of polyselenosulfides plays a significant 
reduction in peak separation (∆Ep), indicating decreasing the overpotentials, and helps 
with increased peak heights at high scan rates (1 ≥ mV s−1) by retaining the canonical redox 
peaks of sulfur/Li2S. The relationship between the peak current (ip) and scan rate (ν) can 
be written as: ip = α ν β, where α and β are the fitting parameters [60] Plotting log (ip) versus 
log (ν) yields β = 0.64 for Se, compared to 0.52 for the control. The value of β changes with 
the addition of Se represents the shifting of slow diffusion controlled reactions to fast 
surface-controlled reactions. This improvement of the redox kinetics is not much with the 

Figure 9. 
EIS of 0.2Fe-Li1.33 Sn0.67S2 composite electrode at different states of charge. (a) Nyquist plots of the composite 
electrode at various cycles. This EIS was recorded after completion of respective cycle, (b the model EIS was fitted 
to the experimental Nyquist plot. Reprinted from ref. [13].
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introduction of tellurium compared with selenium. Figure 10b shows the capacities of Li 
|| [Li2S + 0.1 S/Se/Te] half cells at 0.25 A g−1 of Li2S (BC/5). Selenium is electrochemically 
more active between 2.8 and 1.8 V, whereas Te is inactive at the same voltage. Hence the 
addition of 0.1 Se enables a considerable improvement in capacities of  ̴40% under the 
control. Therefore the relative dominance of catalytic SeS2* radical presence in polyseleno-
sulfide solutions works as conversion reactions and utilized completely to drives complete 
electrochemical reaction [61, 62]. This is critical for high capacities obtained under low-
electrolyte conditions in a practical Li–S cell [24, 63]. The presence of SeS2* radicals highly 
react with the various electrolyte components thereby the faster capacity fade observed 
with polyselenosulfides even after 70 cycles. The sulfur/Li2S final product conductivity 
also improved due to incorporation of Se atoms. The charging/discharging profiles of Li || 
Li2S half cells indicate that considerable reduction achieved in overpotentials with selenium 
compared to sulfur or tellurium. Therefore, considerable improvement in charge-transfer 
and redox kinetics is occurred with the introduction of selenium rather than tellurium.

2.4.1 Impact of Se and Te substituted polysulfides on lithium deposition

Electrochemical performance of Li2S and Li2S2 entirely depends on the lithium 
plating and stripping effectively. Figure 11a shows capacities for anode-free Ni || 
[Li2S + 0.1 S/Se/Te] full cells at ~ 1 mA cm−2 (C/5). Selenium showed rapid capac-
ity fade and loss of their peak capacity 50% after the 35 cycles. By the introduction 
of tellurium exhibited remarkable cycling stability in the anode-free configuration 

Figure 10. 
(a) Cyclic voltammograms for [Li2S + 0.1 S/Se/Te] cathodes at scan rate range of 200 to 2000 μv s-1 (b) 
electrochemical performance of Li || [Li2S + 0.1 S/Se/Te] half cells. Reprinted from ref. [26].
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and retain 52% of peak capacity at 265 cycles. The loss rate of lithium per cycle is 
decreased to 2.14% with Se and 0.24% with Te [64]. The improvement in lithium 
plating and stripping reversibility reflects by the coulombic efficiencies of the 
anode-free full cells as shown in Figure 11b. Polytellurosulfides showed a dramatic 
effect on lithium cycling efficiency by situ formation, kinetic hindrance occurred 
with tellurium substitution in polysulfides compared with selenium. The forma-
tion of polyselenosulfides has no effect on the reversibility of lithium deposition. 
These improvements were analyzed with symmetric Li || Li cells containing Li2SexSy 
and Li2TexSy introduced as an electrolyte components. Electrochemical impedance 
spectroscopy reveals the polyselenosulfides showed high and unstable overpotentials 
(~100 mV) and polytellurosulfides enable low and stable overpotentials (~10 mV), 
indicating a thin SEI layer has excellent ionic transport properties. The dense and 
uniform lithium deposits formed with polytellurosulfides exhibited irreversible loss 
of lithium. The electrochemical performance of an anode-free Ni || Li2S full cell with 
0.05 Se + 0.05 Te additives was observed. There is a synergetic effect realized that 
the higher initial capacities and cycling stability than that of the pure 0.1 Te and 0.1 
Se based cells. Therefore we believe that the presence of SeS2*radicals increased the 
faster capacity fade with 0.05 Se + 0.05 Te than with 0.1 Te, representing that an 
electrolyte system might be allowed radical anion of selenium to obtained higher 
capacities and also retained for longer cycles. These results further implemented 
impractical, large-area (4.8 × 8.1 cm2), single-layer pouch cells assembled in the 

Figure 11. 
Electrochemical performances – (a) capacity retention and (b) coulombic efficiencies of anode-free Ni || 
[Li2S + 0.1 S/Se/Te] full cells. (c) Electrochemical performances of large-area (39 cm2) anode-free Ni || Li2S 
single-layer pouch full cells with 10 wt% tellurium (Te: Li2S molar ratio = 0.04) or 10 wt% carbon black as 
cathode additives. Reprinted from ref [26].
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anode-free configuration (N/P = 1) with a 164 mg Li2S cathode (4.2 mg cm−2) con-
taining 10 wt% Te0 (Te:Li2S molar ratio = 0.055) and operating under lean-electrolyte 
conditions (E/Li2S = 4.5 ml mg−1) the results are shown in Figure 12c [65]. Tellurium 
was replaced with carbon black for control. Figure 11b showed the control cell 
exhibited a high initial capacity of 77 mAh, but it has very rapid capacity fade 80% 
retention within 13 cycles. By the addition of Te exceeded 80% of its peak capacity for 
nearly 150 cycles and retain their cycling capacity without rapid drop until the elec-
trolyte dry-out nearly 300 cycles [66, 67]. The initial rise in capacity can be regarded 
as ‘activation period’ in which the dissolution of tellurium slowly into polysulfides. 
The improvement in cycle life with the introduction of tellurium can be attributed to 
the stabilizing effect of polytellurosulfides on lithium deposition. These results are 
valid practically relevant to the cell design and testing parameters such as long cycle 
life and high energy dense, anode-free configuration significantly closer to commer-
cial viability of Li–S system.

2.4.2 Lithium-ion transport properties of selenides, tellurides, and thiotellurates

First principles calculations were evaluated to understand reduced species on 
lithium deposition and their ionic transport properties. Li2S, Li2Se, and Li2Te indi-
cated crystallize in a cubic antifluorite structure with a face-centered cubic anionic 
framework along with Li+ ions in the tetrahedral sites. Figure 12a showed Li+ can 
diffuse along the directions of [100], [110], [111]. Climbing image nudge elastic-band 
(CI-NEB) method is used to find the diffusion barriers along each of these pathways. 
Barrier energy found to be  ̴0.3 eV in the lowest- pathway [68]. Barrier energies are 
0.875 eV to 0.748 eV to 0.539 eV, calculated from the transitions Li2S to Li2Se to Li2Te, 
respectively. Te2 exhibited more polarizable anionic framework compared to those of 
S2and Se2due to the larger size and lower charge density. Previous report [69] reveals 

Figure 12. 
(a) Crystal structure of Li2X (X = S, Se, and Te) and the three Li+ ion diffusion pathways marked as purple 
[100], red [110], and green [111] lines. Migration energy barriers along [110, 111] show a steady reduction from 
Li2S to Li2Se and to Li2Te. (b) Li+-ion transport pathway in Li2TeS3 along the x-axis and the corresponding 
energy barrier based on single-ion migration. Reprinted from ref [26].
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that the larger size of Te2 provide more open channel along [110], [111] in which high 
diffusion pathways for Li+ ions. Therefore, Li2Te due to its more uniform, homog-
enous, and dense lithium deposition can provide alternate pathways to facilitate 
three-dimensional ion transport. Li2TeS3 exhibited monoclinic structure with trigonal 
pyramidal TeS3

2−anions arranged in layers. The Li+ ions coordinated with sulfur atoms 
and occupied their octahedral and tetrahedral sites. Li2TeS3 unit cell consists of eight 
distinct steps between five adjacent sides and the non-equivalent lithium sites can be 
found in the migration pathway. The single-ion NEB model was introduced to cal-
culate the corresponding barrier energies and find the most favorable path. It indi-
cates the migration from one tetrahedral site to another tetrahedral site through an 
intermediate octahedral site in the direction of the x-axis as shown in Figure 12 (b). 
The migration barriers are found to be 0.378 and 0.250 eV. The barrier energies are 
found to be 0.4 and 0.6 eV for other migration pathways. Therefore, multiple viable 
Li+ ion diffusion pathways available in Li2TeS3 in three dimensional paths ways for 
ion transport due to stable and reversible lithium deposition. All these factors would 
improve the lithium cyclic efficiencies by the formation of interfacial components 
with polytellurosulfides.

2.4.3 Interfacial chemistry of Se and Te substituted polysulfides on lithium batteries

In order to understand their effects of modified Li2Sn, Li2SexSy and Li2TexSy 
species by XPS, in which lithium anode-free full cells analyzed after 20 cycles. 
Figure 13a shows the S 2p + Se 3p and Li 1 s + Se 3d spectra for the cell with addition 
of 0.1 Se. The S 2p spectra SO4 2− species are dominated by oxidized sulfur due to the 
decomposition of LiTFSI. The dominated peaks at 165 eV and 58.7 eV are appeared 
in the Se 3p and Se 3d spectra, respectively by the oxidized Se+4 in selenites (SeO3

2−) 
and minor components are present due to Reduced sulfur species (Li2S). The pres-
ence of oxidized selenium species is due to LiNO3, which is a strong oxidizing agent 
and oxidizes selenides (Se2) into selenites (SeO3 2−) [70]. Therefore, polyselenosul-
fides introduced not only the fundamental alter to the lithium–electrolyte interface, 
which remains dominated by oxidized sulfur/selenium species. Figure 13b shows 
the cell with 0.1 Te additive spectra of S 2p and Te 3d. The reduced sulfur species 
(S2− at 160.6 eV) exhibited dominated S 2p spectra. Likewise, the Te 3d spectra are 
dominated by sulfurized tellurium species (Te+4 at 574.6 eV). The quantification 
of the spectra reveals the formation of thiotellurate (TeS3

2−) species [70]. Thus, the 
formation of Li2TeS3 as the dominant interfacial component and are reduced on the 
lithium surface. Some of previous research reveals that the oxidized sulfur species 
are present as minor components. It is extended that the oxidized tellurium species 
(TeO3 2−) made only a minor fraction of tellurium atoms on the lithium surface. 
Hence introduction of tellurium alters the lithium–electrolyte interface by the  
reduction of sulfur species (as Li2TeS3). These XPS observations consistent with  
the time-of-flight secondary ion mass spectrometry (ToF-SIMS). Figure 13c shows 
the profiles for Li2 (metallic lithium) and SO3 for three-dimensional reconstructions. 
A thick layer of electrolyte decomposition products is observed on the deposited 
lithium with polyselenosulfides but not with polytellurosulfides. Depth profiles 
indicate that the selenium has strong signal for SeO is compared to that for SeS. This 
is reversed for tellurium, in which TeS exhibited much stronger compared to that for 
TeO. Thus, majority of tellurium atoms made bond with sulfur and the majority sele-
nium atoms making bond with oxygen. This is due to oxidation of LiNO3 explained 
by Pearson’s HSAB theory [71]. The soft Lewis acid cations (Te+4) are formed by 
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the Tellurium that prefer soft Lewis bases such as S2 sulfides, while selenium forms 
hard Lewis acid cations (Se+4) that prefer hard Lewis bases such as O2oxides [72, 73]. 
The divergent lithium stabilization capabilities of polyselenosulfides and polytellu-
rosulfides explained the differences in lithium interfacial chemistry. The sulfide 
anionic framework such as Li2TeS3 identified as preferable compared to an oxide 
anionic framework such as Li2SeO3 or Li2SO3 [74]. The greater size and polarizability 
of S2compared to those of O2, improves ionic transport properties by reducing Li+ 
ion diffusion barriers. The varying compositions of tellurium and selenium to get a 
stable sulfide-rich SEI layer, in the presence of LiNO3 changed the characteristics of 
lithium deposition [75].

2.5 Freestanding Se1-xSx foamy cathodes for high-performance Li-Se1-xSx batteries

The development of supercritical CO2 synthesis of selenium-sulfur solid solutions 
(Se1-xSx) are promising new cathodic materials for high-performance secondary lithium 
batteries due to their high electric conductivity than S and superior theoretical specific 
capacity than Se. The morphology and microstructure of N-doped carbon framework 
with three-dimensional (3D) interconnected porous structure (NC@SWCNTs) host are 
characterized by SEM and TEM pictures as shown in Figure 14. A depicted in Figure 14a 
shows the NC@SWCNTs host 3D honeycombed structure and interconnected melamine 
foam framework. The magnification SEM images (Figure 14a, c) reveals that numerous 
interlaced SWCNTs are covered the surface of melamine foam by the derived carbon skel-
etons and SWCNTs are formed as thin sheets between carbon skeletons. This structure of 
NC@ SWCNTs exhibited a highly conductive 3D network to transport the electron or ion, 

Figure 13. 
(a) S 2p + Se 3p and Li 1 s + Se 3d spectra for the lithium surface in an anode-free full cell cycled with 
polyselenosulfides. (b) S 2p and Te 3d spectra for the lithium surface in an anode-free full cell cycled with 
polytellurosulfides. (c) 3D reconstructions of ToF-SIMS depth profiles for Li2 (metallic lithium) and SO2 
(oxidized sulfur species) secondary ions. Reprinted from ref. [26].
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but also increases the mechanical strength as well as flexibility of NC@SWCNTs host. 
TEM results (Figure 14d ) reveals that SWCNTs, 3D network structure are crisscrossed 
in carbon skeletons. By EDS analysis the main elements found to be in the NC@SWCNTs 
are C, O and N, which are uniformly distributed as shown in Figure 14e. N signal is 
derived from melamine foam because of it contain high N. 3D network structure of NC@
SWCNTs is made of by composing SWCNTs-coated N-doped carbon skeleton melamine 
foam and wafery sheets of SWCNTs. The NC@SWCNTs consists of pores and layer gaps 
are favorable for loading of Se1-xSx active conductive materials. The 3D conductive net-
work promotes not only redox kinetics, but also endow NC@ SWCNTs host with strong 
buffering in volume during cycling. Further, N doped is also beneficial for the adsorption 
of intermediates, after Se1-xSx impregnation, compared to NC@SWCNTs host. NC@
SWCNTs@ Se1-xSx composites retain their original morphology of NC@SWCNTs and no 

Figure 14. 
(a–c) Shows the SEM images, (d) represents the TEM image (e) indicated STEM image of NC@SWCNTs and 
the corresponding mapping images. Reprinted from ref. [76].
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discernible Se1-xSx particles can be found. According to EDS results, the C, N, Se and Se 
signals are overlapped well, suggesting Se1-xSx composites are uniformly permeated into 
the pores and layer gaps of NC@SWCNTs host with the assistance of SC-CO2 due to the 
good permeability, excellent diffusivity and high solubility of SC-CO2 [76].

Electrochemical performance of NC@ SWCNTs@ Se1-xSx composites based cathodes 
evaluated in Li- Se1-xSx batteries using carbonate-based electrolyte (LiPF6-EC/DMC). 
Figure 15a show initial three cyclic voltammetry (CV) curves of NC@SWCNTs@ Se1-xSx 
cathodes with scanning rate of 0.1 mV s−1 in the potential range from 1.0 to 3.0 V versus 
Li/Li+. Initially, a sharp reduction peak at ∼1.38 V, a small reduction peak at ∼2.37 V and a 
broadened oxidation peak at ∼2.14 V appeared. The sharp reduction peak at ∼1.38 V shifts 
to ∼1.7 V and the small reduction peak at ∼2.37 V was disappeared after the first scan. 
Initially, during the lithiation the peak shift due the activation process and the polarization 
is also further reduced [77] CV curves overlapped after the first scan reveals that the good 
cyclability and reversibility of NC@SWCNTs@ Se0.2S0.8 cathode [78]. Notably, CV curves 
of NC@SWCNTs@ Se1-xSx cathodes obtained differently from S cathode, representing 
the change of electrochemical reaction of S by Se and it is more conducive and stable with 
carbonate-based electrolytes. Figure 15b shows the galvanostatic charge-discharge curves 
of NC@SWCNTs@ Se1-xSx cathodes are consistent with the result of CV. There are two pla-
teaus are observed (1) extremely short plateau at ∼2.38 V, and (2) a long plateau at ∼1.75 V 
in the first cycle. Further, subsequent cycles, long plateau at ∼1.75 V becomes a little steeper 
and shifts to ∼1.88 V and the short plateau appeared at ∼2.38 V. The short plateau appeared 

Figure 15. 
(A) CV curves of NC@SWCNTs@Se0.2S0.8 cathode. (B) Charge/discharge curves of the NC@SWCNTs@ Se0.2S0.8 
cathode at 0.2 a g−1. (C) Cycle performances and (D) rate performances of NC@SWCNTs@Se1-xSx cathodes. 
Reprinted from ref [76].
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at ∼2.38 V is attributed to the transformation of Se0.2S0.8 into polysulfides/polyselenides. 
The short plateau is disappeared due to dissolution of intermediates into the electrolyte 
[79]. The long plateau at 1.75–1.88 V is attributed to the conversion of polysulfides/poly-
selenides to Li2S/Li2Se [77]. There is only one sloping plateau appeared during the charge 
process, at ∼2.12 V due to the conversion of Li2Se/Li2S to Se0.2S0.8. The cyclic performance 
of NC@SWCNTs@ Se1-xSx cathodes at a current density of 0.2 A g−1 with different Se/S 
ratios as shown in Figure 15c. As prepared NC@SWCNTs@Se0.2S0.8 cathode delivers the 
highest initial discharge capacity (2398.5 mA h g−1) among all the samples. Discharge 
capacity exceeds the theoretical capacity at initial stage may be due to side reactions and the 
formation of SEI layer on the surface of electrode [80]. Electrochemical characteristics of 
NC@SWCNTs@ Se0.2S0.8 cathode exhibit the superior cyclic stability. Figure 15d showed 
the rate capabilities of NC@SWCNTs@ Se1-xSx cathodes at various current densities. 
Among all the samples, NC@SWCNTs@ Se0.2S0.8 cathode showed the best rate perfor-
mance. At the various current densities of 0.2, 0.5, 0.8, 1.0 and 2.0 A g−1 the reversible rate 
capacities of NC@SWCNTs@ Se0.2S0.8 cathode are found to be 998.4, 723.7, 606.8, 506.1, 
and 415.0 mA h g−1, respectively. The reversible discharge capacity of NC@SWCNTs@ 
Se0.2S0.8 cathode reverts to the initial value, when the current density switches back to 0.5 A 
g−1. NC@SWCNTs@ Se0.2S0.8 cathode with Se loading of as high as 4.4 mg cm−2 exhibited 
areal capacity of as high as 2.78 mA h cm−2 is the best candidate most reported Se1-xSx 
cathodes in literature [77, 81–83]. The electrochemical performance of NC@SWCNTs@
Se0.2S0.8 cathode is more effective due to the following reasons: 1) Se and S in Se0.2S0.8 solid 
solution play various roles: Se can improve more electrical conductivity, whereas the S 
can raise its capacity. 2) N-doped 3D porous carbon matrix and interlaced SWCNTs can 
provide storage and the structural stability; thereby promote the cycling stability of NC@
SWCNTs@ Se1-xSx cathodes. NC@SWCNTs@ Se0.2S0.8 cathode exhibits good cycling 
stability (632 mA h g−1 at 0.2 A g−1 at 200 cycle) and high rate performance (415 mA h g−1 
at 2 A g−1) due to well-designed structure as well as optimized chemical composition with 
in carbonate-based electrolyte. Hence these developments of high-performance Se1-xSx 
cathodes suitable for advanced Li- Se1-xSx batteries.

2.6 Nanoreactors for metal-chalcogen batteries

Porous hollow nanoreactors are investigated widely for lithium selenium and 
tellurium batteries. The mesoporous material exhibited considerable porosity 
(0.2 cm3 g−1) and a large surface area of 462 m2 g−1, which allowed for uniform distri-
bution of Se8. The Se8/C based lithium selenium batteries showed a high reversible 
capacity of 480 mA h g−1 at 0.25C (1C = 678 mA g−1) without loss of its capacity after 
1000 cycles [84]. Further development of the Se/porous carbon cathode battery 
showed a high volumetric capacity of 3150 mA h cm−3 with excellent rate capability 
about 1850 mA h cm−3 at 20C. Therefore, it will be used for future commercialization 
of LSeBs [85]. Single-atom Co decorated hollow porous carbon also works as a nanore-
actor with superior catalytic activity to polyselenides. These (Se@CoSA-HC) cathodes 
based batteries exhibited high discharge capacity, superior cycling stability,an excel-
lent rate capability [86]. Metal or heteroatom doping (N, S, and Co) is also another 
alternative approach to enhance the utilization of Se or Te [87–89]. He et al. synthe-
sized a nanoporous Co and N-co-doped carbon nanoreactor (C–Co–N) provide a high 
Te loading (77.2 wt%) provide ultrahigh capacity of 2615.2 mA h cm−3 and superior 
rate performance of 894.8 mA h cm−3 at 20C as shown in Figure 16 [90]. Design 
structure and micro-environmental of Te-based nanoreactors could provide high 
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electrochemical performance. In conclusion, the development of hollow porous nano-
reactors not only provide a suitable specified space for chalcogens (S, Se, and Te), but 
also load active species for the regulation of the microenvironment in the electrode. 
Further development of nanoreactors, it is necessary to design the new methodologies 
at the molecular level to regulate the microenvironment of the catalyst.

2.7 Flexible cholcogen lithium-ion batteries

2.7.1 Flexible sulfur cathodes

Zhang and his coworkers developed 1D/3D hybrid flexible sulfur electrodes with 
good flexibility and exhibited improved electrochemical performance [91, 92]. They 
used sulfur-infiltrated 3D nanostructure porous carbon materials with various sizes 
nanometers to ten micrometers representing with high versatility and applicability for 
constructing flexible electrodes. These materials not sustain without support, there-
fore by incorporating ultralong CNT scaffolds, very robust films are obtained without 
sacrificing mechanical flexibility compared to ultralong CNT/MWCNT film. Such 
a materials exhibited tremendous specific surface area, high micro or mesoporosity, 

Figure 16. 
(a) CV curves of the three dimensional rGo/tellurium (3DGT) aerogel at a scan rate of 0.1 mV s−1. (b) Discharge 
curves of the 3DGT cathode at a 0.2 C. (c) Cyclic performance of the 3DGT cathode at 0.2 C for 200 cycles. 
(d) Rate performance at various crates for the 3DGT cathode. (e) Cyclic stability of 3DGT cathode at 1 C for 
500 cycles. Reprinted from ref. [90].



Chalcogenides - Preparation and Applications

122

and surface functionalities than MWCNTs. Hence, this strategy is an ideal generic 
and versatile host to facilitate flexible sulfur cathodes. The use of graphene in 2D/3D 
hybridized structure is essential to alternative of CNTs in the 1D/3D, which provides 
required mechanical adhesion and good electrical conduction into 3D carbon constit-
uents, but that lack of flexibility. Therefore, Wu et al. [93] demonstrated freestanding 
graphene based hierarchical porous carbon (GPC) films for flexible sulfur cathodes 
batteries as shown in Figure 17. Graphene-based microporous carbon (GMC) sheets 
are obtained by thin layers of microporous carbon were coated on both sides of GO 
after hydrothermal carbonization and KOH activation. The small sulfur molecules 
are stored in rich micropores of GMC, provides stronger physical confinement than 
normal graphene. Therefore, GPC files based batteries showed excellent cycling 
performance with stabilized capacities of 1030(422) and 626(357) mA h gsul(ele)−1 
at 0.2C with the sulfur content as 41 and 57 wt%, respectively. In general, graphene-
based film electrodes showed rapid decay in their capacity due to their polysulfide 
dissolution. Furthermore, the GPC-S cathode films used in flexible Li-S batteries 
by attaching the tape to pack the material, displaying comparable electrochemical 
performance in both flat and bent states as shown in Figure 18(a) and (b). Ni et al. 
[94] reported a facile route for synthesizing ultrathin and flexible composite films 
based on rGOwrapped sulfur particles with the help of sodium alginate (SA) aqueous 
binder, which worked as a surfactant and an adhesive agent. The SA-glued electrode 
battery exhibited a high reversible capacity of 1341(818) mA h gsul(ele)

−1 at 0.1C and 
retained its capacity 823(502) mA h gsul(ele)

−1 at 0.5C after 100 cycles, which are more 
better compared to physically mixed rGO/S film. Therefore, in order to improve 
electrical conductivity and their mechanical stiffness, researchers made hybride 
by mixing SA with polyaniline and used as glue for rGO/Mn3O4/S nanocomposite 
particles electrode films prepared. They exhibited a high capacity of 1015(538) mA h 
gsul(ele)

−1 at 5.0 A gsul
−1 (B3.0C) and capacity retention of 71% after 500 cycles [95].

Figure 17. 
Preparation of free-standing graphene-based porous carbon (GPC) films 1) impregnation of sulfur into the 
micropores of 2D graphene-based microporous carbon (GMC) sheets; 2) non-covalent functionalization of 
carbon (GMC)-sulfur sheets by CTAB. 3) assembly of positively charged GMC-sulfur sheets and negatively 
charged graphene oxide.Reprinted from ref. [93].
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2.7.2 Flexible Li: Se batteries

Selenium has several major merits for serving as cathode materials over to sulfur: (1) 
The magnitude higher electrical conductivity is an approximately 1024 times higher (2) 
More stable at room temperature, chain-like allotrope h-Se is more electro-active and 
more easily stabilized via spatial confinement (3) Selenium has more compatibility with 
conventional, cheap carbonate-based LIB electrolytes [96]. Therefore, selenium exhib-
its a better utilization rate, cyclic stability, and rate capability than sulfur. The volumet-
ric specific capacity of h-Se is 3265 mA h cm−3 comparable to sulfur, 3461 mA h cm−3, 
therefore it is more suitable for portable electronic devices and electrical vehicles due 
to its volume sensitive. Theoretically, the Li–Se battery utilizing h-Selenium as cathode 
lithium metal as anode, respectively at average voltage of 2.0 V, affords high gravimetric 
and volumetric energy densities of 1155 W h kg−1 and 2528 W h L−1, respectively. Han 
et al. [68] introduced the mesoporous carbon nanoparticles (MCNs) with smaller size 
of 50 nm and favorable mesopore dominance, efficiently eliminated agglomeration 
in the bulk selenium. The electroactive selenium chains were stabilized in smaller 
micropores or mesopores, enabling high utilization and good cycling stability according 
to previous reports of Se–micro−/mesoporous carbon composite cathodes [84, 97]. 
The flexible Se/MCN–rGO cathodes demonstrated an ultrahigh selenium utilization 
of 97% at 0.1C, i.e., 655(406) mA h gsel(ele)

−1. They exhibited good long cycling life 
with 89% capacity retention after 1300 cycles at 1.0C. This work is one of the most 
remarkable achievements for flexible Li–Se batteries by considering the high content 
of selenium. Similarly, Yu and Zhu’s group prepared the composite PCNFs are repre-
sented as f-PCNFs, and they maintained good flexibility after selenization as shown in 
Figure 19a–d [98]. Very less crystalline selenium was present in PCNFs than in f-PCNFs 
leads to a remarkable improved capacity and initial Coulombic efficiency as shown in 
Figure 19e. The capacity and initial Coulombic efficiencies are 643/322 mA h gsel/ele

−1 
and 56.9% for Se@PCNFs at 0.05 A gsel

−1, while 405/203 mA h gsel/ele
−1 and 34.9% for 

Se@f-PCNFs. This is attributed due to the suppression of side reactions between free 
polyselenides produced from bulk selenium and carbonate electrolytes. Additionally, 
owing excellent encapsulation of selenium in the 1D conductive porous skeleton, 

Figure 18. 
(a) The second charge-discharge profiles of the GPC-sulfur cathode films at the bent and flat states at 0.5C. (b) 
the cycle performance for the GPC-sulfur cathode films at 0.5C and 1C, and inset showing that a bent cell is 
encapsulated in the glass bottle filled with argon. Reprinted from ref. [93].
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flexible Se@PCNF cathode also exhibited non fading cycling performance with a capac-
ity of 516(270) mA h gsel(ele)

−1 retained after 900 cycles at 1.0 A gsel
−1 (B1.5C). The same 

electrospun PCNF–CNT also demonstrated in flexible Li–S batteries as like flexible 
selenium PCNF–CNT fabricated, battery exhibited reversible capacity of 638(223) mA 
h gsel(ele)

−1 after 80 cycles at 0.05 A gsel
−1 (B0.074C) [99]. The utilization of conductive 

selenium (94%) was much higher than that of sulfur (38%) for the same PCNF–CNT 
conductive backbone demonstrated in cathodes.

Figure 19. 
Schematic representation of flexible selenium cathodes. (a)&(b) represents the synthesis of selenium (Se)@PCNF 
electrodes. (c) and d) picture of flexible Se@PCNF electrode. Cyclic performance of flexible Se@PCNF and 
Se@f-PCNF cathodes in (e) Li–Se and (f) Na–Se batteries at 0.05 a gsel

−1. [reprinted from ref. [98].
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2.7.3 Flexible Li–Te batteries

Tellurium is the last nonradioactive element in the chalcogen family, which exhibit 
highest electrical conductivity of 2.5 Scm−1 compared to all nonmetallic materials. 
Te shows low gravimetric specific capacity of 420 mA h g−1 due to its heavy atomic 
weight, it exhibited comparable volumetric specific capacity of 2621 mA h cm−3 to 
that of sulfur or selenium. Te is an electrically conducting active material required 
less carbon to prepare electrode. The decreasing weight of the carbon favors both 
volumetric and gravimetric specific capacities. A Li–Te battery exhibited theoreti-
cal gravimetric and volumetric energy densities of 682 W h kg−1 and 2078 W h L−1, 
respectively with an estimated output voltage of 1.8 V. Li–Te battery was first demon-
strated by Wang’s group [100], in which tellurium/porous carbon composite cathode 
and a carbonate electrolyte as the components of battery. The Li–Te battery showed 
an average voltage of 1.5 V and a reversible capacity of 224 mA h gtel

−1 at 0.05 A gtel
−1. 

They observed that 87% retention after 1000 cycles. Considering the relatively low 
voltage and promising volumetric capacity, Guo and coworkers demonstrated tel-
lurium/carbon composites as anode materials for LIBs, indicating that extremely high 
tellurium utilization of 98% and a long-term cycling stability [101]. Particularly, Te 
is quite interest for flexible electrode materials due to its two most favorable features: 

Figure 20. 
Flexible tellurium NWs cathodes. (a) Flexible, carbon-free TeNW mat: (i) photograph; (ii) SEM and (iii) TEM 
morphology images; (iv, v) nanoscale crystalline structure of freestanding TeNW mat; (vi) simulated crystal 
structure of h-Te; (vii) cyclic performance of TeNW mat at 0.1 a gtel

−1. Reprited from ref. [84] (b) 3D rGO/
TeNW aerogel: (i) fabrication of 3D rGO/TeNW aerogel and its derived flexible electrodes; photographs of (ii) 
3D rGO/TeNW aerogel and (iii) flexible 3D rGO/TeNW electrode. Reprinted from ref. [27, 103].
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(1) high electrical conductivity compared to carbon and (2) The formation of 1D  
Te nanostructures along the c-axis, i.e., [001] due to its inherent chirality of helical Te 
chains in the h-Te crystal [102]. Hence, freestanding films consisting of ultralong Te 
NWs used directly used as an electrodes. Freestanding Te mat via vacuum filtration 
of Te NWs with a diameter of 7 nm grown in the [001] direction developed by Ding 
et al. as shown in Figure 20a-i–iii [104]. Such a high anisotropic 1D Te nanostructure 
exhibited fully Te zig-zag chains to lithium ions transport and a showed high electri-
cal conductivity of 6.7 Scm−1 in the direction perpendicular to the c-axis as shown in 
Figure 20a(iv–vi). The flexible tellurium cathode comprises the Te NWs along with 
the new electrolyte exhibited a desirable capacity of B144 mA h gtel/ele-

1 at 0.1 A gtel
−1 

(0.24C). The volumetric energy density of 1800 W h L−1 observed after 80 cycles 
as shown in the Figure 20a-vii. Further, He and Chen’s et al. [103] demonstrated 
a flexible tellurium cathode prepared from a 3D hierarchical aerogel with Te NWs 
wrapped homogeneously by rGO as shown Figure 20b. The synthetic method was 
adopted from the previous report on 3DCG–Li2S. The rGO/Te NW electrode made of 
63 wt% tellurium delivers high capacities of 418(263) and 174(110) mAh gtel(ele)

−1 at 
0.2 and 10C, respectively and excellent long-cyclic performance at a high rate of 1.0C. 
Therefore, as prepared flexible Te-NWs electrodes are quite attractive over the sulfur 
and selenium counterparts due to their distinguish features.

3. Conclusions

Al-S batteries prepared based on S/HPCK cathode delivered a capacity of 
1027 mA h g−1 at 0.2 A g−1 for 50 cycles and exhibited excellent cyclic ability 
405 mA h g−1 at 1 A g−1 for 700 cycles due to large porous structure with high surface 
area by adding of carbon powder. The Al-Se battery based on MCFs material with 
pore size of 7.1 nm exhibited a good capacity of 366 mA h g−1. The chloroaluminate 
ion diffusivity greatly improved, which enhances the electrochemical behavior 
of Al-Se batteries. The rGO materials are introduced in the Al-Te batteries exhib-
ited excellent cyclic ability and its initial capacity of 935.5 mA h g−1 and showed 
467.5 mA h g−1 after 150 cycles with the Te loading of 70 wt% due to their excellent 
encapsulation.

The Interfacial layer of S@ spinel Ni-Co oxide double-shelled microspheres 
(NCO-HS) prepared under high sulfur loading exhibited minimum capacity fading 
rate of 0.045% per cycle over 800 cycles with high areal capacity of 6.3 mAh cm−2 
and superior rate capability up to 5 C. As prepared capping layer of MTO-CNTs on 
surface of the sulfur cathode exhibited reversible capacity of 1212 mAh g−1 at the 0.2 
C. The cycling stability of the device with the capping layer at 0.5 C rate still it retains 
a capacity of 577 mAh g−1 after 500 cycles with capacity decay rate of 0.07% per cycle, 
indicating a good cycling stability.

There is a gradual deterioration in all the compounds in the case of mixed cationic 
and anionic cyclic performance at a very low current density of 10 mA/g for 50 con-
tinuous cycles in terms of capacity fade. Cycling test of the 0.2 Fe substituted cathode 
done at 50 mA/g, reveals that the high rate cycling stability about 76% retention after 
80 cycles. In the case of polysulfides on lithium deposition, the addition of Te exceeds 
80% of its peak capacity for nearly 150 cycles and retains their cycling capacity 
without rapid drop until the electrolyte dryout nearly 300 cycles.

The developments of high-performance Se1-xSx cathodes such as NC@SWCNTs@ 
Se0.2S0.8 cathode exhibits good cycling stability (632 mA h g−1 at 0.2 A g−1 at 200 cycle) 
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and high rate performance (415 mA h g−1 at 2 A g−1) due to well-designed structure 
as well as optimized chemical composition with in carbonate-based electrolyte. 
Synthesized a nanoporous Co and N-co-doped carbon nanoreactor (C–Co–N) 
provide a high Te loading (77.2 wt%) provide ultrahigh capacity of 2615.2 mA h cm−3 
and superior rate performance of 894.8 mA h cm−3 at 20C. Design structure and 
micro-environmental of Te-based nanoreactors could provide high electrochemical 
performance.

In the case of flexible batteries, in order to improve electrical conductivity and 
their mechanical stiffness, researchers made hybride by mixing SA with polyaniline 
and used as glue for rGO/Mn3O4/S nanocomposite particles electrode films, exhib-
ited a high capacity of 1015(538) mA h gsul(ele)

−1 at 5.0 A gsul
−1 (B3.0C) and capacity 

retention of 71% after 500 cycles. The electrospun PCNF–CNT also demonstrated 
in flexible Li–S batteries as like flexible selenium PCNF–CNT fabricated, battery 
exhibited reversible capacity of 638(223) mA h gsel(ele)

−1 after 80 cycles at 0.05 A 
gsel

−1 (B0.074C). The rGO/Te NW electrode made of 63 wt% tellurium delivers high 
capacities of 418(263) and 174(110) mAh gtel(ele)

−1 at 0.2 and 10C, respectively and 
excellent long-cyclic performance at a high rate of 1.0C. Therefore, as prepared flex-
ible Te-NWs electrodes are quite attractive over the sulfur and selenium counterparts 
due to their distinguish features.
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Chapter 7

Temperature-Dependent 
Evaluation of Charge Carriers 
and Terahertz Generation in 
Bismuth and Antimony-Based 
Chalcogenides
Prince Sharma, Veerpal Singh Awana and Mahesh Kumar

Abstract

Bismuth and antimony-based chalcogenides have been extensively publicized in 
recent years owing to their intrinsic characteristics and inherent topological character. 
Such a system contains Bi2Se3, Bi2Te3, Sb2Te3, etc. The single crystalline facets of 
these samples were discovered to have a generation of ~2 THz while having a giant 
magneto-resistance of around ~300%. These inherent and dynamical features of the 
system make it resilient for several applications in optoelectronics and spintronics. 
The temperature-dependent assessment of conductivity, terahertz generation, and 
charge carrier dynamics aids in understanding the fundamental phenomena in the 
carrier mechanism of the chalcogenides. This chapter contains the essential funda-
mental knowledge of the single crystal chalcogenides via charge carrier & phonon 
dynamics and their response in the terahertz frequency domain.

Keywords: topological material, temperature-dependent carrier dynamics, terahertz, 
transport properties

1. Introduction

The quantum interaction of charge carriers with external and internal forces in 
different materials remains an open question for the condensed matter community. 
The enigma began with Edwin Hall’s discovery of the classical Hall Effect in 1879 [1]. 
The Hall effect shows a voltage difference formed by injecting steady current and 
magnetic fields across a conductor or semiconductor. Due to the current and external 
magnetic fields interplay, voltage generation occurs. This voltage difference is due to 
charge confinement. In the 1980s, Von Klitzing discovered the quantum hall effect 
(QHE) in a two-dimensional system [2]. Due to the intense magnetic fields, charge 
carriers are constrained into two dimensions and exhibit topologically ordered states. 
The edge states at the surface cause current to flow at the superiorities, and these 
states are formed as a result of the high external magnetic field. These geometrical 
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states give birth to a new phase of matter known as topological insulators (TI) [3]. 
Charles Kane and Eugene Mele anticipated the development of TI in 2005 [3–8]. It 
is very similar to QHE, except that no external magnetic field is necessary since the 
inherent characteristics of materials generate the magnetic field. The spin-orbit inter-
action generates this magnetic field. TI is unusual because it is insulating in bulk yet 
conducts at the surface. The electronic wave function of a charge carrier is dependent 
on its shape, which varies from bulk to surface. As a result, it is referred to as a topo-
logical insulator. The SS renders the system impervious to non-magnetic doping due 
to protected SS. These SS are protected by time-reversal symmetry (TRS). This small 
property enables many unique applications due to the impervious topological states to 
non-magnetic disruption and their dissipation-free spin current transit. Spintronic, 
thermoelectric, magnetic memory storage, magnetoelectric devices, next-generation 
batteries, THz generators, transistors, photodetectors, and sensor applications are 
only a few of these applications, which is possible in these TI [3–13].

This article is focused on topological insulators, providing an overview of the 
topological phases and states found in TIs. Additionally, the dynamics of the carrier 
and phonon scattering are also discussed. TI’s surface and bulk states are probed using 
various optical methods. The ultrafast laser pulse is employed in particular to character-
ize the functional characteristics of Fermions in TI. These pulses have also been used to 
examine the phonon vibration mode. Finally, it establishes the existence of the coherent 
optical phonon (COP) and coherent acoustic phonon (CAP) modes. The temperature-
dependent evolution of these modes has also been examined as these phonon vibrations 
progress with the charge carrier dynamics. Transient Reflectance Ultrafast Spectroscopy 
(TRUS) was utilized to explore the non-conventional conducting surface charge carriers. 
A femtosecond pump beam was employed to stimulate the sample. The material was 
probed with a wide beam ranging from visible to near-infrared. TRUS measurements aid 
in determining the charge carrier dynamics and the capacity of terahertz production. 
Additionally, investigating carrier and phonon dynamics in a temperature-dependent 
manner aids in the understanding of crucial transitions associated with surface states.

2. Transient reflectance ultrafast spectroscopy (TRUS)

J.Qi. et al. performed the first TRUS measurements on Bi2Se3 crystals [14], where 
they demonstrated the time-resolved behavior of the crystal at room temperature. 
Three distinct relaxations of carriers induced by photons were identified in this 
experiment. The first two are phonon interactions between excited charge carri-
ers of coherent optical and acoustic phonon interactions. In contrast, the third is 
a negative amplitude process generated by ultrafast carrier trapping of selenium. 
They also observed the frequency of 2.13 THz from their optical phonon oscillations. 
They also concluded that the atmosphere impacts these charge carriers and phonons 
since air promotes band bending, which causes an elevation in the Fermi level [14]. 
Nardeep Kumar et al. [15] utilized the ultrafast pulse to analyze the carrier’s behavior 
by pump-probe spectroscopy. The Bi2Se3 TI exhibits two distinct oscillations, with 
the rapid oscillations occurring at 2.167 THz and the slow oscillations occurring at 
0.033 THz. Coherent optical and acoustic phonons are responsible for this frequency 
[15]. In these systems, the terahertz frequency is not dependent on the size of the 
laser spot, and the ambipolar carrier diffusion coefficient is also determined to be 
500 cm2/s [15]. Nardeep et al. have shown that the COP-induced terahertz frequency 
production has an uneven dependency.
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The ultrafast carrier dynamics were further investigated in the limited thickness 
of the TI, using pump-probe spectroscopy in thin films by Yuri D. Glinka et al. [16]. 
The thicker films have similar relaxation lifetimes to bulk crystals, while the thinner 
films exhibit fastened relaxation of excited charge carriers. The longevity of SS and 
bulk states might be related to their contribution. The shorter carrier lifetimes in thin 
films are associated with reducing bulk contributions of carriers in dominant surface 
states. A resonance-like property is also seen in 10 nm films, but the study does not 
provide conclusive evidence for how the property is generated. Yuri D. Glinka et al. 
also investigated the thin films of Bi2Se3 (6–40 nm), in which they confirmed the 
presence of radiative and non-radiative processes and described resonance phenomena 
at 10 nm films in terms of these processes [17]. This article establishes unequivocally 
that bismuth selenide contains a second SS. After the detection of the second SS, 
the primary trend observed in TRUS is the presence of three distinct processes: (a) 
electron–electron and electron longitudinal optical phonons in the 1–8 ps range,  
(b) a metastable bulk conduction band that continuously feeds charge carriers to the 
second SS for approximately 10 ps, and (c) a quasi-equilibrium carrier population. 
The thin layer is activated by 1.51 eV photons that excite carriers from the bulk con-
duction band (BCB) to the second surface states (SS). From the second surface to the 
first SS, carriers undergo intra-band and inter-band relaxation. The relaxations occur 
between the second SS and BCB and first SS, indicating that the ultimate recombina-
tion happened in these states. The relaxation of the excitation charge carriers results 
in forming a new Fermi level that is displaced away from the original Fermi energy. 
This relocation is a result of carrier localization. Again, the resonance phenomenon 
in a 10 nm film is found in this pump-probe spectroscopy, which is explained by 
the depletion of electrons caused by the connection between two film surfaces. The 
confinement of these 3D electrons is due to the existence of surface defects caused 
by selenium vacancies; however, they grew the 10 nm film many times and obtained 
this resonance in each of these films. This repeatability lends credence to the sele-
nium vacancy theory. This resonance effect in 10 nm TI is unknown at the moment. 
However, recent work by Glinka et al.; explains the discrepancy by suggesting several 
surface state amendments [18].

3. Terahertz generation at room temperature

Because of the expansion of the communication systems, information processing, 
and transmission fields are the most susceptible [19–22]. In terms of the frequency 
range, the lower Terahertz range may benefit air transmission, while the higher 
frequency range enables faster signal transfer and can be used to create ultra-high 
bandwidth data links. A fundamental component of numerous fields, including 
information processing and transmission, security screening, and biomedical appli-
cations, are emerging from Terahertz research [19, 21, 23, 24]. The future applications 
of Terahertz radiations have prompted an influx of scientific and technical research 
into creating Terahertz pulses for bio-material imaging, ultrafast dynamics, and 
nonlinear Terahertz optics [21, 25], among other things. This frequency may be 
generated in various ways, one of which is by using an ultrafast and ultrashort laser 
pulse. The interaction of short laser pulses with various objects makes it more chal-
lenging to produce adjustable, compact, coherent, and high-magnitude Terahertz 
radiation sources. The two-color filamentation in gases is a simpler way for a genera-
tion since it can scale the magnitude to incredible levels of interest and complexity. 
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However, the scaling was limited by the laser pulse energy constraints, and as a result, 
the search for alternate target materials was essential for these applications to succeed. 
It is necessary to search in a varied and uncluttered study region to locate the target, 
which exhibits Terahertz generations of high energies. The different crystals are the 
subject of this study due to their crystalline nature, as they can be used for large-scale 
broadband and high-frequency terahertz generation. Accordingly, phonon dynam-
ics of topological insulators single crystals provide an attractive benefit in terahertz 
generator performance.

The terahertz frequency range of 0.03 to 5.2 THz is created by a single crystal of 
Bi2Se3 [14, 26–38]. In summary, phonons, which are the COP in bismuth selenide, are 
responsible for generating the terahertz frequency, as mentioned in the TRUS section 
above. The terahertz spectroscopy directly validates the 2 THz frequency generation, 
while the TRUS was the initial method by which these oscillations were originally 
seen [14, 18, 26, 30, 32, 34, 36, 37, 39–53] and was used to confirm the frequency of 
the 2 THz frequency. In addition, Prince Sharma et al. in 2020 contrasted assessing 
the frequency determined through TRUS, revealing the COP oscillations [34, 48] 
to evaluate the frequency from the kinetic spectrum. Figure 1 depicts oscillations 
obtained from the kinetics of a flake cleaved out of the large single crystal of Bi2Se3 
that was recorded at the CSIR-NPL. The FFD (filtering the high-frequency com-
ponent and fitting the data) analysis investigates the generated frequency. These 
oscillations are removed from the kinetic data profile of charge carriers by applying 
a high pass filter in the 1 to 10 ps period. The data that has been filtered out is fitted 
with the sinusoidal damped function to determine the frequency associated with 
these oscillations. The frequency associated with them is determined to be ~2.42 
terahertz (THz) from FFD analysis.

Figure 1. 
(a) Illustration of optical phonon oscillations by filtering with a high-pass Fourier filter with a cutoff frequency 
of 2.32 THz. (b) The optical phonons vibrations are fitted with a damped sinusoidal function. (c) The amount of 
experimental fitting data has skyrocketed. Reprinted from ref. [48], with permission of springer nature.
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A significant expansion on the assessment of terahertz production is also carried 
out, where the terahertz frequency may be changed just by altering the interaction of 
electromagnetic radiation in a single crystal. First and foremost, the probe energy is 
monitored while the excitation energy is maintained consistently. We detected strong 
oscillations at 1100 nm with a frequency of 2.42 THz in this system. A continuous 
probe at 1100 nm is then monitored by changing the excitation wavelength, which 
is the second step. In Figure 2, the tunable nature of the single-crystalline flake of 
bismuth selenide [34] is shown in detail. It is discovered that the frequency of phonon 
vibrations may be controlled by tuning the carriers in the crystal by appropriate dop-
ing, as well [45, 54]. Consequently, the adjustable nature of terahertz in single crystals 
might be beneficial in the growth of optoelectronics and Terahertz applications.

Although the primary emphasis is on the COP dynamics, Yuri D. Glinka et al. return 
to the distinct relaxations, namely, CAP [55]. The paper noted an increase in CAP fre-
quency from 35 to 70 GHz. When the thickness of TI was reduced, the interaction of two 
processes caused this frequency difference. As the film thickness goes below 15 nm, lamb 
wave excitations (elastic waves whose propagation is plane to plane) become visible. 
Above this critical thickness, the system operates in the bulk acoustic resonator mode 
(indirect inter-surface coupling). Apart from performing TRUS measurements at ambi-
ent temperature, Yi-Ping Lai et al. conducted a temperature-dependent examination 
between 11–294 K [44]. To begin, they summarized the physical processes occurring at 
various time scales predicted by pump-probe experiments as fast oscillations (1012 Hz–
COP), slow oscillations (1010 Hz–CAP), non-oscillatory signal (1011 Hz – electrons and 
incoherent phonons), and constant residual (1011 Hz – slow electron dynamics).

The temperature-dependent evolution of the COP revealed that when the sample 
approaches room temperature, the optical phonon frequency reduces from 2.25 to 2.17 
THz [44]. This investigation also determines the electron–phonon coupling constant, 
demonstrating that the observed signal dominates the bulk. Additionally, Sung Kim 
et al. [37] studied the compatibility of the thin films with various polycrystalline and 
crystalline substrates and the resonance impact of the same at various thicknesses 
ranging from 3 to 30 nm. At 2.1 and 5.2 THz, the intensity of the differential reflec-
tance (DR) and two distinct phonon modes exhibited some resonant behavior within 
a specific range of a crucial number of quintuple layers (QL). This resonant effect 
is substrate-independent, and the crucial QL value is between 6 and 9 QLs. Apart 

Figure 2. 
The terahertz frequency is dependent on the probe wavelength and pumps excitation energy. Reprinted from ref. 
[34], with permission of springer nature.
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from this resonant effect, Jianbo Hu et al. [49] regulated the strong Raman mode 
of bismuth selenide using a two-pump laser in TRUS studies. They demonstrated 
phonon chirping due to the two-pump arrangement, which confirms the earlier thesis 
of carrier-lattice coupling. These two pumps effectively tune the amplitude, but the 
frequency stays constant.

Pump-probe spectroscopy is used to investigate single excitations with a specific 
energy. However, Giriraj Jnawali et al. employed the mid-infrared femtosecond TRUS 
on a nanoflake of TI for the first time [50]. The energy range is 0.3–1.2 eV. This range 
includes both the original BCB and the extended BCB. As a result, the paper modeled 
the ultrafast photoexcited carriers and holes across the BCB. Theoretical modeling of 
10 K DR indicates a strong probability of the Fermi level being present much above the 
lowest conduction band. These experiments established a firm knowledge of the carri-
ers inside TI’s BCB, establishing a direct connection between carriers and Dirac SS [50].

Nonetheless, the TRUS provides no evidence for spin-polarized charges in SS 
through these broad energy probes. M.C. Wang investigated spin-dependent transi-
tions that occurred solely in topologically protected SS using time-resolved Kerr 
rotation measurements [41]. Transitions between topologically protected SS may 
induce net spin polarization due to the presence of spin-protected carriers inside these 
SS. However, the study demonstrates that a circularly polarized pump may create 
net polarized spin, but the transitions responsible for this polarized spin are not just 
between the two SS but also between the first SS and the second BCB located near the 
second SS [41]. While the TRUS predicts just the energy levels of the different bulk 
conduction bands at ambient temperature. The surface state-related transitions are 
readily seen when investigating the temperature-dependent dynamics.

4.  Temperature-dependent charge and phonon dynamics  
in Bi2Se3, Sb2Te3, and Bi2Te3

4.1 Bi2Se3

TRUS is used to investigate the exotic topological quantum characteristics of 
Bi2Se3, Sb2Te3, and Bi2Te3. This particular regime probing aids in comprehending the 
TI’s enigmatic behavior. Considering the bismuth selenide, the PL emission indicates 
a significant 2 eV optical transition [56] caused by the state bunching effect [53]. The 
inert nature of these transitions is explained using density functional theory (DFT) 
calculations on the band structure and Kramer’s Kroning method on reflectance data 
from crystal flake. Additionally, TRUS measurements are performed with a variety 
of pump excitation energies (3.02, 2.61, 1.91, and 1.4 eV) to obtain a spectrum in 
the VIS–NIR region (2.58–0.77 eV) [53]. These wide regime experiments on car-
rier dynamics demonstrate that the Moss–Burstein and shielding effects exist in 
bismuth selenide. Additionally, these studies demonstrate a variety of relaxation 
mechanisms, including thermalization of hot carriers, COP and CAP relaxation, and 
recombination.

All of the phenomena mentioned above are observed at room temperature, and 
there is a strong need to explore the TIs at low temperatures to assess surface state-
induced transitions. Essentially, there are two distinct ways for probing surface states 
or surface-related transitions. We already know that TIs are conducted at the surface 
while insulating bulk. Thus, the surface states of TIs are located on the uppermost 
layer. Therefore, in order to explore these surface states, the sample thickness should 
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be reduced to the ultrathin regime [17, 18, 55]. The sole disadvantage of this strategy 
is the complexity of the systems, required to develop this kind of ultrathin film. 
Alternatively, the low-temperature technique is used to investigate the temperature-
dependent dynamics of charge carriers and phonons between 5 and 300 K. The per-
ceptions of observing the surface states or surface states associated with transitions 
at low temperatures may be explained by performing a magneto-resistance analysis 
using the HLN equation. The literature demonstrates that at extremely low tempera-
tures and magnetic fields, the surface states of TIs prevail over the bulk states [57–60]. 
Thus, it may be interesting to examine the charge and phonon dynamics of TIs at low 
temperatures in order to see surface states or surface state-related transitions.

The TRUS is carried out at low temperatures on micro flakes of single-crystalline 
bismuth selenide to observe the associated transitions in the temperature range of 
5–300 K [53]. Figure 3a illustrates the DR spectra of crystalline flake across a wide 
range of NIR wavelengths at various temperatures. The wide DR signal demonstrates 
TI’s ability to exhibit a broad range of optically allowed transitions, distinguished as 
0.7, 1.1, and 1.4 eV. DFT band structure calculations anticipated that these specific 
transitions are permissible in bismuth selenide [53]. As seen in Figure 3a, a DR signal 
is denoted by a B peak that is only present above 200 K. At low temperatures, this 
specific transition is suppressed, indicating that it is associated with certain phonon-
assigned carriers. Essentially, these carriers have initial energy of below 200 K, caused 
by thermalization at high temperatures.

Additionally, when the temperature decreases below 200 K, a tiny DR signal of 
1.2 eV is formed at 100 K. The level of these DR signals increases when the tempera-
ture is lowered and becomes more noticeable below 5 K. These DR signals correspond 
to the same as the second strategy of exploring surface states associated transitions 
mentioned above. There are two possible explanations for this transition: defect-
induced peak and surface state-related transition. If we consider the first option of 

Figure 3. 
(a) illustrates the differential reflectance at 750 fs of a single crystal throughout the whole NIR range (800–1600 
nm) at temperatures ranging from 5–300 K. It demonstrates the presence of a blue shift with the temperature that 
happened as a result of thermal fluctuations being suppressed. A decrease in DR at 1000 nm at low temperature 
coincides with the surface state transition, confirming the shift to the second surface state. (b)Theoretical 
transition model in which BCBs and BVBs are drawn to resemble bands in the same way as DFT calculations 
are performed on an ideal system. It is a DFT-based model, and TRUS predicted a variety of OBTs. These OBTs 
have a threshold voltage of 0.7, 1.0, 1.3, and 2.0 eV and stimulated emission of 0.8 eV. Additionally, using low-
temperature TRUS verifies the occurrence of a second surface condition.Reprinted from ref. [53], with permission 
of Elsevier. 



Chalcogenides - Preparation and Applications

142

a defect-induced peak, then this kind of transition has a common property, i.e., the 
carrier relaxation lifetime must be very short. However, the lifetimes in this situation 
are in the picosecond range, which eliminates the likelihood of a defect-induced peak 
[61]. Additionally, the kinetic profile of the same does not alter with temperature, 
corroborating the preceding explanation. Thus, one thing is evident that this specific 
DR signal is not the result of a defect.

After establishing that the DR signal at 1.2 eV is not attributable to defects, it is 
not incorrect to assert that the signal is predicted to be due to a surface state-related 
transition. DFT calculations are used to determine the band structure using the 
effective SOC inclusion to resolve this particular uncertainty. After learning about the 
band structure, it was relatively simple to formulate the 1.2 eV transition. This transi-
tion occurs when the carrier is excited from its ground state to its second surface state. 
Additionally, the kinetic profile during this transition is fitted using three lifetimes, 
and the fitting of this kinetic profile indicates that carriers relax in the picosecond 
time domain when they migrate from this energy level to a lower energy level. In the 
case of noble metals, when the relaxation time is in the picosecond range, it is widely 
known that the surface states reveal metallic nature. However, in our case, too, the 
surface states exhibit metallic properties. As a result, the relaxation lifetime suggests 
the occurrence of a surface state-related transition in TI [53].

Band structure calculations utilizing DFT in conjunction with actual pump-probe 
spectroscopy may be used to predict various optically allowed transitions in bismuth 
selenide. First surface state below Fermi level (SS1), second surface state above 
second valence band (SS2), first bulk valence band (BVB1), second bulk valence 
band (BVB2), first bulk conduction band (BCB1), and second bulk conduction band 
(BCB2) of TI are shown in Figure 3b. The temperature-dependent TRUS response is 
shown in Figure 3a. The most prominent optical transitions in TRUS are ~0.7, ~1.0, 
~1.4, and ~ 2.0 eV. Charge carriers are stimulated to the second bulk valance band, 
exhibiting ~0.7 and ~ 1.0 eV DR signal peaks, whereas the ~2.0 eV transition occurs 
in the second bulk conduction band. Additionally, the low-temperature investigation 
reveals the existence of a DR peak of about 1.2 eV, which corresponds to the transi-
tion to the second surface state. Thus, the temperature-dependent study of charge 
carrier dynamics enables the investigation of various bands and surface-related 
transitions.

Figure 4. 
The temperature-dependent differential reflectance (DR) at 500 fs is analyzed using micro-flakes stimulated at 
3.02 eV and probed in the 1.55–0.77 eV region of (a) Bi2Te3 and (b) Sb2Te3, respectively. The peaks highlighted in 
the TSS region of both TIs exhibit a blue shift when the temperature decreases, which is attributable to a reduction 
in the thermalization process. Reprinted from ref. [62], with permission of Elsevier.
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4.2 Bi2Te3 & Sb2Te3

Temperature-dependent TRUS measurements are also performed in the near-
infrared region on micro flakes of bismuth telluride. At room temperature, many 
optically allowed transitions are detected in TIs. Additionally, it was discovered that 
the DR response below 100 K exhibits a noticeable transition that is connected to 
the surface state of bismuth telluride and antimony telluride. At 500 fs, Figure 4 
depicts the temperature-dependent DR signal, where two distinct NIR regimes are 
established. One is the bulk zone, while the other is the topological regime associated 
with surface states. The bulk regime exhibits a variety of optically allowed transitions 
between valence and conduction bands. Simultaneously, the surface regime denotes 
the shift from a surface to a more excited state [62].

5. Temperature-dependent terahertz frequency generation

The kinetic profile is used in order to investigate the temperature dependence of 
the oscillation frequencies generated in the terahertz regime. In addition to being in the 
terahertz frequency range, other frequency modes are also observed in the TI. These 
modes lie in the gigahertz frequency range due to CAP. While the terahertz frequency 
is generated because of the vibration of COP. These modes are analyzed using filter-
ing the high-frequency component and fitting the data (FFD) [48]. This detailed 
analysis helps exclude the charge carrier’s relaxation from phonon-associated vibra-
tions. The COP-associated frequency is found to have lied in the terahertz regime. 
Moreover, these frequency modes are dependent on excitation and probe energy, as 
mentioned above. In order to visualize the changes of these modes with temperature, 
the kinetic profile at 100 nm is considered. The micro flakes of different TI are excited 

Figure 5. 
Frequency dependence of three TIs on temperature. The COP modes in TIs are discovered to be temperature 
sensitive, implying that their vibration frequency is as well [53, 62].
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with pump energy of 3.02 eV at 1.0 mW average power in order to observe the kinetic 
profile at this particular wavelength. The temperature-dependent investigation is 
carried out at these pumps and probe energy at different temperatures. With the use 
of this FFD analysis, it is possible to identify the terahertz frequency at which the 
phonons oscillate. Each of the TIs, namely Bi2Te3, Sb2Te3, and Bi2Se3, exhibits oscilla-
tions of the order of terahertz frequency in the range of 1–3 THz, as seen in Figure 5.

6. Conclusion

The low-temperature investigation convincingly demonstrates the presence of a 
second surface state and a wide absorbance of 1.2 eV in bismuth selenide using TRUS. 
While the surface state-related transition occurs at ~1.2 eV, ~1.1 eV, and ~ 1.0 eV 
above the Fermi surface in bismuth selenide, bismuth telluride, and antimony 
telluride, respectively. Thus, this work demonstrates unequivocally that temperature-
dependent analysis of charge carrier and phonon dynamics aids in the extraction 
of surface states associated transitions within TI. Additionally, the temperature 
dependency of the COP mode is established in all these TIs. At 100 K, 50 K, and 5 K, 
the charge carrier dynamics of Bi2Te3 and Sb2Te3 show a shift from their surface state 
to an excited state in the conduction band, which is due to increasing carriers in the 
surface conduction channel. Thus, investigation of TIs at low temperatures reveals 
the emergence of TSS-related transitions and their dominance at low temperatures, 
which is repressed at room temperature due to bulk carriers’ thermalization.
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Chapter 8

Recording of Micro/Nanosized 
Elements on Thin Films of Glassy 
Chalcogenide Semiconductors by 
Optical Radiation
V.V. Petrov, A.A. Kryuchyn, V.M. Rubish and M.L. Trunov

Abstract

Inorganic resists based on chalcogenide glassy semiconductor (CGS) films can be 
effectively used in the creation of micro- and nanoelements of optoelectronic devices, 
micro- and nanoelectromechanical systems, and diffractive optical elements. The 
use of these materials is based mainly on their sensitivity to different types of radia-
tion, which causes phase and structural changes in CGS films, and transparency in 
the infrared range. A number of photoinduced changes are observed in CGS, which 
are associated with structural transformations, phase transitions, defect formation, 
and atomic diffusion. It is important to determine technologies for the formation of 
micro- and nanoscale structures on CGS films, which can be used in the creation of 
diffractive optical elements for optoelectronic devices. Increasing the resolution  
of recording media based on vitreous chalcogenide semiconductors can be achieved 
by choosing the recording modes and composition of glasses, in which the strongest 
nonlinearity of the exposure characteristics of photosensitive material, as well as the 
introduction into the structure of recording media nanoparticles of noble metals for 
excitation of plasmonic resonance.

Keywords: chalcogenide glassy semiconductor, inorganic resists, plasmonic resonance, 
nanoelements, near-field recording

1. Introduction

Lithography is one of the key technological processes in the production of  
semiconductor integrated circuits, storage devices, and precision devices for optics 
and micromechanics. Laser lithography, near-field, and probe technologies, and radia-
tion exposure methods are widely used to create nanoscale structures [1, 2]. Among 
the methods of obtaining nanoscale structures, it is necessary to note laser lithography, 
which allows to carry out mask less image formation in the photoresist layer on the 
surface of the substrate with a laser beam. Research in the development and manu-
facture of nanostructures for various purposes is largely determined by the level of 
development of technologies that allow atomic accuracy to obtain nanostructures of 
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the required configuration and dimension, as well as a comprehensive diagnosis  
of the properties of nanostructures. Modern methods of nanoscale optical recording 
are based on the use of various methods, including photoinitiation with high beam 
intensity. A significant limitation on the size of the elements is due to the ability to 
focus optical radiation to sizes smaller than the diffraction limit. Many technical solu-
tions are proposed and developed to realize the possibilities of optical nanolithography 
[1–3]. Special photosensitive materials can be used to form nanosized structures with 
focused laser radiation. Direct optical lithography can be created without the use of 
organic photoresists of functional inorganic nanomaterials. The ability to directly pat-
tern completely inorganic layers using a radiation dose comparable to that of organic 
photoresists provides an alternative method for producing thin-film devices [4, 5]. 
Among these materials should be noted inorganic resist based on films of chalcogenide 
glassy semiconductors (CVS). Inorganic resists based on CVS films can be effectively 
used in the creation of micro- and nanoelements of optoelectronic devices, micro- and 
nanoelectromechanical systems (MEMS/NEMS), and diffractive optical elements. 
The use of these materials is based mainly on their sensitivity to different types of 
radiation, which cause phase and structural changes in CVS films, and transparency in 
the infrared range [4, 6–9]. Numerous studies have been conducted aimed at study-
ing the processes of formation of nanostructures on CVS films [7, 9–12]. A number 
of photoinduced changes are observed in CVS, which are associated with structural 
transformations, phase transitions, defect formation, and atomic diffusion [6–8]. It is 
important to determine technologies for the formation of micro- and nanoscale struc-
tures on CVS films, which can be used in the creation of diffractive optical elements 
for optoelectronic devices.

Photoinduced transformations in CVS have been widely used in the optical record-
ing of information to create optical media of various types. This is largely because the 
properties of thin chalcogenide films allow recording at high speed and do not impose 
restrictions on the minimum size of the recorded elements and, consequently, on 
the density of information recording [7, 12]. Numerous theoretical and experimen-
tal studies of the interaction of electromagnetic radiation and particle fluxes with 
CVS have shown the possibility of achieving ultra-high resolution when exposed to 
optical radiation or electron beam [10, 11, 13, 14]. It is shown that the resolution of 
an inorganic resist based on CVS is determined by the size of the structural units that 
form the matrix of films and is 1–2 nm [10, 13, 14]. In this regard, CVS are promising 
materials for the formation of nanoscale structures on their surface and the creation 
of ultra-dense information recording devices [1]. Numerous experiments on the 
exposure of thin films of CVS and their subsequent selective chemical etching have 
shown that when using immersion optical systems, it is possible to record microrelief 
structures with submicron dimensions (120–150 nm). With electron beam exposure 
of chalcogenide films, it is possible to form structures with sizes of 50–70 nm [1, 7]. 
Particular attention was paid to the choice of CVS that do not contain highly toxic 
elements, modes of their heat treatment and selective chemical etching [15].

2. Thermolithographic recording on chalcogenide films

The diffraction nature of light prevents us from achieving sub-diffraction or 
nanometer resolution in an optical beam lithography system. It is necessary to develop 
special recording methods based on nonlinear interaction with photosensitive 
materials and conversion of the energy of incident radiation. The size of the elements 
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formed on the films of CVS was determined mainly by the resolution of the optical 
focusing system and the accuracy of the automatic focusing system. Previous analysis 
showed that microrelief structures on CVS films, the width of which is less than the 
resolution of diffraction-limited optics, can be created using the thermolithographic 
recording mode. Local heating of the film in the recording area by radiation with a 
non-uniform intensity distribution allows to reduce the size of the elements by select-
ing the recording mode [1, 7, 16, 17].

The recording of elements on photosensitive materials is carried out by a focused 
beam with a non-uniform intensity distribution (usually with a Gaussian intensity 
distribution) and this allows on a photosensitive material with a nonlinear exposure 
characteristic to record elements smaller than the diameter of the focused beam. 
One of the first experiments on recording on a semiconductor–metal material with a 
nonlinear exposure characteristic showed the possibility of reducing the size of the 
elements recorded by laser radiation by 2-3 times compared to the diameter of the 
laser beam measured at 1/e [18] formed on the films of chalcogenide vitreous semi-
conductors was determined mainly by the resolution of the optical focusing system 
and the accuracy of the automatic focusing system. Previous analysis showed that 
microrelief structures on CVS films, the width of which is less than the resolution 
of diffraction-limited optics, can be created using the thermolithographic recording 
mode. The local heating of the film in the recording area by radiation with a non-
uniform intensity distribution allows to reduce the size of the elements by selecting 
the recording mode [19–21].

The minimum size of elements recorded on films of chalcogenide semiconduc-
tors with phase transitions by thermolithography was 100 nm [22]. The use of this 
technology was of interest for optical disc recording systems in CD, DVD, BD [7, 16], 
and the creation of diffractive optical elements [1]. Examples of thermolithographic 
recording on chalcogenide semiconductor films are shown in Figure 1. The recording 
beam diameter was 1.0 mm. Elements 0.7-0.8 μm wide were recorded [7, 15].

Figure 1. 
The principle of the thermolithographic recording [21].
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Limitations of the thermolithographic recording mode are associated with a 
significant effect of fluctuations in the power of laser radiation on the size of the 
elements recorded on the nonlinear photosensitive material (Figure 2). The forma-
tion of nanoscale relief structures on thin films of CVS by diffraction-limited optical 
systems is problematic.

3.  Use of near-field optical radiation focusing systems for the formation  
of submicron structures

For the formation of nanoscale elements and structures, it was proposed to use 
near-field systems for focusing optical radiation. Lines with a width of 100 nm and a 
depth of 23 nm on the As2S3 film were recorded with a near-field probe with an aper-
ture of 120 nm [23]. The main disadvantage of recording by this method is the low 
scanning speed (100 μm/s), which is due to the low efficiency of near-field probes 
based on conical optical fibers [2, 23]. The situation with the use of near-field probes 
for recording nanoscale elements on inorganic resistors may change with the creation 
of new more efficient probes for focusing laser radiation, in particular, microstrip 
pyramidal probes [2]. Images of different types of probes are shown in Figure 3.

The pyramid-type microstrip probe (PTMP) has a transparent pyramid-like core 
with a truncated corner. Metal strips coat two opposite sidewalls of the pyramid. The 
transparent body and two metal strips form a tapering microstrip line, similar to an 

Figure 2. 
(a) the relief microstructure on the positive inorganic photoresist GeSe2. [15]. (b) the relief microstructure on the 
negative inorganic resist As2S3 [7].
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ordinary microstrip line where two opposite sides of a dielectric rectangular slab are 
coated with metal films, as shown in Figure 3. The incident beam (either a focused 
beam or a dielectric waveguide mode) couples to the probe through its wide end, and 
propagates along the probe, reaching the narrow end that forms the aperture. The 
light passing through the narrow end interacts with the scanned sample. In far-
infrared band metal strips can be represented with high accuracy as perfect conduc-
tors which can support quasi-TEM wave which has no cut-off size. The incident light 
should have electric field polarization orthogonal to the metal strips in order to excite 
the quasi-TEM mode that has no cut-off size. A microstrip probe has a significant 
advantage over a conventional near-field probe in far-field transmission coefficient, 
especially for the small aperture size (a < 100 nm) since it decreases with a decrease 
of the aperture size as a square of the aperture diameter.

The near-field recording mode can be realized using a nanoscale diaphragm on the 
surface of the photosensitive material. To record nanosized elements by diffraction-
limited optical systems, it was previously proposed to place an additional masking 
layer on the photosensitive layer, which changes the refractive index at elevated tem-
peratures, such as a semiconductor film with a large band gap [24]. For the formation 
of nanosized elements on a thin film of chalcogenide semiconductor, the technology 
of exposure through the diaphragm (mask) was implemented, created in a material 
with a nonlinear exposure characteristic (technology of high-resolution near-field 
storage Super-RENS). One of the main elements of the Super-RENS disk is a mask, 
which is used to form a light beam of minimum size to expose the photosensitive layer 
of chalcogenide semiconductor and separated from it by a protective layer of fixed 
thickness. The size of the optical spot created by the mask ultimately determines the 
size of the elements that are recorded in the media. The scheme of the Super-RENS 
recording method is shown in Figure 4b [25].

As the material of the diaphragm in the first experiments, thin antimony (Sb) 
films with a thickness of 15 nm were used, located between the protective layers 
of SiN (Figure 4) [25]. Significant optical nonlinearity of the thin antimony film 
located between the dielectric layers was detected. The change in transmittance was 

Figure 3. 
(a) Most commonly used near-field tapered fiber probe, (b) near-field probe based on optical plasmon microstrip 
line (optical microstrip probe) [2].
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relatively significant and stable over time in the region with submicron dimensions. 
This recording technology made it possible to obtain fingerprints with linear dimen-
sions of less than 100 nm on GeSbTe (GST) films [25]. In this structure, a thin film 
mask made of Sb was placed at a distance of the near field to the recording layer. 
It was found that the Sb2Te3 material can also be used as a masking layer. Using it, 
fingerprints with linear dimensions of 60 nm were recorded on a phase-transition 
material (GeSbTe). The dielectric material ZnS-SiO2 was used as a protective layer. 
The possibility of recording and reproducing elements with submicron dimensions is 
explained by the fact that in the process of recording and reading in the masking layer 
a small hole is formed, which functions as a local solid-state near-field lens [26].

4.  The use of nanocomposite photosensitive materials, the formation of 
images on which is carried out using the methods of nanoplasmonics

Plasmonic nanolithography, which uses surface plasmons to create submicron 
elements, is a promising technology for producing nanoscale structures. Plasmonics 
can focus light into zones smaller than the diffraction limit, due to the connection 
of light with the surface collective vibrations of free electrons at the metal-dielectric 
interface. Surface plasmon resonances (SPP) have been used to create nanoscale 
structures [27]. The method of plasmon nanolithography is being developed in which 
metal lattice masks are used to excite SPP and structural nanoscale elements. The 
mask is in close contact with the photoresist applied to the substrate. Typically, the 
incident light passes through the mask through the SPP and is directed to the photore-
sist [27]. It was demonstrated that the use of surface plasmons in the optical near field 
of a metallic mask can produce fine patterns with a subwavelength resolution. Using a 
silver grating mask with 300 nm periodicity, lithography with 100 nm pitch has been 
demonstrated by using the interference of surface plasmon waves within the grating 
area [28].

Figure 4. 
(a) Conventional recording by NSOM, (b) super-RENS recording method [25].
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The method of plasmon nanolithography was used for the alternative design of 
the Super-RENS recording method. In this method, a layer of noble metal oxides 
(AgOx, PtOx, and PdOx) was used instead of the Sb layer. Using surface plasmons has 
greater possibilities for the creation of super-dense recording systems. Irradiation 
of the oxide layer led to the decomposition of the oxide and the formation of a 
layer of metal nanoparticles. The process of chemical decomposition occurs in the 
temperature range from 400°C to ~500°C. Surface plasmons, excited by light on the 
formed nanoparticles of precious metals, generate optical near-field radiation, which 
is exposed to the photosensitive layer. The structure of such a medium is shown in 
Figure 5 [26]. The media with the Ag2O layer were studied in the most detail. The 
Ag2O layer in the Super-RENS carrier acts as a center of strong light scattering in the 
local region of the multilayer carrier. The optical near field, which is created around 
the scattering center with Ag2O, is 40 times stronger than the field created by the 
antimony layer [29, 30]. Studies have shown that the higher efficiency of high-resolu-
tion super-RENS disks with an AgOx layer is associated with the formation of local-
ized surface plasmons by silver clusters dissociated from the AgOx layer. The diameter 
of the silver nanoparticles was approximately 4 nm. The density and distribution of 
dissociated silver nanoparticles are affected by the intensity of focused laser radia-
tion. Localized surface plasmons improve the reading efficiency in such media [31].

One of the possible ways to overcome the diffraction barrier can be the use of the 
near light field of metal nanoparticles (NPs) integrated into chalcogenide films, i.e., 
the formation of a kind of plasmonic nanostructures [5]. This field arises upon irradia-
tion with light with a certain wavelength due to the excitation of collective oscillations 
of free electrons in NPs (surface plasmon resonance (SPR)). The spatial distribution 
of this field can be changed in a controlled manner due to appropriate changes in the 
size and geometry of the woofer. The technology of excitation of metal nanoparticles 
and the use of optical near-field radiation for the exposure of photosensitive layers has 
proved to be quite effective and continues to develop in the creation of new types of 
media for recording nanoscale structures. A schematic representation of the informa-
tion carrier with a layer of nanoparticles of precious metals is shown in Figure 6 [32].

Nanoparticles of precious metals with sizes of the order of tens of nanometers can 
have a significant impact on the processes of recording information in different types 
of optical and magnetic media. The technology of using nanoparticles is one of the 
ways to overcome the diffraction limit in the process of recording nano-sized struc-
tures. The generation of localized plasmons in noble metal nanoparticles is widely 

Figure 5. 
The structure of the carrier made by technology super-RENS using oxides of noble metals [26].



Chalcogenides - Preparation and Applications

158

used to enhance the interaction of light with the matrix surrounding these plasmon 
nanostructures. The incident light, which is absorbed by the nanoparticles and trans-
forms into collective oscillations of free electrons in them, leads to a strong amplifica-
tion of the local electric field [31]. Metal nanoparticles effectively absorb light. Their 
ability to focus light in small volumes has led to the use of woofer in a variety of areas, 
including as light concentrators for the solar cells. The light-concentrating properties 
of metal nanostructures are a consequence of the amplification of electromagnetic 
fields due to the generation of localized plasmons [31, 33–35]. Light-induced plasmon 
heating of a magnetic medium in the process of magnetic recording (with a built-in 
plasmon antenna) can be used to implement the mode of thermal assistance and, 
ultimately, to increase the density of information recording [31, 33]. The surface 
plasmon interference nanolithography (SPIN) allows to obtained uniform interfer-
ence patterns far beyond the free-space diffraction limit of the light. This technique 
provides a new alternative fabrication method for nanodevices [28].

5. Formation of microrelief structures on the surface of chalcogenide films

One of the most promising uses of optical and electron beam recording on CVS 
is a direct one-step process of microrelief formation on the surface of films, which is 

Figure 6. 
Information carrier with a layer of noble metal nanoparticles: (a) schematic diagram (cross-section) of the created 
structures with gold nanoparticles (GNPs) and chalcogenide layer; (b) SEM picture of the created GNPs [32].
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closely related to induced mass transfer (vertical or lateral directions) in amorphous 
material under illumination [4, 36–39]. The formation of relief on the surface of ChS 
films is possible by a purely optical method due to photoinduced mass transfer (FM) 
under the action of the light from the spectral region of the absorption edge even 
at relatively low intensities of the light wave. However, due to light diffraction, the 
lateral scale of such topographic structures is limited, which blocks the formation 
of nanoscale information elements [3]. In direct one-stage laser or electron-beam 
recording, there is an irreversible amplitude-phase optical and geometric structur-
ing of the surface. This effect can be used for the manufacture of microlenses, 
amplitude-phase optical elements. The process of direct photoinduced fabrication 
of microrelief structures on CVS films by lateral mass transfer was studied on films 
of different compositions and with different irradiation methods. As a result, the 
observed process models were proposed and areas of possible application were identi-
fied [4, 36–38]. The possibility of creating planar diffraction optical elements during 
electron-beam exposure with a local change in the refractive index was experimen-
tally demonstrated. The lens is created in the form of electron beam-recorded annular 
zones with a stepwise decrease in refractive index. The image of the Fresnel lens 
obtained by this method is shown in Figure 7. The minimum width of the elements in 
the recorded image is ~0.6–1.0 μm [31, 39].

Direct single-stage laser or electron beam recording is more efficient in nano-
sized layered structures Se/As2S3 and Sb/As2S3 than in homogeneous layers of As2S3 
[6, 39]. The effect of photoinduced mass transfer allows to obtain holographic grat-
ings, integral optical elements by a purely optical method at relatively low intensities 
of light fluxes [4, 13, 38, 39]. The image of the diffraction grating obtained by the 
direct (optical) method due to photoinduced mass transfer of the substance of the 
CVS film is shown in Figure 8.

The relief shape and diffraction efficiency can be changed by the ratio of the 
polarization of the recording rays and the beam of additional illumination.

The photoinduced changes in amorphous Ge-based chalcogenide layers deposited 
on gold nanoparticles change significantly. The rate and final magnitude of the vol-
ume change is higher in a structure with localized plasmon fields, mainly because the 
latter affects the processes of charge generation and the movement of atoms, initiated 
by illumination. The results showed that the superposition of the localized plasmon 
field of nanoparticles with the electromagnetic field of incident photons during 
irradiation enhance light-induced transformations (Figure 9) [32].

Figure 7. 
Image of a Fresnel lens obtained by the method of direct one-stage process forming microrelief (a), e-beam 
fabricated scattering lens on Se/As2S3 NML and its profile measured by AFM (b) [6].
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Figure 9. 
AFM surface morphology of the holographic grating recorded in the pure chalcogenide layer (a) and in the sample 
with GNPs (b), and the cross-section of the created surface structures (c): 1—pure chalcogenide layer, 2—sample 
with GNP [32].

Figure 8. 
AFM image of diffraction gratings recorded at temperatures of 77 K (a) and 300 K (b) on As20Se80 thin films [38].
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The use of a layer of gold nanoparticles allows a higher level of mass transfer and 
more efficient modification of the surface of a chalcogenide semiconductor film to be 
realized.

6.  The formation of nanosized relief structures on films of chalcogenide 
vitreous semiconductors by the methods of probe microscopy

Scanning probe lithography (SPL) is a direct-write nanolithography technique 
in which elements on thin films of chalcogenide semiconductors are created by 
scanning a sample with a sharp nanometer tip to create localized modifications. 
The interactions of the tip with the sample are varied and can include mechanical, 
electrical, diffusion, and thermal effects. SPL techniques are being studied inten-
sively. SPL methods provide nanometer resolution, however, they are characterized 
by a low write speed, which is 0.1–50 μm/s [40]. The technology of nano-heating 
of thin-film materials with a phase transition has been studied in detail and it has 
been shown that it makes it possible to register ultra-small spots with sizes less than 
50 nm [41].

With the use of technologies based on atomic force microscopy, the recording 
of data and the formation of nanosized structures on films of CVS with phase 
transitions were successfully executed [42]. The information recording is based on 
the formation of local (crystalline/amorphous) sections with different structures 
and, respectively, conductivities in the nanosized layer of a chalcogenide material 
with the help of electric pulses [42]. It was shown that, due to the applied pulses 
of the voltage between a probe and a conducting electrode, the conductance of a 
chalcogenide amorphous GeSb2Te4 film increases by at least two orders. An increase 
in the conductance is caused by the phase transition of a chalcogenide film from the 
amorphous state into a crystalline one. The recorded data are read with the probe 
of an AFM by the measurement of changes in the conductance of a chalcogenide 
film. The simultaneous measurement of the conductance and topographic images 
with the help of an AFM showed that the surface relief of recorded zones is invari-
able in the process of recording. The least recorded imprints were down to 10 nm in 
diameter [42].

Such technology of recording allows one to form elements with sizes of a recording 
zone of ~30-70 nm, which is 3-5 times less than the real diameter of focused exposing 
rays of laser sources of violet and ultraviolet emissions.

The creation of a relevant relief in a recording zone occurs directly during the 
simultaneous exposure and indentation, which presents the essential advantage over 
the available lithographic methods, which require the additional treatment of a car-
rier with selective chemical etchants or the ion-beam or plasma chemical etching. The 
profiles of imprints obtained at the nanoindentation of an As20Se80 film in dark and 
light at various loads are given in Figure 10 [1].

One of the advantages of the given method is the absence of a thermal heating 
source used for the softening of the surface area that is modified and, respectively, the 
absence of shortcomings related to such heating (power losses, the complexity of a 
micromechanical system, loads, etc).

An extension of scanning probe lithography (SPL) is plasmonic nanolithography 
with a focused beam. This technology is promising due to its sub-diffraction resolu-
tion. In this method, the resist is scanned and illuminated by a focused light spot 
created by a plasmonic lens.
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7. Conclusions

1. The physicochemical properties of glassy chalcogenide semiconductors make 
it possible to record nanosized elements on them under the action of actinic 
radiation. When recording nanoscale elements, the main problem is to focus the 
radiation to the required size. Increasing the resolution of recording media based 
on vitreous chalcogenide semiconductors can be achieved by choosing recording 
modes and glass composition, in which the strongest nonlinearity of the expo-
sure characteristics of photosensitive material.

2. Among the optical methods of formation of nano-sized structures, the 
method, in which the near light field of nanoparticles of noble metals 
integrated within a thin film of CVS is used, is of high meaning. The main 
limitations in the use of near-field recording methods are associated with 
the low recording speed of nanosized elements and the need to maintain the 
distance between the focusing element and the photosensitive material with 
high accuracy.

Figure 10. 
General view of imprints (upper row) and their profiles (lower row) obtained at the nanoindentation of an 
As20Se80 film in dark and in light at loads of 120-240 mN (a) and 700-900 mN (b). Scheme of application of a 
load (c) and the relevant curves of nanoindentation in dark (d) and in light (e) [1, 43].
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3. The unique properties of CVS allow the formation of microrelief images without 
selective chemical etching due to the irradiation of thin films with rays of differ-
ent polarization. One of the main tasks when using this method is the choice of 
recording modes, which ensures a high rate of formation of microrelief structures.

4. As a promising method of formation of nanosized structures in films of CVSs, 
may be utilize the optic mechanical method based on the photo plastic effect. 
The formation of nanosized elements (30-70 nm) in the recording zone occurs 
during the simultaneous exposure and indentation of the surface of a film.
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