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Abstract 

With the advent of graphene that propels renewed interest in low-dimensional 

layered structures, it is only prudent for researchers’ world over to develop a deep 

insight into such systems with an eye for their unique “game-changing” properties. 

An absence of energy band gap in pristine graphene makes it unsuited for logic 

electronics applications. This led academia to turn their attention towards 

structurally similar semiconducting counterparts of graphene, layered transition 

metal dichalcogenides (LTMDs). Prominent in them, MoS2, WSe2 shows tuning of 

physical properties including band gap with reduced thickness and even an indirect 

to direct band gap transition when reduced to monolayer. In general, layered 

compounds are more sensitive to weak bonds (van der Waals forces) then to strong 

bonds (covalent bonds). 

 

From the perspective of materials science, a novel method for rapid synthesis of 

thin few layer LTMD crystals has been proposed and developed in-house to 

complement other existing methods. In this a domestic microwave oven is re-

engineered to hold two concentric quartz tubes with inner quartz tube sealed with 

metal and non-metal powders. The synthesis was achieved by plasma that was 

formed inside the inner sealed quartz tube heated by plasma surrounding the sealed 

ampoule. Several compounds (MoS2, WS2, MoSe2, WSe2 and ReS2) belonging to 

layered transition metal dichalcogenides family has been synthesized. Their phase-

pure and highly crystalline nature has been confirmed through characterization. The 

special aspect of the synthesis is the few layer thin nature of the obtained compound 

that is also confirmed by atomic force microscopy. It has been proposed through 

this work that such synthesis is practically applicable to other similar metal-

nonmetal compounds as long as nonmetal vapor pressure reaches a value required 

for plasma generation. 

 

Another aspect of the current project is the synthesis of large high quality bulk 

single crystal of layered transition metal that till today proved to be the bed rock of 

fundamental electronic and optoelectronic research. Several compounds (MoS2, 
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WS2, etc.) and their alloys and similar new layered systems were successfully 

grown and their growth conditions are optimized for the available setup. As 

discussed earlier, interplay between strong and weak bonds plays an important role 

in the physical properties of such compounds, one of them being anisotropy. While 

traditionally every layered material has out-of-plane anisotropy on account of their 

sensitivity to van der Waals forces, there is less explored member of LTMD family 

that has both in-plane and out-of-plane anisotropy as well as insensitivity towards 

weak forces (vdW forces). This and its covalent bond (strong bond) substitution 

and resulting alloy properties are investigated in detail. 

 

After successful synthesis of the compounds, structural, optoelectronic anisotropy 

is demonstrated. ReS2 shows highly anisotropic polarization dependent response 

from 1.55 eV to 2.41 eV. Further its FET has an on/off ratio of 105 and mobility of 

18 and 40 cm2V-1s-1 at room and low temperature respectively. Its layer independent 

direct band is utilized for photodetector devices with high responsivity of 103 A/W 

that depicts its intrinsic optical anisotropy and could be utilized as a linear 

dichroism media for sensitive detection of polarized light. In addition, the alloy 

ReSSe is both isostructural and anisotropic like ReS2 besides being direct bad gap.  

In the end as an example of real application of that as an electrode of lithium ion 

battery has been proposed. Earth-abundant dichalcogenides in the form of SnS2 is 

used as an anode material for lithium-ion battery with LiMn2O4 cathode. 
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Table Captions 

Table 2.1 Review of electronic character of LTMDs 

Table 4.1 List of all the synthesized compounds with their single crystal growth parameters. 

First temperature represents source and second the growth zone temperature 

Table A.1 Tin Disulfide (SnS2) Single Crystal Data from Single Crystal XRD 
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Figure Captions 

Figure 2.1  Structure of a typical layered transition metal dichalcogenides (LTMD) 

compound 

Figure 2.2  Few prominent members of layered compound family 

Figure 2.3  Expanse of layered transition metal dichalcogenides depicted over the 

periodic table by full and partially colored elements. On the right (colored in yellow), are 

the choice for chalcogen atom that could be combined with different transition metals (in 

color). The fully colored transition metal depicts the homogeneous layered structure of 

their chalcogenides while the partially colored transition metal symbolize the non-layered 

nature of some of its dichalcogenides compounds  

Figure 2.4  Two main coordination geometry found in a single sandwich-type 

monolayer of LTMDs, trigonal prismatic (left)and octahedral (right) 

Figure 2.5 (a) Mechanism of light absorption and subsequent photoluminescence 

process (PL), (b) Raman scattering process. In figure (a),  h0 represents incident light 

energy, h is the emitted light energy in the PL process, VBM stands for valence band 

maximum and CBM stands for conduction band maximum. In figure (b), hq represents 

emitted phonon’s energy during Raman scattering process. E0 is the ground energy state 

Figure 2.6  A temperature dependent study of MoSe2 monolayer’s PL spectra. The 

temperature range is from 15 K to 295 K. The spectra are plotted in the energy range of 

1.52-1.68 eV. Trionic and excitonic transitions could be attributed to the peaks at 1.62 eV 

and at 1.65 eV respectively 

Figure 2.7 (a) Exfoliation through sonication in organic solvent, (b) Exfoliation via lithium 

intercalation and the corresponding STEM and AFM images, (c) CVD growth of MoS2 

from solid S and MoO3 precursor and the optical image of the product, (d) CVD growth of 

MoS2 from a solid layer of Mo on SiO2 exposed to S vapour and the optical image of the 

product 
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Figure 2.8 (a) Comparative study of field-effect mobility and on/off ratios of 

semiconductors, (b) Study of field-effect mobility vs band gap for semiconductors used for 

photovoltaic applications 

Figure 2.9  Transport measurement of CVD MoS2 top-gate FETs, (a) Id – Vd (output 

characteristics) curve, (b) Id – Vg (transfer characteristics) curve, (c) field-effect-mobility 

extraction from back-gate device 

Figure 2.10  (a) Expected line-up of metal Fermi level with the electronic bands of MoS2 

flake if only the difference of the electron affinity of MoS2 and the work function of the 

corresponding metal is considered. (b) The cartoon of expected transfer characteristics 

based on (a). (c) Transfer characteristics of back-gated 6-nm-thick MoS2 transistor with 

Sc, Ti, Ni, and Pt metal contacts. The inset shows the actual line-up based on the 

experimental data 

Figure 2.11 (a) Schematic of a MoS2 photodetector device, (b) its time-domain 

photoresponse 

Figure 2.12 (a) Electroluminescence mapping, (b) combined absorption, 

electroluminescence and photoluminescence spectra of monolayer MoS2 with Cr/Au metal 

contacts 

Figure 3.1  Depiction of the availability of LTMDs by the combination of transition 

metals and chalcogen atoms and their versatile electronic character. Note: Tin is added to 

this family due to the structural and physical similarities of its disulfides and diselenides 

with that of LTMDs 

Figure 3.2 A typical experimental flow followed during the course of this thesis from 

synthesis, characterization, device fabrication to possible applications 

Figure 3.3 Description of the cyclic process of chemical vapor transport in a closed system, 

(a) Typical temperature profile, (b) Products at different stages and zones 

Figure 3.4 A schematic of the field-effect device prepared for electronic transport 

measurement 
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Figure 3.5 Typical Id-Vg curve obtained from a FET device for a range of Vg 

Figure 4.1 An illustration of a typical two-zone furnace and temperature profile across 

sealed ampoule inside the furnace 

Figure 4.2 Optical images of some of the selected crystals grown via vapor transport 

Figure 4.3 (a,b) SEM images, (c) EDX spectrum of MoS2xSe2(1-x) microflakes. Inset in (c) 

is the elemental ratio obtained from the EDX spectrum, (d) XRD pattern of MoS2xSe2(1-x) 

microflakes. The standard diffraction peaks of MoS2 (JCPDS #00-009-0312) and MoSe2 

(JCPDS #00-017-0887) are inserted as references 

Figure 4.4 (a,b) SEM images and (c) EDX spectrum of MoxW1-xS2 flakes. Inset in (c) is 

the elemental ratio obtained from the EDX spectrum. (d) XRD pattern of MoxW1-xS2 flakes. 

The standard diffraction peaks of MoS2 (JCPDS #00-009-0312) and WS2 (JCPDS #00-

008-0237) are inserted as references 

Figure 5.1 A schematic of the process flow setup for the synthesis of few-layer transition 

metal dichalcogneide (TMDC) nanosheets 

Figure 5.2 SEM Micrographs of synthesized compounds showing hexagonal morphology. 

Starting from top-left (in clockwise direction), WS2, MoS2, WSe2, ReS2 and MoSe2. The 

scale bar shown in the bottom right corner of each micrograph represents 100 nm except 

for the ReS2 micrograph, with a scale bar of 1 m 

Figure 5.3 Powder X-ray diffraction (P-XRD) pattern of as-grown samples along with 

their corresponding standard powder diffraction ICSD file from the database. Starting from 

top-left (in clockwise direction): WS2, MoS2, WSe2, ReS2 and MoSe2 

Figure 5.4 Atomic force microscopic images and section height analysis of as-grown 

samples, starting from the top: WS2, MoS2 and ReS2 

Figure 5.5 Raman response of as-grown samples. Peak positions indicate the phase 

presence and few-layer nature of WS2, MoS2, WSe2, MoSe2 and ReS2 
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Figure 5.6 Selected area electron diffraction (SAED) patterns (above) and high-resolution 

transmission electron microscopy (HR-TEM) images (below) of individual WS2 (left) and 

MoS2 (right) crystals 

Figure 5.7 Stage-wise mechanism of the synthesis process inside the vacuum-sealed 

ampoule, (a) The beginning of the process with no plasma generation, (b) the ignition of 

non-metal (chalcogen) plasma inside the ampoule heated by the outer tube plasma (not 

shown in this drawing), (c) direct reaction between metal element and non-metal 

(chalcogen), (d) few-layer thick crystals of TMDCs formed due to the heat of synthesis 

reaction 

Figure 6.1  Optical Image of as-grown ReS2 crystal 

Figure 6.2  (a) SEM images of single crystals of ReS2 grown via CVT, (b) 

corresponding EDX analysis with semi-quantitative stoichiometric data 

Figure 6.3  P-XRD pattern of ReS2 crystal indexed with the ICSD file no. 75459 

Figure 6.4  Simulated structure of atomic arrangement of ReS2 in spatial arrangement 

based on ICSD file no. 75459. Yellow atoms represent sulfur and grey denotes rhenium 

Figure 6.5  2D isotropy vs 2D anisotropy between members of LTMDs. A zig—zag 

diamond-like chain (shown in green) is along the b-axis showing Re-Re clusters 

Figure 6.6  Optical image of as-grown ReSe2 crystals (left) and SEM image of the 

single crystals grown via CVT (right) 

Figure 6.7 Semi-quantitative EDX analysis with rough stoichiometric data (left) and P-

XRD pattern of ReSe2 crystals indexed with the ICSD file no.  81813 (right) 

Figure 6.8 Simulated structure of atomic arrangement of ReSe2 in spatial arrangement 

based on ICSD file no. 81813. Green atoms represent selenium and grey denotes rhenium. 

A distortion in the structure is on the account of asymmetric Re-Re chains along the b-axis 

Figure 6.9 Optical image of as-grown ReSSe crystals (left) and SEM image of the single 

crystals grown via CVT (right) 
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Figure 6.10 Semi-quantitative EDX analysis with rough stoichiometric data (left) and P-

XRD pattern of ReSSe crystals indexed with the ICSD file no.  81815 (right) 

Figure 6.11 Simulated structure of atomic arrangement of ReSSe in spatial arrangement 

based on ICSD file no. 81815. Grey atoms represent rhenium and partial yellow and partial 

green atoms denotes sulfur and selenium respectively 

Figure 6.12 Low resolution TEM images of ultrasonicated ReS2 crystals diluted in ethanol 

(left), the circular portion is captured at a higher resolution in the next image (right) by 

keeping focus on the sharp edges meeting at the corner 

Figure 6.13 High resolution TEM (HRTEM) images with the electron beam direction 

normal to the basal plane and representation of 001 and 010 axes on the sample (left), and 

corresponding selected area electron diffraction pattern (SAED) centered on [001] zone 

axis (right) 

Figure 6.14 Optical image of mechanically exfoliated ReS2 crystals in SiO2/Si substrate 

Figure 6.15 (a) Height (thickness) scan of the linear region on the ReS2 flakes highlighted 

in (b) and monolayer thickness (height) is observed to be 0.9 nm, (b) AFM image of ReS2 

flake used for height (thickness) scan. A white linear region is ear-marked for analysis 

Figure 6.16 Optical image of mechanically exfoliated ReSSe crystals in SiO2/Si substrate 

Figure 6.17 (a) An AFM image of ReSSe flake with the selected line profile shown in (b) 

highlighted by black line, (b) The line profile of the ReSSe flakes highlighted in (a) and 

height of monolayer as 0.76 nm 

Figure 6.18 A comparative Raman spectra of rhenium disulfide (ReS2) indicating 

negligible or no change in the signal while moving down from bulk (blue), few layer (red) 

right till the monolayer (green) sample. This is usually attributes to weal interlayer coupling. 

Apart from many minor peaks, two prominent peaks at 150 cm-1 and 210.5 cm-1 are the 

one that corresponds to the in-plane (E2g) and mostly out-of-plane (A1g-like) vibration 

modes, respectively 
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Figure 6.19 Similar to ReS2, ReSSe flakes shows similar Raman spectra behavior with 

changing thickness from monolayer to bulk with thicknesses ranging from monolayer to 

five layers, and bulk samples. Prominent peaks at 135, 200, 230 and 390 cm-1 are clearly 

observed 

Figure 6.20 A plot between position of prominent peaks (135, 200, 230 and 390 cm-1) and 

number of layers of ReSSe sample shows the layer-independent nature owing to weak 

inter-layer interactions   

Figure 6.21 Investigation of anisotropy in ReS2 through ARPES. (a) Undistorted 

hexagonal Brillouin zone of ReS2. The band dispersion along Γ-M1 (b) and Γ-M2 (c) with 

their momentum locations marked in (a). The differences between (b) and (c) indicate that 

the six-fold symmetry of the hexagonal Brillouin zone is broken due to lattice distortion 

Figure 6.22 The optical image of the ReS2 flake utilized for polarization dependent 

absorption studies. It’s thickness is 12 nm and rotation along b axis is depicted through 

angle definition   

Figure 6.23 Polarization dependent absorption studies ReS2 flake shown in figure 6.22. (a) 

Polarization angle (with respect to b-axis of the crystal structure) dependent absorption 

spectrum, (b) Sinusoidal function – like behavior (black line) is observed when absorption 

is plotted against polarization angle for different photo energies (2.41, 1.96, and 1.58 eV, 

respectively) 

Figure 6.24 Characteristic curves for few layer ReS2 field effect transistor based on a 3 nm 

ReS2 flake as shown in the optical image (inset of (a), scale bar 10 μm) (a) Room 

temperature transistor output transfer curve depicts n-type behavior with low contact 

resistance. (b) A mobility of 18 cm2V-1s-1 is deduced from the linear (red) and log (black) 

scale plots of the transfer curve with an on/off ratio of about 105. (c) Temperature 

dependent study of Id–Vg transfer curve for the ReS2 transistor with a drain voltage of 0.1 

V (d) Temperature dependent study of the field effect mobility as a function of temperature 

extracted from (c). With a decrease in temperature, mobility gradually increases. The inset 

of (d) shows the power law fitting of the data. This indicates the dominant electron-phonon 

scattering at higher temperature 
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Figure 6.25 Optoelectronic characterization of the ReS2 device, (a) 3D schematic view of 

the photodetection device. The light is illuminated on the ReS2 channel, and the light 

polarization is controlled by the half wave plate, which is used for the linear dichroism 

detection later, (b) Under the different intensity of green light illumination, A plot of 

photocurrent response for different drain voltage is generated. (c) Similarly, dependence 

of photocurrent on the intensity of incident illumination is plotted for various drain voltages 

(1 V (blue), 2 V (green) and 3 V (red) respectively). This also satisfies the power law 

behavior and depicted by black line. (d) A graphical illustration for different illumination 

and bias conditions and resultant device band diagrams (EF, Fermi level; EC, Conduction 

band; EV, Valence band). Schottky barrier is formed at the device-contact interface. On 

illumination, electron–hole pairs are generated and separated by the applied drain voltage, 

generating photocurrents, (e) A plot of photoresponsivity with respect to intensity of light 

is generated based on the data obtained in (c) for drain voltages of 1 V (blue), 2 V (green), 

and 3 V (red), respectively 

Figure 6.26 Polarization sensitive photoresponse studies of ReS2, (a) 2D plot of 

dependence of photocurrent on the value of drain bias for different polarization light 

illuminations. (b) Polarization angle dependence photocurrent for different drain biases. 

The power law curve (black line) fits with the obtained data. (c)  A polar coordinate plot 

depicting near similar behavior between the photocurrent with drain bias of 1 V (red square) 

and absorption (green circle) measured under different polarization angle of green light. 

The blue line is an extension of the sinusoidal function fitting results. This behavior 

conclusively exhibits the intrinsic linear dichromic response of ReS2 

Figure 6.27 Absorption spectrum of ReS2 (red), ReSSe (green) and ReSe2 (blue) 

Figure 6.28 Characteristic curves for few layer ReSSe field effect transistor based on a 3 

nm ReSSe flake as shown in the optical image (inset of (b), scale bar 10 μm (a) Id–Vd curve 

shows near-linear dependence at a low drain voltage indicating a small Schottky barrier 

between the metal contact and the channel, (b) Id–Vg curve exhibits n-type behavior with 

a drain voltage of 1 V, 3 V, and 5 V. (c) Id–Vd curve and (d) Id–Vg curve at different 

temperatures. The drain voltage first increases when the temperature decreases from 300 

K, and then decreases when the temperature falls below 240 K. The inset of panel (c) shows 
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the drain–current change as a function of temperature at a gate voltage of 30 V. The inset 

of panel (d) shows the temperature dependence of the mobility deduced from the Id–Vg 

curve 

Figure 6.29 (a) Dependence of photocurrent on the value of drain voltage for different 

intensities of incident light. (b) A logarithmic plot for dependence of photocurrent on 

intensity of light for drain voltages of 1 V, 3 V, and 5 V. The power-law fits are depicted 

by solid lines The value of exponent on power law is 0.73. (c) A plot of drain voltage 

dependence of photocurrent for different excitation wavelengths. The inset shows the 

photocurrent at a drain voltage of 4 V as a function of excitation wavelength, (d) 

Photoresponsivity as a function of the light intensity as deduced from panel (b) 

Figure 6.30 (a) Id–Vd curve of the ReSSe field-effect transistor, with and without 

illumination, (b) Photocurrent as a function of gate voltage. The photo- current is deduced 

by taking the difference of the drain currents with and without illumination. The 

photocurrent can be strongly modulated by the gate voltage 

Figure 7.1 A typical setup and temperature profile for vapor transport growth of single 

crystals in a two-zone furnace. One zone that contains the starting materials (source zone) 

is at a comparatively higher temperature (ΔT) to other zone (growth zone) where single 

crystals are formed 

Figure 7.2 Optical images of tin disulfide (SnS2) single crystalline flakes 

Figure 7.3 EDAX of the as-grown SnS2 single crystals 

Figure 7.4 P-XRD pattern of SnS2 single crystal (P-3 m1, a=3.6215(8) Å and c=5.856(3) 

Å) on a background-less sample holder 

Figure 7.5 Simulated structure of tin disulfide (SnS2) obtained from CIF file (Single 

Crystal XRD) 

Figure 7.6 Indexed Selected Area Electron Diffraction Pattern (SAED) of SnS2 crystals 

ultra-sonicated in ethanol solvent 

Figure 7.7 Raman spectrum of SnS2 single crystal 
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Figure 7.8 (a) Typical galvanostatic charge-discharge curves of Li/SnS2 cell between 5-

800 mV vs. Li at current density of 65 mA g–1. Inset: Differential capacity profile, (b) Plot 

of capacity vs. cycle number. Filled and open symbols correspond to the charge and 

discharge, respectively 

Figure 7.9 (a) Typical galvanostatic charge-discharge curves of (I) Li/LiMn2O4, (II) 

Li/SnS2, (III) LiMn2O4/SnS2 cells recorded in the second cycle at current density of 65 mA 

g–1. The full-cell capacity is calculated based on the anode mass loading. (b) Cycling 

profiles of LiMn2O4/SnS2 cell with coloumbic efficiency 

Figure 7.10 Cleaved crystal of SnS2 on SiO2/Si substrate with different thickness shown 

through color contrast (yellow/pink represents thicker portion while blue/green represents 

thinner portion) 

Figure 7.11 Thickness dependent Raman spectra of cleaved SnS2 crystals. Prominent A1g 

mode at 313 cm-1 is insensitive to thickness although intensity decreases on decreasing 

thickness. N3 is the thickest region of the sample and N1 is the thinnest region of the sample 

(as observed under optical microscope) 

Figure 8.1 A schematic of the measurement setup used for THz-TDS of two-dimensional 

layered materials 
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Chapter 1 

 

Introduction 

 

Graphene brought a renaissance in the field of van der Waals solids (layered 

materials) in the way physicist, materials scientists, chemists, electrical and 

electronics engineer perceive them. From applications, such as lubricants and 

intercalation (battery), it starts assuming pivotal position in new-age ultra-

low dimension semiconducting devices and related applications. On the 

similar lines, structurally similar layered transition metal dichalcogenides 

(LTMDs) with semiconducting behavior have established themselves as the 

most promising family of the broad class of layered materials. The focus of 

this work is on the growth, characterization, device fabrication and 

application of relatively newer member of this family such as ReS2 and SnS2 

apart from developing novel methods to produce these materials (LTMDs). 

While studying the above-mentioned materials, emphasis is given on 

exploring the role of in-plane strong bonds (covalent bonds) and out-of-plane 

weak bonds (van der Waals forces) in constituting their intrinsic properties 

both individually and with mutual interaction. Few highlights of this work are 

investigations into unusual in-plane anisotropy and development of novel 

method for synthesis of layered materials. Later in this chapter, a small 

synopsis discussing the presentation of the content in the thesis is reported. 

Lastly, the findings and outcomes of the project are summarized.  
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1.1 Hypothesis 

 

For years, layered compounds fascinated physicists, chemists and materials scientists alike 

first with regards to their two-dimensional crystalline order and later with its quasi two-

dimensional structure and related properties. The former was widely debated in the 

academia during the early years [1]. Once a generic understanding about these materials 

(layered compounds) has been developed, focus shifted to identifying such compounds and 

their optimum synthesis route. This allows people to understand their structural and 

physical properties in detail. One of the primary aspect of such compounds was the 

presence of strong (covalent) and weak (van der Waals) bonds in an orderly fashion, i.e. 

covalently bonded layers (a-b plane) stacked or held loosely by van der Waals forces (c-

axis). Such structural arrangement gives rise to anisotropy of structural and physical 

properties in these compounds. These compounds are essentially quasi-two-dimensional 

systems, and, thus, some physical properties in such structures may exhibit a two-

dimensional behavior. Traditionally they were found suitable as excellent lubricants due to 

the ease of sliding of the layers over one another.  

 

In addition, the van der Waals “spaces” between them can be utilized to introduce “foreign” 

atoms and some organic molecules between the layers forming the intercalation 

compounds. These intercalation compounds exhibit significant changes in a wide variety 

of properties as compared to the non-intercalated materials. The process of intercalation is 

reversible, and thus such layered compounds may be used, e.g., as cathodes in rechargeable 

high-energy-density batteries, in which the cell reaction is the reversible intercalation of 

the layered crystals. 

 

Recently (in 2004), the layered compounds family experienced a renaissance of sorts with 

the realization of an atom thick layer of graphite (graphene) by the scotch-tape technique 

[2,3]. Further study and investigation revealed “game-changing” properties on account of 

truly two-dimensional nature of graphene. Its ultra-high mobility coupled with anomalous 

quantum Hall effect and massless Dirac Fermions propelled it as an ideal candidate for 

real-world applications [4–11]. 
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In spite of the above, the biggest drawback of graphene is the absence of energy band gap 

which makes it incompatible with the logic electronics with low-power applications. 

Several attempts were undertaken thereafter to open up a band gap in graphene by studying 

bilayer graphene, functionalized graphene, reduced graphene oxide, etc. but not without 

compromising on the pristine properties of graphene including ultra-high mobility.[12–18] 

This roadblock in the development of low-dimensional logic electronics puts into limelight 

some of the inorganic analogues of graphene such as transition metal chalcogenides, metal 

halides, transition metal oxides and tri-oxides, oxy-chalcogenides and III-V layered 

semiconductors.[19] The availability of band gap coupled with relative stability of their 

few and monolayer counterparts makes them attractive for a plethora of applications. In 

addition, some of the group VI transition metal dichalcogenides (MoS2, WSe2) undergo 

indirect-to-direct band gap transition when cleaved to monolayer [20]. 

  

This suitability of inorganic layered compounds and the gradual development of their 

synthesis methods allows researchers over the world to study their optical, transport, and 

structure-sensitive properties and employ them in applications ranging from field-effect 

transistors, logic integrated circuits, light emitting diodes, multi-purpose chemical sensing 

and bio-detection.[21–32] Even though the available catalogue of inorganic layered 2D 

materials family is not completely explored, new and novel layered materials are in process 

to contribute and expand the horizons of imaginations of what these materials can achieve. 

Lately, academia also started pioneering attempts to “club” two or more such materials in 

a single integrated system to harness their hybrid functionalities in devices such as light 

harvesting, light generations, all 2D materials flexible electronics, Ohmic contacts for 

integrated circuits, etc. [33–37]. 

 

While moving forward it is also pretty important to understand the fundamental phenomena 

at work in these material systems that allow them to have special properties and usage in 

high-end applications.  

 

The family of 2-D layered materials are relatively more sensitive to weak bonds than strong 

bonds when it comes to change in structure (thickness) sensitive properties. We need to 
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closely inspect the confinement effects, stacking or inter-layer coupling energy and the 

resulting transition of optical band gap or an absence of it. Owing to the disparity and the 

different nature of layered dichalcogenides, they could be divided into two groups for the 

purpose of the current work: 

 

a) Robust or structure (thickness) independent, e.g. ReS2, SnS2, Black Phosphorus. 

b) Sensitive or thickness dependent, e.g. MoS2, WSe2 and WS2. 

 

In both the groups, the transition or relative absence of it is dependent on a key factor of 

magnitude of interlayer coupling energy. While MoS2 and similar members have a 

coupling energy of order of few hundred meV for conventional 2 X 2 cell, weakly stacked 

SnS2 and ReS2 have a coupling energy of an order less per unit cell [38]. This could be 

ascribed to the negligible overlap of molecular orbitals in the latter resulting in decoupled 

units (single layer) which makes the bulk behaves as if it is a single layer. From the 

perspective of materials science, following points were probed in this work: 

 

1) Preparation of weakly stacked members of layered dichalcogenides family 

2) Development of new methods for efficient synthesis of LTMDs. 

3) Their optical band gap behavior with thickness variation 

4) The behavior of their individual layers (monolayers) as isotropic and anisotropic 

5) Application of their intrinsic properties in devices. 

 

Above described properties of layered compounds allows formulation of a hypothesis that 

almost all physical properties are anisotropic described be both weak and strong bonds. 

Therefore, while in 3D materials doping and defect describe the extrinsic properties of bulk 

samples, in 2D materials these two parameters are not sufficient. An additional parameter, 

modification of crystal composition and structure on van der Waals spaces, needs to be 

controlled. On one hand, such additional tuning possibility make 2D materials more 

complex, on the other control of both strong – covalent and weak van der Waals positions 

is a chance to utilization of 2D behavior typical only to 2D materials. Moreover, not all 2D 

crystals structures are similar. While MoS2, WS2 and many more show strong anisotropy 
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along c-axis and isotropy in the ab-plane, other like ReS2 are anisotropic not only along the 

c axis but in addition they show strong anisotropic behavior in ab-plane also. It should have 

unexplored consequences in absence of coupling energy between the layers and possibility 

to form new artificial compounds based on materials like ReS2. 

 

1.2 Objective and Scope 

 

The objective of this project is to grow high quality crystalline compounds of layered metal 

dichalcogenides (LMDs) family, their intercalation with inorganic/organic species 

(elements and compounds), investigation of their physical and chemical properties to 

enable understanding of high-performance applications such as field effect transistors 

(FET), photovoltaics, energy storage and light harvesting, etc. The detailed scope is listed 

below:  

 

1. Growth and intercalation of large high quality single crystals of LTMDs from gas phase 

via Physical Vapor Transport (PVT) or Chemical Vapor Transport (CVT). 

2. Synthesis of thin crystals of LTMDs and similar compounds through in-house 

microwave assisted plasma process. It also includes optimization, scaling – up and 

better understanding of the current system with respect to morphological control, 

reaction time, etc. 

3.  Investigation of optoelectronic properties of crystals, especially transport properties 

through few-layer field effect transistor (FET) and optical properties. 

4. Investigations of intrinsic two-dimensional in-plane anisotropic materials and the 

resultant variations in properties on account of it. 

5.  Presentation of synthesized compounds as viable alternatives to currently practiced 

materials in applications (e.g. battery, photodetector, etc.). 

 

1.3 Dissertation Overview 

Chapter 2 presents the historical advances in the family of layered materials in general and 

two dimensional materials in particular. The chapter discusses the basic structural attributes 

of the layered materials, the properties arising from it and historical application usages. 
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The recent renewed interest is reviewed in detail to understand the challenges and 

opportunities available in the field of layered materials. Further, anisotropic two-

dimensional layered materials with lower symmetry are discussed that identify with the 

work carried out in this thesis that were not explored earlier.  

 

Chapter 3 describes the methodology to synthesize LTMDs and related layered materials 

both via traditional vapor transport growth method as well as novel microwave plasma 

method developed for rapid synthesis of thin LTMD crystals. It also describes the 

experimental scheme followed during the course of this thesis work and various materials 

characterizations techniques used and optoelectronic measurements performed to study the 

materials properties. 

 

Chapter 4 discusses all the single crystal growth of the layered compounds that are 

synthesized via vapor transport growth (CVT or PVT). Their starting materials, growth 

conditions, experimental setup and physical characterizations were discussed. In addition 

to pristine stoichiometric compounds, alloys were also synthesized as an attempt to tune 

properties based on alloy composition. Some new two-dimensional compounds other than 

LTMDs with attractive future possibilities were also synthesized and characterized. 

 

Chapter 5 introduces and explores the development of a novel method for the synthesis of 

few layer thin crystals of LTMDs. In this, few-layer thin crystals of WS2, MoS2, WSe2, 

MoSe2 and ReS2 were synthesized via the microwave-induced-plasma-assisted method. 

The synthesis was accomplished in plasma that was formed inside sealed quartz ampoules 

heated by plasma surrounding the sealed ampoule. Powder X-ray diffraction, Raman 

spectroscopy and Transmission Electron Microscopy indicate thin crystals of high quality. 

The novel method is rapid, reproducible and environmentally friendly. It is applicable to 

practically every direct reaction between metals and nonmetals if the nonmetal vapor 

pressure can reach a pressure of a few torr, which is required for plasma formation inside 

a sealed ampoule. 
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In chapter 6, a unique member, rhenium disulfide (ReS2) of LTMD family has been 

explored by focusing on its intra-layer anisotropic property apart from usual out-of-plane 

anisotropy present in all the other layered compounds. This occurs on account of its 

distorted structure and weak inter-layer coupling. Rhenium dichalcogenides series being 

isostructural and single phase in nature provides a new candidate for composition-

dependent band gap engineering and their tunable properties coupled with in-plane 

anisotropy makes it an attractive proportion. This and other rhenium based dichalcogenides 

(alloys) materials has been probed in detail to study their structural, electronic and optical 

anisotropy and their possible usage in niche applications. 

 

Chapter 7 describes another special compound SnS2. Its earth-abundant nature makes it 

attractive to explore for variety of applications. Another aspect that sets it apart from the 

other TMDCs is the lack of optoelectronic band structure transition which is common for 

this family. Here an attempt is made to propose the high-crystalline SnS2 as an anode 

material for Li-ion Battery and methods that could be useful in optimizing its performance 

are discussed. 

 

Chapter 8 summarizes and concludes the thesis work and lists the recommendations for 

future directions. 

 

1.4 Findings and Outcomes 

The following are the findings, outcomes and originality of this work 

 

 Large, high quality bulk single crystals of LTMDs have been synthesized by means of 

vapor-phase transport growth method that are considered gold-standard for any 

compound with near-ideal properties. These could be utilized as a platform for 

fundamental optoelectronic research both at bulk and few or monolayer level.   

 

 A new novel method has been developed for the synthesis of LTMDs. This method 

utilizes the concept of microwave-induced-plasma to assist and ignite plasma inside a 

sealed quartz tube for synthesis to occur. This method is rapid, reproducible and 
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environmentally friendly. While optimizing the system we found that the system could 

be utilized for virtually every material/compound where the non-metal component 

could reach the required vapor pressure to ignite plasma and synthesis to occur. This 

method provides a new approach for the synthesis of LTMDs for follow-up 

applications such as catalysis for hydrogen evolution reaction, etc. 

 

 A new but unique member of LTMD family, ReS2 has been synthesized and its intra-

layer anisotropy is characterized in detail. Based on that its optical and electronic 

anisotropy is observed. ReS2 also exhibits direct band gap both in bulk and few or 

monolayer form. 

 

 For thin few layer sample of ReS2, anisotropic response in a wide range from 1.55 eV 

(800 nm) to 2.41 eV (450 nm) with respect to crystal orientation are observed for 

polarization dependent absorption studies. 

 

 Few-layer thick ReS2 field-effect mobility (n-type) of 18 cm2V-1s-1 with an on/off ratio 

of 105 is recorded that could be increased to as high as 40 cm2V-1s-1 by lowering the 

temperature up to 77K. 

 

 Optical anisotropy of ReS2 is utilized to study the polarization dependence of 

photoresponse which is found to be following a similar pattern as that of absorption 

studies. Also the photoreponsivity is as high as 103 A/W at low intensity of light. 

 

 Composition dependent band-gap engineering is employed for rhenium based 

chalcogenide alloy ReSSe as they are isostructural and single phase to both ReS2 and 

ReSe2. The prepared alloy crystal is structurally and optoelectronially characterized to 

present it as viable alternative for low cost devices. In addition, these alloys also exhibit 

direct band gap through their thicknesses with in-lane anisotropy. 

 

 Few layer thick ReSSe field effect mobility (n-type) of 3 cm2V-1s-1 with an on/off ratio 

of 105 is recorded. Due to alloying and higher defect concentration, their mobility 
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below 240 K decreases on account of charged impurity scattering becoming dominant. 

 

 A healthy photoresponse of 8 A/W at 1 V is also recorded for the few layer 

photodetector device of ReSSe.  

 

 Earth-abundant dichalcogenides in the form of SnS2 is used as an anode material for 

lithium-ion battery with LiMn2O4 cathode. It shows meager capacity fade upon cycling 

irrespective of half-cell or full-cell configuration. The full cell is capable of working in 

the potential of ~3.64 V. 
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Chapter 2 

 

Literature Review 

 

This chapter presents the historical advances in the family of layered 

materials in general and two dimensional materials in particular. The chapter 

discusses the basic structural attributes of the layered materials, the 

properties arising from it and historical application usages. The recent 

renewed interest is reviewed in detail to understand the challenges with 

regards to synthesis, device fabrications and integration into real world 

applications.  This presents an opportunity to explore new members apart 

from well-established members to fully understand the interplay between 

strong and weak bonds as well as the impact of nature (magnitude) of such 

bonds on shaping the electronic band structure and other intrinsic material 

properties. Further, anisotropic two-dimensional layered materials with 

lower symmetry are discussed that is the focus of the work carried out in this 

thesis that were not explored earlier.  
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2.1 Overview 

Research and development in non-conventional materials is often proceeded by the 

necessity emanated in the form of imminent exhaustion of resources (fossil fuels), 

environmental concerns (greenhouse gas emissions) and cost-ineffective mass utilization 

of the prevailing technology [1,2]. The optoelectronic industry needs high quality, flexible, 

and consequently thin direct band gap semiconductor materials in order to realize devices 

in situations where standard silicon chips and commercial materials cannot work due to 

expense and geometry. So far research has focused on organic materials [3,4] because of 

their potentially low cost. But their poor mobility has prompted several groups to look for 

inorganic alternatives [5,6] i.e. layered materials. Layered materials such as the family of 

layered transition metal dichalcogenides (LTMDs) and graphite have desired physical 

properties and chemical stability. In addition, wide range of electronic and optical 

properties of the layered materials with large ranges of band gap values provide 

prospectives in diverse applications. Another noticeable aspect of such compounds is their 

changing behavior with changing dimensionality i.e. monolayer or few layer thick samples 

and bulk (many layers) samples. In fact, monolayers of MoS2 exhibited direct band gap of 

1.8 eV but much lower mobility, compared to its bulk (indirect band gap, 1.20 eV) in the 

same transistor architecture [7,8]. Similarly, graphene, the monolayer of layered graphite 

shows exceptionally high mobility of 200000 cm2/V-s but no energy band gap (Eg) [9]. 

 

Lately, LTMDs assume equal significance if not more owing to their subtle advantages 

(band gap, availability in nature, etc.), over monolayer graphite (graphene) both in bulk 

and reduced dimensionality. These materials are characterized by strong bonding within 

the layer and weak (van der Waals) interactions between the layers (figure 2.1). 

 

 

 

 

 

 

Figure 2.1: Structure of a typical layered transition metal dichalcogenides (LTMD) compound 

 

 

Van der Waals forces 
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The strong anisotropy of the crystal structure influences many of their physical and 

chemical properties. The layered transition metal dichalcogenides (LTMDs) are the most 

widely investigated of the layered materials with regard to their structural, electronic and 

optical properties. Thus, availability of such crystalline material for technological purposes 

(single crystal, Nano-sheets, etc.) assumes greater significance as a crucial factor for the 

development of advanced technologies as well as breakthrough in applied and basic 

sciences. 

 

2.2 Early developments in LTMDs 

 

Even before the successful isolation of graphene in 2004 [10], LTMD compounds kept the 

research world fascinated with them for a large part of last five decades. The motivations 

for scientists, ranges from structural and electronic anisotropy for electronic transport 

measurements [11] to the insertion (intercalation) of guest species in the “van der Waals 

space” between the layered materials with exotic properties such as high Tc 

superconductivity, magnetic properties and as storage materials (battery, supercapacitor, 

etc.) [12–19]. Due to the sliding nature of the individual layers they were also often 

employed as solid lubricants in tribological applications [20–24]. In the metallic members 

of this family, prominent being TaS2, TaSe2 and NbSe2, phenomena such as charge density 

waves and super lattices were observed by various groups [25]. In the early years, the major 

portion of the research was focused on finding the optimum route to synthesize high purity 

single crystal of the LTMD compounds which was carried extensively by Nitsche and co-

workers from late 1950’s to early 1960’s [26–31]. Later Schafer described the vapor 

transport growth of such compounds in detail with thermodynamic and kinetics parameters 

[32–35], thus establishing it as a standard method for the synthesis of high purity bulk 

single crystal of LTMDs. After this, researchers start studying the bulk physical properties 

of these systems and observed anisotropy [36–42] analogous with what was reported very 

early for layered graphite [43]. Additionally, the presence of weak bonds between the 

layers allow them to cleave the bulk crystals along the basal plane through its thickness. 

Although much research on few or monolayer counterpart of LTMDs have been done only 

very recently, the studies on very thin crystals of LTMDs were reported several times 
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exploring low-dimensional layered structures [44,45]. One of the reasons for slow progress 

could be the non-availability of nanoscale characterization techniques such as scanning 

probe microscopy (SPM), atomic force microscopy (AFM), etc. [46,47]. These techniques 

took as late as early 1990’s to be hands-on and commercially available after the pioneering 

work by two IBM scientists, Dr. Binning and Dr. Rohrer in 1981 in inventing the scanning 

tunneling microscope (STM) [48]. In fact, an isolated layer of MoS2 supported on alumina 

was reported as early as 1986 by Joensen et al. [49]. One can imagine the plateaued nature 

of research in LTMDs from late 1980’s to early 2000’s with the fact that it took another 25 

years to have single layer MoS2 transistors [50]. In the pre-graphene (before 2004) era 

much of the research on LTMDs was focused on bulk material properties of the LTMD 

family and tuning of physical properties through intercalation of inorganic and organic 

species between the layers or through substitutional doping and alloying of the pristine 

materials. Even then researchers have discussed such quasi-two dimensional structures and 

the special properties they might have in atomically thin range. Recent developments 

would be discussed in the next section. 

 

2.3 Renaissance in Layered Materials 

 

In 2004, a watershed moment arrived in the field of layered materials with the isolation of 

single layer of graphite (graphene) by a simple scotch tape technique by Novoselov et al. 

[10]. Since then several “game-changing” physical properties of graphene such as massless 

Dirac Fermions, half-integer and anomalous quantum Hall effect, ballistic transport with 

ultra-high mobility, superior mechanical strength, etc. have been reported [9,51–62]. 

Although discovery of graphene does provide a new perspective for the investigation of 

layered compounds at low-dimensions but gapless electronic energy band structure proves 

to be its biggest drawback. This rendered its unsuitability for applications such as logical 

gate electronics or in low-power applications. In a bid to overcome this shortcoming, 

efforts were made to structurally manipulate graphene to open up a narrow band gap in it 

but it led to deterioration of other existing impressive pristine physical properties [51,63–

68]. Simultaneously, such revelations brought back other established layered compounds 

in the same discourse. The prominent members of this graphene-analogue layered family 
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are chalcogenides (Bi2Se3), oxides (MoO3), nitrides (h – BN), metal phosphotrisulfides 

(FePS3), oxychlorides, halides and transition metal dichalcogenides (figure 2.2). The facile 

and almost universal nature of the proposed mode of preparation (scotch-tape technique) 

for few or monolayer sample from bulk samples also played a part in expanding the 

horizons beyond graphene. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Few prominent members of layered compound family 

While exploring the graphene-analogues, emphasis is given on the stability of its mono or 

few layer form and preferably semiconducting nature of its electronic band structure. On 

this count, layered transition metal dichalcogenides (LTMDs) are the most suited member 

of this family [50,69–71]. Their monolayer counterpart experience direct band transition 

from their indirect bulk counterparts. Also, their amicable band gap range falling between 

near infrared to visible range, and their superior performance compared with graphene as 

a candidate for logic electronic and optoelectronic applications propped them at the 

forefront of two-dimensional/low-dimension revolution in layered compounds [50,69–

111]. 

 

2.4 Two-dimensional Transition Metal Dichalcogenides  

 

In the period of last 10 years, more specifically post 2010, a deluge of studies is reported 
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on 2D LTMDs and still continuing till today [10,112], initial attempts to prepare large area 

monolayer samples were attempted through physical vapor deposition (PVD) [111] and 

later chemical vapor deposition (CVD) [113–122]. In comparison to graphene, CVD 

synthesis of LTMDs uses solid precursors and very narrow homogeneity range to work 

with. Despite such tight requirements of thermodynamic parameters, it has now developed 

into an almost standard method and successful growth have been reported with a quality 

comparable to micro-mechanically exfoliated flakes [86,87,117] 

 

The unique physical properties of 2D LTMDs have also been deeply explored. In 2010, 

K.F. Mak et al. [8] reported the indirect-to-direct transition of the band gap as MoS2 evolves 

from bulk to the monolayer form; and C. Lee et al. [123] reported the anomalous behaviors 

of the Raman spectroscopy of mono-, bi- and few-layer MoS2. Various theoretical studies 

[124–132] showed that many-body effects, including the electron-electron interaction and 

the electron-hole interaction, are of great importance in 2D LTMDs; that is, both the 

electron self-energies and the exciton binding energies should be considered in describing 

the electronic band structure of 2D TMDs correctly. The existence of tightly bound 

excitons [8,70] and multi-excitons [133–137] with relatively large binding energies in 2D 

TMDs was then discovered, making the optical world of 2D closely coupled with the 

"exciton" concept, which is rarely mentioned in 3D optoelectronics. Later on, four research 

groups reported at the same time that the two electron valleys with different spins in TMD 

materials can be selectively activated by their excitation using the circularly polarized light 

[138–141]; based on this, they proposed the novel type of electronics - called valleytronics 

which can be potentially used in high-performance digital signal processing and even 

quantum computing. More recently, K. F. Mak et al. observed the valley Hall Effect [142] 

in monolayer MoS2, which is the first non-magnetic-field-involved quantum Hall Effect 

discovered so far. 

 

With such outstanding properties, 2D TMDs have been quite attractive to electrical 

engineers as well. The first transport measurement on atomic thin TMDs was done by the 

A. Geim's group and co-workers and reported in 2005 [112], in which MoS2 and NbSe2 

monolayers were probed at room temperature with tunable conductivity measurements 
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using an external electric field. In 2010, a group of researchers from EPFL, Switzerland 

led by Andres Kis and S. Salahuddin's and co-workers situated at University of California, 

Berkeley published their path-breaking works on the experimental demonstration [50] and 

theoretical prediction [71], respectively, of monolayer MoS2 field effect transistors (FETs). 

Soon after that, more groups joined this rapidly growing field of 2D semiconductors, and 

more potential applications with 2D TMDs were proposed, including logic integrated 

circuits [50,71–89], photodetectors [90–98], light-emitting devices [99, 101, 103, 105, 107, 

108, 143], multi-purpose chemical sensing and bio-detection [144–148]. 

 

2.4.1 Atomic Structure of TMDs 

 

The family of TMDs is composed of nearly 40 different compounds [149]. As shown in 

the periodic table in figure 2.3, the highlighted transition metal and chalcogen chemical 

elements are the elements that are predominately crystalized into layered structures. The 

half colored elements can form layered dichalcogenides as well, but the same constituents 

can also form other crystal structures as that interesting phase transitions can occur. For 

example, NiS2 is found to have a pyrite structure but NiTe2 is a layered compound. 

 

Figure 2.3: Expanse of layered transition metal dichalcogenides depicted over the periodic table 

by full and partially colored elements. On the right (colored in yellow), are the choice for chalcogen 

atom that could be combined with different transition metals (in color). The fully colored transition 

metal depicts the homogeneous layered structure of their chalcogenides while the partially colored 

transition metal symbolize the non-layered nature of some of its dichalcogenides compounds [149]  

The unit cell of LTMDs consists of 1 transition metal atom and 2 chalcogen atoms. 
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Accordingly, the general chemical formula is denoted by MX2, in which M and X stand 

for the transition metal and the chalcogen element, respectively. Each layer of MX2 is three-

atoms thick, with 1 transition metal layer sandwiched between 2 chalcogen layers. The 

monolayer atomic structure can be either trigonal prismatic (e.g. MoS2, NbS2,) or 

octahedral (e.g. HfS2, PtS2), as shown in figure 2.4. 

 

 

Figure 2.4: Two main coordination geometry found in a single sandwich-type monolayer of 

LTMDs, trigonal prismatic (left)and octahedral (right) [149] 

2.4.2 Electronic Properties of LTMDs 

 

Depending on the configuration of the IVB-VIB transition metal and chalcogen elements, 

the physical properties of LTMDs vary significantly. Table 2.1 summarizes the basic 

electronic properties of the TMD family. The dichalcogenides are wide bandgap 

semiconductors when the metal elements are from Group IVB and VIB, and narrow 

bandgap semiconductors when the metal elements are from Group VIIB and VIII, whereas 

the Group VB dichalcogenides are metallic materials, and some of them are 

superconducting at low temperature. The electronic and optical properties depend strongly 

on the thickness of the TMDs, especially when they are less than 5 nm thick. If we take 

MoS2 as an example, the optical bandgap can be varied from 1.2 eV to 1.9 eV when going 

from the bulk to the monolayer. MoS2 with a thickness of more than 2 layers is an indirect 

band gap semiconductor, whereas it becomes a direct band gap semiconductor when 

thinned down to a monolayer. Other unique properties of monolayer or few-layer MoS2 

include a large excitonic binding energy, abundance of multi-excitons, strong electron-

exciton interactions, dielectric-screened charge impurity scatterings, etc. All these 

phenomena in thin MoS2 and other TMDs can be attributed to the quantum confinement 

effect, which is discussed later. 
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Table 2.1: Review of electronic character of LTMDs 

Semiconducting Metallic  Superconducting Metallic 

TiS2, TiSe2 and TiTe2 NbS2 and NbSe2 NbTe2 

HfS2, HfSe2 and HfTe2 TaS2 and TaSe2 TaTe2 

ZrS2, ZrSe2 and ZrTe2 PdTe2 VS2, VSe2 and VTe2 

MoS2, MoSe2 and MoTe2 PtTe2 

WS2, WSe2 and WTe2 

ReS2 and ReSe2 

PdS2 and PdSe2 

PtS2 and PtSe2 

 

2.4.3 Optical Studies of LTMDs  

 

In direct band gap semiconductors, electrons in the valence bands can be easily excited to 

the conduction bands by incident photons, and the excess carriers can also recombine, 

passing the excess energies to photons, as shown in figure 2.5 (a). The former process can 

be probed by light absorption measurements, and the latter process can be probed by 

photoluminescence (PL) measurements. If lattice vibrations or phonons are involved in the 

optical transitions, the generated photon can have a lower energy than the incident photon, 

and the energy difference is related to a specific phonon mode. This inelastic light 

scattering is called Raman scattering (see figure 2.5 (b)). 
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Figure 2.5 (a) Mechanism of light absorption and subsequent photoluminescence process (PL), (b) 

Raman scattering process. In figure (a),  h0 represents incident light energy, h is the emitted 

light energy in the PL process, VBM stands for valence band maximum and CBM stands for 

conduction band maximum. In figure (b), hq represents emitted phonon’s energy during Raman 

scattering process. E0 is the ground energy state 

In 2D semiconducting TMDs, light-generated electrons and holes tend to attract each other 

due to the strong Coulumb interactions between them. This can be modeled by the concept 

of the exciton, which is the combination quasiparticle state of an electron and an hole. In 

addition, multi-excitons, such as trions and bi-excitons, are observable in 2D TMDs even 

at room temperature [133–137]. Figure 2.6 shows the PL spectra of monolayer MoSe2 in 

the energy range from 1.52 to 1.68 eV for temperatures between 15 K and 295 K (room 

temperature). From these results we can clearly see the evolution of the exciton and trion 

peaks as a function of temperature, and how the peaks are separated at low temperature 

and are merged into a single peak with some asymmetry at room temperature. 
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Figure 2.6: A temperature dependent study of MoSe2 monolayer’s PL spectra. The temperature 

range is from 15 K to 295 K. The spectra are plotted in the energy range of 1.52-1.68 eV. Trionic 

and excitonic transitions could be attributed to the peaks at 1.62 eV and at 1.65 eV respectively 

2.4.4 Synthesis Practices in LTMDs 

 

Realization of graphene in 2004 [10] caught the fancy of the field of silicon-based 

electronics that were in pursuit of relentless miniaturization. The game-changing 

possibilities of two-dimensional or ultra-thin semiconductors coupled with the absence of 

band gap [10,57,60,150,151] leads the researchers to transition metal dichalcogenides 

(TMDC). Being similar in structure (layered) and with wide range of electronic properties 

(low to wide band gap semiconductors) makes it suitable for digital electronics, unlike 

graphene. Its isolation in monolayers, subsequent stability and direct band gap in visible 
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range of electromagnetic spectrum points towards it suitability for digital electronics and 

optoelectronics. Bulk TMDCs are found in several structural polytypes depending on the 

stacking order of layers [152], while single layers of TMDCs are found in two polymorphs, 

depending on the position of chalcogen with respect to the metal element in the X-M-X 

structure. The TMDC monolayer polytypes can be either trigonal prismatic (D3h point 

group, homey-comb motif) or octahedral (D3d point group, centered honey-comb motif) 

also referred to as 2H (1H for a monolayer) and 1T respectively [149,152], as shown in 

figure 2.4. 2H is the more pre-dominant, although chemical processing results in 1T 

transformation [153]. The synthesis of TMDC nanosheets is generally divided into two 

approaches: the top-down and the bottom-up method. 

 

(a) Top-down methods 

 

This consists of methods such as micro-mechanical cleavage of parent bulk crystal using 

scotch-tape technique, liquid exfoliation via intercalation, ultra-sonication, etc. The first 

method of micro-mechanical cleavage is very basic in nature that involves using adhesive 

tapes applied to substrate [8,10,50,123,154–156] and optically identified by light 

interference [157,158]. Although it produces high purity and clean flakes but the method 

is not scalable. On that account liquid phase exfoliation either through organic solvent [159] 

or through intercalation of ionic species [49,153,160–163] (figure 2.7 (a), (b)) becomes 

prominent for scalable operations.  In the above, Li-ion exfoliation is preferred as it results 

in high yield monolayers. The only drawback is the non-ambient nature of Li+ compounds 

and its increasing value makes it an unattractive proportion. 
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Figure 2.7 (a) Exfoliation through sonication in organic solvent, (b) Exfoliation via lithium 

intercalation and the corresponding STEM and AFM images, (c) CVD growth of MoS2 from solid 

S and MoO3 precursor and the optical image of the product, (d) CVD growth of MoS2 from a solid 

layer of Mo on SiO2 exposed to S vapour and the optical image of the product 

 

(b) Bottom-up methods 

 

Chemical Vapor Deposition (CVD) on metal substrates [164] and epitaxial growth of 

wafer-scale synthesis [165] of graphene allows large-scale device fabrication [166–168]. 

Similarly, for synthesizing thin dichalcogenides such as MoS2, CVD involving heating of 

solid precursors have been employed. In one method, sulfur powder and MoO3 powder is 

vaporized and co-deposited on a nearby substrate [113,169] as shown in figure 2.7 (c). In 

another method, a thin layer of Mo metal deposited onto a wafer heated with solid sulfur 

[118] as shown in figure 2.7 (d). Although the thickness of the product is dependent on the 

thickness or concentration of initial precursor but the same could not be said for precise 

control of large areas. A further optimization and work is required in this direction for it to 

be workable for other dichalcogenides and for uniform large films.  

Another important aspect about having TMDC naosheets is the inherent advantages it 

provides over other competing technological materials in terms of field-effect mobility and 

on/off ratio as higher value of latter (> 103) with highest possible mobility (figure 2.8 (a)) 



Literature Review  Chapter 2 

26 

 

are pre-requisite for digital electronics applications. In addition to it, its band gap is near to 

Shockley-Quessier optimum (~1.3 eV) and high mobilities (figure 2.8 (b)) make it 

attractive for high-efficiency photovoltaic devices [170]. This and other applications will 

be discussed in detail in next section. 

 

 

 

Figure 2.8: (a) Comparative study of field-effect mobility and on/off ratios of semiconductors, (b) 

Study of field-effect mobility vs band gap for semiconductors used for photovoltaic  

application [170] 

 

2.4.5 Field-Effect-Transistors and Optoelectronic Applications of LTMDs 

 

Owing to the presence of the band gap, MoS2 field effect transistors (FETs) were proposed 

to have a high on/off ratio, which has not been achieved on graphene FETs, so that MoS2 

FETs can potentially be used in nanoscale logic electronics [50,71–89,171–175]. MoS2 can 

be made into good n-type FETs, with a field-effect mobility of 190 cm2/Vs and an on/off 

ratio of 109 (see figure 2.9) [171]. Based on such achievements, several typical logic 

circuits were fabricated, such as inverters, NAND gates, random access memories and ring 

oscillators [84,171]. P-type MoS2 FETs are difficult to realize, because both exfoliated and 

CVD MoS2 are naturally n-type doped, and the work functions of most of the commonly 

used contact metals are pinned near the conduction band edge [77], as shown in figure 2.10. 

However, if we look into MoSe2 or WSe2 with lower band gaps, it is possible to shift the 

Fermi level to the p-type side with a gate bias, and thus both n-type and p-type FETs, or 
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even bipolar FETs can be made [172–175]. 

 

 

Figure 2.9: Transport measurement of CVD MoS2 top-gate FETs. [171], (a) Id – Vd (output 

characteristics) curve, (b) Id – Vg (transfer characteristics) curve, (c) field-effect-mobility extraction 

from back-gated device 

 

Figure 2.10: (a) Expected line-up of metal Fermi level with the electronic bands of MoS2 flake if 

only the difference of the electron affinity of MoS2 and the work function of the corresponding 

metal is considered. (b) The cartoon of expected transfer characteristics based on (a). (c) Transfer 

characteristics of back-gated 6-nm-thick MoS2 transistor with Sc, Ti, Ni, and Pt metal contacts. The 

inset shows the actual line-up based on the experimental data [77] 



Literature Review  Chapter 2 

28 

 

The direct band gap nature makes LTMDs promising to be used in high-performance 

optoelectronics as well, such as photodetectors, light-emitting diodes (LEDs) and so on 

[90–101,103–105,107–110,143,176]. The structure of a MoS2 photodetector is quite 

similar to that of a MoS2 FET, as shown in figure 2.11 (a). When shining a laser onto the 

device, more electrons and holes are generated, leading to either a large photocurrent when 

the source-drain voltage is 0, or a large photoconductivity when the voltage is not 0. figure 

2.11 (b) plots the time domain photocurrent responses with different working biases 

applied to the MoS2-based photodetectors. It was reported that the photoresponsivity could 

be as high as 880 A/W at an excitation wavelength of 561 nm [93]. According to M. 

Buscema et al. [94], the photocarriers in MoS2 are mainly generated around MoS2/metal 

interfaces. The consequent photoresponse results from the photo-thermoelectric effect, 

rather than from the commonly observed photovoltaic effect in bulk semiconductors [94]. 

The effect of persistent photoconductivity (PPC) is also widely reported [95,96], which 

may originate from the deep trap states in MoS2. Similar studies on the photoresponse of 

monolayer WS2 have been done as well [98]. The mechanism of light emission in LEDs is 

basically the electroluminescence effect occurring in a MoS2 diode. Due to its direct band 

gap nature, excited electrons and holes in semiconductor TMD monolayers can be easily 

recombined radiatively, and thus emitting light [99]. Earlier research has shown a strong 

photoluminescence in monolayer MoS2; the observation of electroluminescence was first 

reported for MoS2/metal and MoS2/p-Si heterojunctions [99,103]. Figure 2.12 shows the 

electroluminescence observed near the MoS2/Au Schottky junction as well as the 

photoluminescence and absorption spectra. The wavelength of the emitted light is at around 

680 nm [99]. More recently, three research groups [105,107,143] reported gate tunable 

WSe2 p-n diodes, which give better performance in both light emission and photodetection. 

Heterojunctions of different TMDs have also been studied [100–103], with better rectifying 

behavior and improved efficiency of the photon-to-electron or the electron-to-photon 

transitions. Researchers believe that the TMD family would eventually provide a feasible 

solution for high performance optoelectronics either integrated with silicon integrated 

circuits or fabricated on flexible substrates. 
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Figure 2.11: (a) Schematic of a MoS2 photodetector device, (b) its time-domain photoresponse 

[93] 

 

Figure 2.12:  (a) Electroluminescence mapping, (b) combined absorption, electroluminescence 

and photoluminescence spectra of monolayer MoS2 with Cr/Au metal contacts [99] 

 

2.5 Topics Addressed in this Work 

 

In light of the topics covered in this literature review, relatively newer and lesser explored 

members of LTMDs (ReX2, SnS2, etc.) will be systematically studied and employed for 

applications in this particular work. As clear from the overview of the low-dimensional 
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layered transition metal dichalcogenides (LTMDs) current research, molybdenum disulfide 

(MoS2) has established itself as the front-runner in LTMD family and other members need 

to show distinct or comparable properties to be an attractive addition to the ever-expanding 

2 D catalogue. The candidates for new 2D materials vary from nanostructured graphene 

off-shoots (composites, reduced oxide, etc.), [177] graphene analogues like silicone, 

germanene and boronene [178–182] to oxy-chalocgenides, III-V layered compounds, etc. 

This family can include almost all the compounds having layered lattice structure. One 

such compound is black phosphorus that could be obtained for atomically thin range, and 

is commonly known as phosphorene. It comes with several advantage in the form of direct 

band gap of 0.3 eV, intra-layer anisotropic structure and properties [183–192]. The problem 

with phosporene is its lack of environmental stability in spite of all its positive points [193]. 

Thus, a similar intra-layer anisotropically structured dichalcogenide material rhenium 

disulfide (ReS2) that is also reported for its monolayer-like behavior in bulk owing to its 

vibrational and electronic decoupling [194]. would be studied and compared with it. In 

addition, ReS2 possess direct band gap through its thicknesses. 

 

Another focus of the current work is the development of the novel synthesis methods for 

generating low-dimension thin LTMD crystals over and above the existing methods. Each 

of the synthesis techniques discussed above either is un-scalable (micro-mechanical 

exfoliation) or fundamentally alter the material (liquid-phase solution pahse exfoliation). 

Further bottom-up methods are still in their development stage and often requires dealing 

with volatile precursor. Based on this, a novel method is proposed and developed in-house 

for rapid, reproducible, high quality synthesis of thin few-layer LTMD crystals that may 

find usage in applications where the availability of a suitable material is holding back the 

promise of 2D materials.  
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Chapter 3 

 

Experimental Methodology 

 

This chapter describes the methodology to synthesize layered transition metal 

dichalcogenides (LTMDs) and related layered materials both via tradition 

vapor transport growth method as well as novel microwave plasma method 

developed for rapid synthesis of thin layered transition metal dichalcogenides 

crystals. It also describes the experimental flow followed during the course of 

this thesis work and various materials characterizations techniques used and 

optoelectronic measurements performed to study the materials properties. 
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3.1 Rational for Selection of Materials: 

 

3.1.1 Layered Transition Metal Dichalcogenides (LTMDs) 

 

Among the many layered compounds identified after the pioneering work on graphene[1,2], 

layered transition metal dichalcogenides (LTMDs) found to be the most versatile (ranging 

from metallic to semiconducting to superconducting), easily accessible (facile synthesis, 

scalable generation and commercially available) and stable in ambient atmosphere (figure 

3.1). Their structural anisotropy arises from in-plane strong bonds and inter-planar weak 

van der Waals forces, which enables them to have unique properties that are sensitive to 

the thickness of the material (sample). In addition to this, introduction of inorganic or 

organic species in the van der Waals spaces (intercalation) may results in tuning of 

optoelectronic properties.  

 

 

 

Figure 3.1: Depiction of the availability of LTMDs by the combination of transition metals and 

chalcogen atoms and their versatile electronic character. Note: Tin is added to this family due to 

the structural and physical similarities of its disulfides and diselenides with that of LTMDs 
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In this work, the synthesis of variety of LTMDs have been realized (WSe2, MoSe2, NbSe2, 

ReS2, ReSe2, SnS2, WS2, several LTMD alloys with M1yM21-yX2 or MX1yX22-y 

distribution) and also ternary layered compounds of MPX3 form. Later it is narrowed down 

to select compounds for detailed study viz. tin disulfide (SnS2),  rhenium disulfide (ReS2) 

and rhenium dichalcogenides alloys (ReSSe) on account of their special place in LTMD 

family as described in the previous chapters. 

 

3.1.2 Significance of Single Crystal  

 

With the growing importance of mono or few-layer dimension of layered materials, many 

methods have been devised to directly generate thin high quality few-layer samples for 

measurement and device fabrication. The developments in this direction are still in their 

nascent stage but each of those methods comes with either a compromise in quality of 

sample or limited in application. On the contrary, single crystal growth of LTMDs by vapor 

transport is a well-established method to synthesize high-quality bulk single crystal that 

could be utilized as-grown or by exfoliating them to mono or few-layer thickness by scotch 

tape method [1]. In addition to single crystal growth, a novel method has been proposed 

and developed for synthesis of high quality few-layer thick crystals of LTMDs in large 

quantities by microwave-plasma assisted method. 

 

3.2 Typical Experimental Procedure 

 

Figure 3.2 shows the flowchart of typical experimental procedures followed in this thesis 

work. In the present work we have synthesized LTMDs with both traditional methods 

vapor-phase single crystal growth as well as in-house developed method. Later the 

synthesized products were characterized thoroughly, either exfoliated or tested in bulk 

electric transport and other optoelectronic properties and applications. 
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Figure 3.2: A typical experimental flow followed during the course of this thesis from synthesis, 

characterization, device fabrication to possible applications 

 

3.3 Vapor-Phase Single Crystal Growth 

 

From vapor phase, good quality crystal can be obtained. The vapor transport technique is 

used to grow thin crystals. Majority of TMDCs with MX2 formula is insoluble in water and 

are having comparatively higher melting points. In this case, crystallization from the vapor 

phase has various advantages over other growth techniques [3]. These advantages result 

mostly from: 

 

(i) The lower processing temperature involved-as the melting temperatures of TMDC 

compounds are higher, melt growth process is very difficult to be handled. 
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(ii) Physical vapor transport act as a purification process [4] because of difference in 

vapor pressure of native elements and impurities. 

(iii) Most solid-vapor interface exhibit higher interfacial morphological stability [5–7] 

during the growth process because of their low atomic roughness [8] and 

consequently the pronounced growth rate anisotropy. 

 

Vapor transport method is classified into two classes: 

1. Chemical Vapor Transport (CVT) method and 

2. Physical Vapor Transport (PVT) or Sublimation method 

 

3.3.1 Chemical Vapor Transport (CVT) Method 

 

A large number of layered compounds have been grown by this technique [9–22]. There 

are various theoretical attempts available in literature [23–28] that have shown that it is 

possible to grow crystals up to several centimeters using this technique under well-

controlled nucleation [23]. 

 

CVT technique mainly relies on a chemical reaction between the source material to be 

crystallized and transporting agent. The reaction product is volatile and can be transported 

in the vapor phase at temperature well below the melting point of the compound. 

Transportation occurs between two zones having different temperatures as shown in figure 

3.3. Usually the starting reaction occurs at a higher temperature and is reversed at the low 

temperature to deposit crystals of the compound at the most favorable crystalline sites. 

Initially random deposition occurs until seed crystals are formed. Thereafter growth 

preferentially occurs on these seeds and large single crystals are formed.  
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Figure 3.3: Description of the cyclic process of chemical vapor transport in a closed system, (a) 

Typical temperature profile, (b) Products at different stages and zones; Ax is metallic species, By is 

non-metallic species and I2 is iodine element. 

 

3.3.2 Physical Vapor Transport (PVT) Method 

 

Although CVT technique gives very large size crystals, it has been observed that crystals 

grown by the CVT method usually incorporate small amount of the transporting agent, 

which may remain as an active impurity and affect the measured properties. In some cases, 

for example ZrSe2 grown using I2, the transport agent remains strongly absorbed on the 

surface or incorporated between the layers and becomes difficult to remove it completely 

[29]. In order to avoid contamination by the transport agent Al Hilli and Evans [27] and 

Agarwal and coworkers [29] used the direct vapor transport method (without transporting 

agent). Their work showed that it is possible to grow fairly large crystals of LTMDs 

(Layered transition metal dichalcogenides) and their solid solutions. 

The reaction-taking place to form AB compounds can be given as: 
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One of the elements has lower melting point. So, it vaporizes at lower temperature. This 

vapor reacts with powder of other elements at high temperature forming the compound. 

In both CVT and PVT techniques, the transport rate depends on several factors: 

(1) Difference in equilibrium pressure at different temperatures, 

(2) Diffusion coefficient of gases, 

(3) Cross- sectional area and length of the reaction tube [9].  

 

At low pressure and small ampoule diameter diffusion is the only important transport 

mechanism. As the pressure or the diameter is increased, convection current setup by the 

thermal gradient rapidly becomes more important. Broadly speaking, an optimum transport 

occurs when reaction is not far from equilibrium (Gibbs Free Energy, ΔG0). Also, rate 

of transport must not exceed rate of rate of growth of seeds. 

 

3.4 Microwave-Induced-Plasma(MIP) Assisted Synthesis of LTMD Thin Crystals 

 

Microwave-Induced-Plasma(MIP) synthesis has been carried out as a form of rapid 

synthesis method for variety of compounds such as oxides, nitrides, carbides, graphene, 

diamond and chalcogenides. As mentioned earlier in several reports, solid-state synthesis 

of LTMDs were not realized by plain microwave exposure of the starting materials (metal 

powder as bulk metal comes with a disadvantage of drastic electric discharge) [30]. To 

overcome this, microwave synthesis methods either include addition of a susceptor as a 

heat source or addition of a large quantity of metal powder to provide the “thermal runway” 

necessary to drive microwave reaction. The method including susceptor is prone to 

contamination of the final product whereas quantity of metal powder for different reactions 

and systems may prove to be a barrier [31]. 

 

In addition to these, another method that involves exposure of reactants to microwave-

induced plasma (MIP) has been employed to improve the microwave dielectric heating. 

Although MIP method looks convincing and a preferred method in the scientific 

community of all the three methods, it also comes with its own drawbacks. Volatile 
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reactants or products may evaporate the reactor on exposure to plasma heating reaching 

temperatures in excess of 1000 0C via ion bombardment. Moreover, the microwave solid-

state synthesis methods of chalcogenides/dichalcogenides by direct combination of the 

appropriate elemental powders are limited and others involving microwave are solution-

based processes. This puts an onus on materials scientists to improve and simplify over the 

above methods specially for scientifically and technological important compounds LTMDs 

and other similar layered quasi-2D compounds. 

 

Keeping this in mind, an in-house method has been developed for rapid synthesis of few-

layer thick transition metal dichalcogenides by the direct combination of transition metal 

and chalcogen powder. The setup is designed on the principle of MIP but differs from other 

setups in a manner that the process utilized an outer primary argon plasma to generate a 

secondary inner plasma of the chalcogen starting material. The unique aspect of this 

process is that unlike the previous MIP synthesis methods, the reactants never come in 

direct contact of external plasma. The reactants are secured inside an evacuated quartz tube 

throughout the process. As such volatile, hazardous reactants and products could be 

handled easily without the impediments of toxic reactants or a trade-off in the quality of 

end product on account of inclusion of impurities. The process, principle and product will 

be described further in detail in Chapter 5. 

 

3.5 Device Fabrication and Measurement for ReS2 Crystals 

 

Thickness of the thin flake was measured by Asylum Research Cypher S Atomic Force 

Microscopy (AFM) in tapping mode. Raman spectrum characterization was performed 

using Witec confocal Raman system under 532 nm laser excitation. HRTEM image was 

obtained using FEI Tecnai F20 system. The ARPES experiments were carried out at 

Beamline 5–4 of the Stanford Synchrotron Radiation Lightsourse (SSRL) of Slac National 

Accelerator Laboratory using 25 eV photons with a base pressure better than 5 × 10−11 

Torr. Absorption spectrum was characterized by Jasco MSV-5200 microscopic 

spectrophotometer. A field-effect-transistor (FET) has been prepared to study the 

electronic transport characteristics of ReS2. Thin flakes of 3 nm thickness were exfoliated 
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on SiO2/Si (SiO2 layer thickness = 285 nm) substrate. A schematic of the prepared device 

is shown in figure 3.3 The electrodes were patterned via photolithography, followed by 

thermal evaporation of Cr/Au (5/50 nm) and subsequent lift-off process. Electric 

characterization was performed by using the Agilent B1500 semiconductor parameter 

analyzer. Low temperature measurement was performed in a probe station cooled by liquid 

nitrogen.  

 

 

 

 

 

 

 

 

 

 

Figure 3.4: A schematic of the field-effect device prepared for electronic transport measurement 

Important parameters can be deduced from field-effect transistor (FET) device, prominent 

being nature of charge carriers (n or p type), threshold voltage and the field effect mobility 

of charge carriers and temperature effect on mobility. The field-effect mobility could be 

estimated from the linear region in the Id–Vg curve (figure 3.5) by using the equation 

(below): 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Typical Id-Vg curve obtained from a FET device for a range of V 
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𝜇 =
𝑑𝐼𝑑

𝑑𝑉𝑔
 ×  

𝐿

𝑊𝐶𝑖𝑉𝑑
 

 

L is the channel length,  

W is the channel width, and 

Ci is the capacitance between the channel and the back gate per unit area (Ci = ε0εr/d; ε0 is 

the vacuum permittivity, εr is the relative permittivity, and d is the thickness of SiO2 layer),. 

 

Same device is used to measure the photoresponse without any gate bias applied to it. The 

photoresponse was measured using a semiconductor green laser as the illumination source, 

in the ambient condition. Light power dependence of the photoresponse was performed by 

tuning the light power while keeping the light polarization unchanged. Polarization 

dependence of the photoresponse was carried out by rotating the polarization of the light 

using a half wave plate and a polarizer, while keeping the light power unchanged 

throughout the measurement. 

 

3.6 Device Fabrication and Measurement for ReSSe Crystals 

 

The thickness of the ReSSe flakes was measured by atomic force microscopy (AFM, 

Cypher S). Raman measurements were performed using a Witec system in a backscattering 

configuration. The excitation was provided by visible laser light (λ = 532 nm) through a 

100× objective (NA = 0.95). To avoid laser- induced modification or ablation of samples, 

all spectra were recorded at low power levels. Optical absorption spectra were measured 

using a Jasco MSV-5200 microscopic spectrophotometer. 

 

As described in the section earlier, FET device has been prepared. Thin flakes of ReSSe 

crystals were exfoliated on SiO2/Si substrate. The electrodes [Ti/Au (5/50 nm)] were then 

patterned using standard photolithography, electron-beam metal deposition, and lift-off. 

All the electronic and optoelectronic characterization was performed in a probe station 

under vacuum conditions at room temperature, and recorded by using an Agilent 1500A 

semiconductor analyser. The light excitation was provided by diode pumped solid state 
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lasers operated in continuous wave mode with wavelengths of 405 nm, 532 nm, 633 nm, 

and 670 nm. 

 

3.7 General Materials Characterization 

 

General materials characterization techniques were used extensively throughout this thesis 

work for both the bulk single crystals synthesized through vapor transport growth and novel 

microwave plasma method synthesized thin LTMD crystals. 

 

3.7.1 Thin LTMD Crystal Materials Characterization 

 

Powder X-ray diffraction (P-XRD) data of the thin crystals were obtained with a Bruker 

D8 advance diffractometer (CuKα=1.5406Å radiation at 45kV, 30mA). The 2θ range is 

from 10°to 80° with a step size of 0.0238968° and a dwell time of 1.2 seconds per step. 

SEM imaging of thin crystals was done using the SEM JSM – 7600, JEOL. Elemental 

distributions over the crystal surfaces were studies by an energy-dispersive X-ray analysis 

provided semi-quantitative compositional information. AFM imaging of thin crystals was 

done through c-Atomic Force Microscope, Asylum Research. TEM imaging of thin 

crystals was performed using Energy Filtered Carl Zeiss TEM, LIBRA® 120. Micro-

Raman spectroscopy analysis of thin crystals was performed using Renishaw System 2000 

(excitation wavelength 514 nm and laser spot size ~ 2 μm). 

 

3.7.2 Bulk single crystal material characterization  

 

Optical imaging of the single crystals was obtained using the Leica M205C optical 

microscope. Image processing was performed using he Leica LAS software. SEM imaging 

of the single crystal was taken using the SEM JSM – 6360, JEOL. Elemental distributions 

over the crystal surfaces were studies by an energy-dispersive X-ray analysis provided 

semi-quantitative compositional information. Powder X-ray diffraction (P-XRD) data of 

the single crystals were obtained with a Bruker D8 advance diffractometer 

(CuKα=1.5406Å radiation at 45kV, 30mA). The 2θ range is from 10°to 80° with a step 
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size of 0.0238968° and a dwell time of 1.2 seconds per step. Single Crystal X-ray 

diffraction (SC-XRD) data of the synthesized crystals were collected using Bruker SMART 

APEX Π single crystal diffractometer (X-ray radiation, Mo Kα, λ= 0.71073 Å). 
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Chapter 4 

 

Vapor Transport Growth of Bulk LTMD Single Crystals 

 

In this chapter, all the single crystal growth of the layered compounds that 

are synthesized via vapor transport growth (CVT or PVT) has been compiled. 

Their starting materials, growth conditions, experimental setup and physical 

characterizations were discussed. In addition to pristine stoichiometric 

compounds, alloys were also synthesized as an attempt to tune properties 

based on alloy composition. Some new two-dimensional compounds other 

than LTMDs with attractive future possibilities are also synthesized and 

characterized. 
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4.1 Introduction 

 

Single crystals come with its inherent advantages. For instance, in lasing application, 

optimum laser output and quality is attributed to the low defect density, exceptional 

spectroscopic and thermal intrinsic properties in single crystalline medium [1]. Conversely, 

in the microelectronics, drastic increases in the carriers’ lifetime and diffusion length are 

accredited to larger grain sizes [2], characteristics of higher crystallinity. The minute 

concentration of grain boundaries and impurities in high quality single crystals minimizes 

charge trapping and scattering related processes that improve the charge transport and 

optical properties [3]. 

 

Additionally, single crystals of TMDCs allows greater versatility in studying the electronic 

structure, charge transfer in intercalated species and band gap engineering which may 

propel a certain application that might be previously under-utilized in the absence of 

suitable material. Here in this section, single crystal growth of LTMDs would be discussed 

as well as their alloys. Even some new ternary two-dimensional compound of the form of 

metal-phosphorous sulfide of the form of MPX3 have been grown and could be utilized for 

applications in the future. 

 

4.2 Bulk Single Crystal Synthesis 

 

Transition metal precursors were used in the form of molybdenum powder (99.995%, Alfa 

Aesar), tungsten powder (99.95%, Alfa), tin shots (99.999%, Alfa), niobium powder 

(99.8%, STREM Chemicals), rhenium powder (99.99%, STREM Chemicals) in the single 

crystal growth. For chalcogen, sulfur powder (99.9995%, Alfa) and selenium shots 

(99.999+ %, Alfa) were used. For chemical vapor transport (CVT) technique, sublimed 

grade iodine shots were used as transport agent. WSe2, WS2, NbSe2, NbS2, ReS2, ReSe2, 

etc. had been grown via CVT using iodine as transport agent and SnS2 and SnSe2 crystals 

via PVT. Crystal growth took place in two-zone furnace. Several transition metal 

dichalcogenides alloys have been grown and used in applications for collaborative work. 
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4.2.1 Ampoule Preparation and Crystal Growth 

 

A total mass of around 3 grams of stoichiometric mass of starting materials were placed in 

one end sealed quartz tube of 150 mm length and 13 mm diameter. For CVT synthesis, few 

milligrams of iodine shots as transport agent were introduced. The open end of the quartz 

tube was then connected to rotary-turbo molecular pump via flange vacuum connector and 

the system was evacuated to 10-6 torr and subsequently sealed. The quartz ampoules were 

placed in the furnace zone and suitable temperature gradient and set points as indicated in 

figure 4.1. 

 

 

 

 

 

 

Figure 4.1: An illustration of a typical two-zone furnace and temperature profile across sealed 

ampoule inside the furnace 

Referring to binary phase diagrams and surveying through literatures had predetermined 

temperature set point values of the synthesis. The set point condition was set below the 

melting point in the phase diagram in the compound for the formation of materials. The 

two zones of furnace for convenience are usually named as source zone (T2) and growth 

zone (T1). T2 is always at a little higher temperature than T1, and it’s the region where the 

starting material is placed while crystalline product is obtained at T1. ΔT (T2-T1) should 

not be abruptly large as it adversely affects crystal growth. The temperature of the furnace 

is slowly increased up to the set point to avoid any explosion of the sealed ampule on 

account of highly exothermic nature of the reaction between the starting materials. In the 

current work, several attempts were made to identify the optimum thermal parameters in 

the current setup to grow large crystals. The average time to grow single crystals of the 

order of mm size requires at least 12-14 days. 
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4.3 Materials Characterization of the Synthesized LTMD Crystals  

 

A variety of single crystals of the LTMD family members have been successfully grown 

and characterized (figure 4.2(a-i)). Multiple synthesis parameters have been employed to 

ascertain the ideal growth condition such as growth temperature and temperature gradient. 

Crystals of transition metal dichalcogenides could be noted to be two-dimensional and flat 

layered in nature. This indicates that growth along the a-b planes is much more rapid than 

along the c-direction. Cleaving the layered crystals with a razor blade along the 2-D layer 

or using sticky tapes exposes clean, flat surfaces. These flat clean surfaces will be ideal for 

measurements of intrinsic electrical and optical properties.  

 

Figure 4.2: Optical images of some of the selected crystals grown via vapor transport 

In an attempt to further expand the layered two-dimensional library further, new family of 

two-dimensional material MPX3 were grown as could be seen in figure 4.2(g-i) that shares 

the same physical attributes as those of LTMDs. Initial studies suggest wide band gap range 
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in this family with weak stacking like ReS2 that may lead to range of optoelectronic 

properties and as a unit of artificial two-dimensional heterostructures [4].  A list of all the 

crystals grown during the course of this work has been compiled in table 4.1.  

 

The SEM imaging was also performed on the synthesized materials to confirm the optical 

observations and to evaluate the stoichiometry of the sample. Small thickness in the c-

direction as compared to the dimensions on 2D-planes observed, similar to the instance of 

the optical images. It has been reported by several researchers that it is possible to alloy 

the stoichiometric LTMDs by either substituting transition metal sites or by having 

substitution at the chalcogen sites [5]. On the same line, prominent LTMD such as MoS2 

were alloyed and characterized as shown in figure 4.3. 

  

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.3: (a,b) SEM images, (c) EDX spectrum of MoS2xSe2(1-x) microflakes. Inset in (c) is the 

elemental ratio obtained from the EDX spectrum, (d) XRD pattern of MoS2xSe2(1-x) microflakes. 

The standard diffraction peaks of MoS2 (JCPDS #00-009-0312) and MoSe2 (JCPDS #00-017-0887) 

are inserted as references [6] value of x for this data is 0.68. Reproduced by permission. Copyright 

2016, Wiley-VC 

Element Weight% Atomic%

S K 22.58 44.81

Se L 26.86 21.65

Mo L 50.56 33.54

a b

c d

10 μm 1 μm

10 20 30 40 50 60 70

JCPDS #00-017-0887 MoSe
2

JCPDS #00-009-0312 MoS
2

 

  

 

In
te

n
s
it

y
 /

a
.u

.

2 Theta /deg.

MoS
2x

Se
2(1-x)



Vapor Transport Growth of Bulk LTMD Single Crystals                                        Chapter 4 

66 

 

As shown in figure 4.3, chalcogen sites in pristine MoS2 have been substituted by selenium 

atoms giving MoS2xSe2(1-x) alloy with the value of x tuned from 0 to 1. All the peaks of the 

XRD pattern can be indexed to the MoS2 with some shifts, indicating the single-crystalline 

nature the prepared alloy MoS2xSe2(1-x) crystals. 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 4.4: (a,b) SEM images and (c) EDX spectrum of MoxW1-xS2 flakes. Inset in (c) is the 

elemental ratio obtained from the EDX spectrum. (d) XRD pattern of MoxW1-xS2 flakes. The 

standard diffraction peaks of MoS2 (JCPDS #00-009-0312) and WS2 (JCPDS #00-008-0237) are 

inserted as references [6]. Reproduced by permission. Copyright 2016, Wiley-VCH 

 

In another scenario, transition metal site has been substituted by tungsten atom as shown 

in figure 4.4. Similar tuning of composition is found in MoxW1-xS2 crystals and the phase 

purity of single crystal as was in MoS2xSe2(1-x) crystals. A collaborative work was carried 

out using these same crystal to report their metallic 1T monolayer counterparts and their 

performance for hydrogen evolution reaction (HER) and as an electrode in dye sensitized 

solar cell (DSSC) [6]. 
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Table 4.1: List of all the synthesized compounds with their single crystal growth parameters. First 

temperature is source and second the growth zone temperature 

S.No. Compound’s Name Growth Temperatures 

1. Cobalt Phospho-sulfide (CoPS3) 650-600 0C 

2. Hafnium Diselenide (HfSe2) 950-900 0C 

3.  Hafnium Ditelluride (HfTe2) 700-800 0C 

4. Hafnium Sulfo-selenide (HfSxSe2-x) 950-900 0C 

5. Iron Phospho-sulfide (FePS3) 750-700 0C 

6. Manganese Phospho-sulfide (MnPS3) 650-600 0C 

7. Molybdenum Diselenide (MoSe2) 1080-1020 0C 

8.  Molybdenum Disulfide (MoS2) 1080-1020 0C 

9. Molybdenum Ditelluride (MoTe2) 1020-970 0C 

10. Molybdenum Sulfo-selenide (MoSxSe2-x) 1000-950 0C 

11. Molybdenum-tungsten Disulfide (MoxW1-xS2) 1000-950 0C 

12. Nickel Phospho-sulfide (NiPS3) 750-700 0C 

13. Niobium Diselenide (NbSe2) 950-900 0C 

14. Niobium Disulfide (NbS2) 950-900 0C 

15. Niobium Ditelluride (NbTe2) 900-850 0C 

16. Rhenium Diselenide (ReSe2) 1060-1000 0C 

17. Rhenium Disulfide (ReS2) 1060-1000 0C 

18.  Rhenium Sulfo-selenide (ReSSe) 1060-1000 0C 

19. Tantalum Diselenide (TaSe2) 970-920 0C 

20. Tantalum Disulfide (TaS2) 950-900 0C 

21. Tin Diselenide (SnSe2) 750-700 0C 

22. Tin Disulfide (SnS2) 680-630 0C 

23. Titanium Diselenide (TiSe2) 700-670 0C 

24. Tungsten Diselenide (WSe2) 1010-960 0C 

25. Tungsten Disulfide (WS2) 1000-950 0C 

26. Tungsten Ditelluride (WTe2) 1020-970 0C 
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4.4 Outcomes and conclusions 

 

We successfully synthesized variety of large high quality LTMD crystals that could act as 

a platform for almost all kinds of fundamental optoelectronic research both at the bulk and 

a few or monolayer level. We also explored the possibility of alloying the pristine LTMD 

compounds that could be used for tuning of intrinsic properties. With a view point of 

materials science, new family of layered two-dimensional materials, MPX3 have been 

grown and will be studied in detail in future. 
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Chapter 5 

 

Microwave-Induced-Plasma Assisted Synthesis of Thin Layered 

Transition Metal Dichalcogenides Crystals – WS2, MoS2, WSe2, 

MoSe2 and ReS2. 

 

Few-layer thin crystals of WS2, MoS2, WSe2, MoSe2 and ReS2 were synthesized 

via the microwave-induced-plasma-assisted method. The synthesis was 

accomplished in plasma that was formed inside sealed quartz ampoules 

heated by plasma surrounding the sealed ampoule. Powder X-ray diffraction, 

Raman spectroscopy and Transmission Electron Microscopy indicate thin 

crystals of high quality. The proposed method is rapid, reproducible and 

environmentally friendly. It is applicable to practically every direct reaction 

between metals and nonmetals if the nonmetal vapor pressure can reach a 

pressure of a few torr, which is required for plasma formation inside a sealed 

ampoule. 
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5.1 Introduction 

 

Several vapor phase routes have been employed for the realization of materials (elements 

and compounds) to either form powders or nanoparticles [1–11]. The underlying principle 

of vapor phase reactions is the chemical reaction of vaporized chemical compounds or 

precursors in a gaseous environment. Once evaporated, individual atoms or molecules 

collide resulting in particle formation by homogeneous nucleation. Further growth occurs 

by condensation of vapor molecules or atoms on existing particles [12–14]. Collision and 

coalescence occur throughout the process to generate the materials. As evident, these 

desired reactions comprising of collisions and coalescence require energy supply. This 

energy requirement is channeled by either thermal source (high temperature, flame, laser), 

or by a plasma (microwave (MW), radio-frequency (RF), dielectric barrier discharge 

(DBD), alternating current (AC), direct current (DC), induction or electric arc (EA)). 

 

The advantage of using microwave energy or microwave-induced-plasma (MIP) is, that 

higher degrees of ionization and dissociation can be obtained, compared to other types of 

electrical excitation [15]. This higher ionization and dissociation reduces the activation 

energy and enhances the kinetics to initiate a chemical reaction. A low operating 

temperature as compared to standard thermal reactions is advantageous as it lowers the 

dimensions of synthesized product. Considering the thrust of today’s research of rapid 

synthesis of high quality low-dimensional materials (specially graphene-like compounds 

such as layered transition metal dichalcogenides), above described advantages could be put 

to good use for synthesis. In the sections, ahead, a brief overview of the other practices, 

need to improvise over them and the in-house developed method will be discussed in detail. 

 

5.2 Brief Overview of Current Practices for the Synthesis of LTMDs and Motivation 

for Development of New Method 

 

Over the last few years, the two-dimensional materials (noticeably, graphene and transition 

metal dichalcogenides) enjoyed unprecedented attention due to their proclaimed “game-

changing” properties and the promise of their wide use for device fabrication [16–18]. 
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However, closer inspection reveals that the special properties are attributed not to the long 

studied bulk forms of these materials but mostly to crystalline, few-layer thin or even 

monolayer samples. Therefore, extensive research has been conducted on two-dimensional 

samples. Few-layer thin and monolayer crystalline samples are obtained easily by 

mechanical “tape” exfoliation, which results in very high-quality samples for research 

purposes, but this method is unsuitable for scale-up or mass production. Therefore, it is 

imperative to increase the output of few-layer thin sample production and synthesize such 

materials in large quantities without compromising the quality, which in turn is responsible 

for its properties. Large quantities of thin samples are mostly obtained through solution 

exfoliation methods [19–21]. However, solvent contamination of the huge surface areas is 

a problem.  

 

Fundamentally, transition metal dichalcogenides (TMDCs) are not compatible with the 

classical synthesis methods used for the mass production of semiconductors. For example, 

large amounts of widely-used binary semiconductors, such as GaAs and Bi2Sb3, are 

obtained by melting high-purity elements or high-temperature synthesis. In the case of 

TMDCs, the very high melting temperatures of transition metals (Mo, W) and the low 

melting temperatures with high vapor pressures of non-metals (S, Se, Te) make direct 

synthesis difficult. Thus, the high-temperature reaction between high purity, solid metals 

heated at one end and the vapors of non-metals at the second sealed quartz ampoule, 

controlled by temperature, is opted. By this method, high-quality polycrystalline materials 

or even large single crystals have been obtained, though in amounts of a few grams with a 

total growth time of several days.  

 

Here, we developed a rapid synthesis of few-layer transition metal dichalcogenide 

(TMDCs) nanosheets via the microwave-induced-plasma-assisted method. In contrast to 

the unsuccessful plasma synthesis reported in [22], we improve the microwave coupling of 

plasma inside the ampoules and use an outside plasma to heat the starting materials during 

synthesis and crystal growth. This method avoids the contact of the material with any 

solvent or other reagents, resulting in high-quality thin layers. Few flagship members, such 

as WS2, MoS2, WSe2, MoSe2 and ReS2 of this family (TMDCs) have been successfully 
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synthesized by this method, and further characterization confirms their morphology, 

dimensions, stoichiometry and resultant phases. 

 

5.3 Experimental Setup and Process Details of the Novel Method 

 

Stoichiometric quantities of pure elements in powder form were taken as starting materials 

and were vacuum-sealed in quartz ampoules (transition metals and chalcogens were used 

without further purification, as received from either Sigma Aldrich Singapore or Alfa-

Aesar Singapore). For a typical synthesis, we used approximately 1.5 g of starting material 

with 2-3 wt% of extra chalcogen in a quartz ampoule (13 mm outer diameter and 100 mm 

length). The ampoule was placed in the second quartz tube (19 mm outer diameter) that 

went through the re-engineered microwave oven possessing input and output holes for this 

evacuated outer quartz tube. A schematic of the setup is shown in figure 5.1. The quartz 

tube was connected to the gas in-flow on one end and the gas out-flow on the other. The 

gas flow arrangement was connected to a vacuum oil pump to evacuate air from the quartz 

tube. The whole synthesis process was carried out for 60 minutes, though we did not 

optimize the time duration. We suppose that an even shorter time is reasonable. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 5.1: A schematic of the process flow setup for the synthesis of few-layer transition metal 

dichalcogneide (TMDC) nanosheets 
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5.4  Investigation into Synthesized Compounds by the Novel Method 

 

To understand the morphology of the product, scanning electron microscopy images of the 

synthesized products were taken. One of the important features noticed in the micrographs 

(figure 5.2) is the presence of micrometer-sized, almost hexagonal stacked flakes (sheets) 

with sub-100 nm cross-sectional dimension (thickness). To further investigate phases of 

the obtained product, powder X-ray diffraction (PXRD) was carried out to ascertain the 

desired phases as well as any residual amount of starting materials left inside the product. 

The PXRD did confirm the presence of the desired phases (TMDCs), as shown in figure 

5.3. The sharp diffraction peaks also indicate high crystallinity of the synthesized materials. 

The thickness of individual as-grown flakes (sheets) was determined through atomic force 

microscopy (AFM). The results shown in figure 5.4 pointed to a height variation of 

individual flakes (sheets) from 2-20 nm. Such thin TMDC samples may find use in a 

plethora of applications, such as optical or optoelectronic materials, either directly for 

device preparation or the achievement of individual monolayers after additional sonication 

[23].  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: SEM Micrographs of synthesized compounds showing hexagonal morphology. 

Starting from top-left (in clockwise direction), WS2, MoS2, WSe2, ReS2 and MoSe2. The scale bar 

shown in the bottom right corner of each micrograph represents 100 nm except for the ReS2 

micrograph, with a scale bar of 1 m 
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Figure 5.3: Powder X-ray diffraction (P-XRD) pattern of as-grown samples along with their 

corresponding standard powder diffraction ICSD file from the database. Starting from top-left (in 

clockwise direction): WS2, MoS2, WSe2, ReS2 and MoSe2 
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Figure 5.4: Atomic force microscopic images and section height analysis of as-grown samples, 

starting from the top: WS2, MoS2 and ReS2 

 

In addition, Raman spectroscopy (figure 5.5) has been performed on the samples as Raman 

signals were found to be highly responsive to the thickness of the layered materials [24]. 

In MoS2 and WS2, the peak shifts E1
2g and A1g indicate few-layer thickness [25–27]. For 

WSe2, the single maxima and a very weak signal near 308 cm-1, which could be attributed 

to the B2g mode, are the evidence for few-layer thickness [25,28–31]. The Raman signal of 

ReS2 in figure 5.5 shows thickness independent behavior due to the weak interlayer 



Microwave-Induced-Plasma Assisted Synthesis of Thin LTMD Crystal             Chapter 5 

76 

 

interactions [32]. The selected area electron diffraction (SAED) patterns and high-

resolution transmission electron microscopy (HR-TEM) images (figure 5.6) of the 

synthesized compounds reveal the hexagonal symmetry for WS2 and MoS2 (194-P63/mmc 

space group) and the high quality of the crystals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 5.5: Raman response of as-grown samples. Peak positions indicate the phase presence and 

few-layer nature of WS2, MoS2, WSe2, MoSe2 and ReS2 
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Figure 5.6: Selected area electron diffraction (SAED) patterns (above) and high-resolution 

transmission electron microscopy (HR-TEM) images (below) of individual WS2 (left) and MoS2 

(right) crystals 

 

 



Microwave-Induced-Plasma Assisted Synthesis of Thin LTMD Crystal             Chapter 5 

78 

 

5.5 Mechanism Discussion and Advantages Over Other Similar Processes for the 

Novel Method 

 

The principal feature of the proposed method is the presence of two separated 

compartments: the first one inside the tube connected to the low-pressure gas flow, where 

the outer plasma has been formed; and the second one inside of the sealed ampoule. Plasma 

forms in the outer quartz tube as soon as the pressure of the argon flow is reduced to a few 

torr. The sealed quartz ampoule contains a mixture of elements used for synthesis. Due to 

the vacuum inside the cold sealed ampoule, plasma was not formed there even when plasma 

was lit in the outer tube (figure 5.7(a)). Once the argon plasma from the outer tube starts 

heating the ampoule and its constituents, the vapor pressure of the non-metal (S, Se) 

increases. At some temperatures characteristic to equilibrium vapor pressures of non-

metals, the vapor pressure in the ampoule reaches a few torr, and the secondary plasma is 

ignited inside the ampoule (figure 5.7(b)). Plasma formed from non-metal vapor is reactive 

enough to cause the chemical reaction between the metal (W, Mo or other metal) and the 

non-metal. Such a reaction is strongly exothermic. Therefore, the temperature of solid 

materials drastically increases, resulting in the spontaneous reaction between the metal and 

the chalcogen powder (figure 5.7(c)). Such a solid-state reaction is rather rapid (30 to 60 

mins.). The secondary plasma acts as a reacting species/catalyst for the formation of 

compounds. The high reaction temperature (achieved) causes evaporation of the 

compounds and formation of small but very thin crystalline flakes of TMDCs (figure 

5.7(d)). The stoichiometry of the forming compounds can be regulated in the range of 

homogeneity of the respective binary system before sealing the ampoule. During the 

synthesis of all the compounds, additional chalcogen constituents (2-3 wt%) were added 

above the stoichiometric quantities to supplement the consumption of chalcogen by the 

secondary plasma inside the ampoule.  

 

In the last two decades, several microwave-induced-plasma-assisted synthesis methods of 

TMDCs have been reported [33]. In 1998, Vollath and co-workers demonstrated nano-

crystalline MoS2 and WS2 through microwave plasma in a CVD process [9,34–36]. 

Ouerfelli et al. reported irregular plasma generation and the lack of reaction between W (or 
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Mo) and S by simple microwave exposure of elements inside a sealed ampoule [22]. This 

indicates that the presence of an external primary argon plasma and later ignition of 

secondary plasma inside the ampoule are integral for successful synthesis of TMDC thin 

crystals.  

 

 

 

Figure 5.7: Stage-wise mechanism of the synthesis process inside the vacuum-sealed ampoule, (a) 

The beginning of the process with no plasma generation, (b) the ignition of non-metal (chalcogen) 

plasma inside the ampoule heated by the outer tube plasma (not shown in this drawing), (c) direct 

reaction between metal element and non-metal (chalcogen), (d) few-layer thick crystals of TMDCs 

formed due to the heat of synthesis reaction 

More recently, plasma-assisted synthesis has been attempted to synthesize TMDC thin 

films on various substrates [37–41]. However, in contrast to our method, an open tube with 

a flow of poisonous gases, such as H2S or H2Se, over highly heated metals has been used.  
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5.6 Outcomes and Conclusions 

 

In summary, few-layer TMDC nanosheets of WS2, MoS2, WSe2, MoSe2 and ReS2 were 

synthesized via the microwave-induced-plasma-assisted method. The transition metal 

dichalcogenide compounds were synthesized from elements that already are commercially 

available in high purity. The samples were characterized by powder X-ray diffraction, 

field-emission scanning electron microscopy, atomic force microscopy, micro-Raman 

spectroscopy and transmission electron microscopy, and their range of thickness (2-20 nm) 

in the as-grown state was found to be in good accordance with the standard data. 

 

Once a plasma of S, Se or similar elements is formed, it easily reacts with the metal heated 

by an outside plasma, and the heat of the reaction (exothermic reaction) supports the direct 

reaction and crystal growth. The method presented here is proven for a number of TMDCs. 

Moreover, due to the lack of any other components, except elements that form desired 

compounds, this synthesis is applicable to practically every direct reaction between a metal 

and a nonmetal if the nonmetal vapor pressure can reach the few torr required for plasma 

formation inside a sealed ampoule. We believe that this method can be used for numerous 

tellurides, arsenides, phosphides or antimonites without any modifications. We also used 

it to successfully lead selenide (PbSe) synthesis in the same mode that has been described 

here. 
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Chapter 6 

 

Rhenium Dichalocogenides – True Anisotropic 2D Materials 

 

In this chapter, a unique member, rhenium disulfide (ReS2) of LTMD family 

has been explored by focusing on its intra-layer anisotropic property apart 

from usual out-of-plane anisotropy present in all the other layered 

compounds. This occurs on account of its distorted structure and weak 

inter-layer coupling. Rhenium dichalcogenides series being isostructural 

and single phase in nature provides a new candidate for composition-

dependent band gap engineering and their tunable properties coupled with 

in-plane anisotropy makes it an attractive proportion. This and other 

rhenium based dichalcogenides (alloys) materials has been probed in 

detail to study their structural, electronic and optical anisotropy and their 

possible usage in niche applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The findings of this chapter has been substantially published in F. Liu, S. Zheng, X. He, 

A. Chaturvedi, J. He, W.L. Chow, et al., Highly Sensitive Detection of Polarized Light 

Using Anisotropic 2D ReS2, Adv. Funct. Mater. 26 (2016) 1169–1177 (Reproduced 

with permission. Copyright 2016, Wiley-VCH) and F. Liu, S. Zheng, A. Chaturvedi, V. 

Zolyomi, J. Zhou, Q. Fu, et al., Optoelectronic properties of atomically thin ReSSe with 

weak interlayer coupling, Nanoscale. 8 (2016) 5826–5834 (Reproduced by permission 

of The Royal Society of Chemistry). 
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6.1 Introduction 

 

Discovery of graphene in 2004, altered the landscape of two-dimensional (2D) 

materials on account of fascinating physical properties and futuristic applications in 

nanoelectronics, optoelectronics, and valleytronics [1–10]. Layered compound 

graphite’s single unit, graphene made up of carbon atoms arranged in a honey- comb 

lattice, has shown extremely high mobilities,[11,12] a high Young’s modulus,[13] and 

excellent thermal conductivity [14]. Although graphene has several excellent properties, 

zero band gap inhibits its usage in modern day electronics and optoelectronics. This has 

led the researchers to look elsewhere for structurally similar but semiconducting 2D 

materials. Presence of direct band gaps and strong absorption in layered transition metal 

dichalcogenides (LTMDs) makes them attractive for electronics and optoelectronics 

applications among the available catalogue of 2D semiconductors [15–19]. More 

recently, black phosphorus (BP), one of the allotropes of phosphorus shows a direct 

band gap independent of thickness and the band gap value that ranges from ~0.3 eV in 

bulk sample to ~1.7 eV in a monolayer [20,21]. In addition to a direct band gap, a 

mobility value of up to 1000 cm2 V-1 s-1 at room temperature adds to its impressive 

physical properties [22,23]. Such material attributes present an opportunity for its 

utilization in broadband photo- detectors, solar cells, and digital electronics [24,25]. 

Till now, majority of 2D semiconductors (MoS2, WSe2) shows intra-layer isotropy i.e. 

in a-b plane while having inter-layer anisotropy (c-direction). Interestingly BP’s 

structure shows an structural in-plane anisotropy in addition to out-of-plane anisotropy 

that could lead to a totally new perspective of looking at such materials and 

conceptualize  them in new optoelectronic devices [26–28]. A concern with regards to 

its environmental stability in practical applications reduces its general viability [29]. A 

research in a direction of identifying similar air-stable 2D materials having intra-layer 

(in-plane) anisotropy and other related functional aspects that would open up 

unexplored technological paradigms. 

 

Other than black phosphorus (BP), a member of now well established family of layered 

transition metal dichalcogenides (LTMDs), rhenium dichalcogenides (ReX2) emerges 

as a promising candidates for the study of intra-layer anisotropy. ReS2 forms a distorted 

1T structure with triclinic symmetry (figure 6.4, 6.5) [30]. The Peierls distortion of the 
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1T structure results in buckled S layers and zigzag Re chains along one of the lattice 

vectors (b-axis) in the plane. In turn layer-plane assumes anisotropic nature with respect 

to the optical and electrical properties [31]. A demonstration of anisotropy in electrical 

conductivity of ReS2 has been reported with the help of ReS2 based integrated inverter 

[32].  It has also been reported that bulk ReS2 exhibits electronic and vibrational 

decoupling or weaker inter-layer coupling. Thus, their response via Raman spectrum 

remains same irrespective of sample thickness or number of layers [33]. 

 

In addition to the special pristine properties of Re dichalcogenides (ReX2) that makes 

them promising materials  for novel optoelectronic devices and related applications An 

ability to tune or control the band gap is vital for realizing efficient photovoltaics and 

optoelectronics devices. This provides immediate motivation to device ways to 

engineer layered transition dichalcogenides’ (LTMDs) band gap. Few of the techniques 

practiced to achieve this includes either having a strained structure or an artificially 

stacked heterostructure combining different available 2D materials to engineer their 

band gap [34–37]. In comparison, a more primitive and established approach of having 

alloy semiconductors (composition-dependent) has also found acceptance even for 

layered transition meta dichalcogenides (LTMDs)  family and the same has been 

reported for the band gap engineering of molybdenum (Mo) and tungsten (W) based 

dichalcogenides alloys [38–40]. Such flexibility of alloying these materials provides 

opportunity to investigate change in other properties such as spin-orbit coupling in 

addition to band gap [41].
 

 

6.2 Synthesis of ReS2, ReSe2 and ReSSe Bulk Single Crystals 

 

CVT technique as described in Chapter 4 is also employed here to grow bulk single 

crystals of rhenium disulfide (ReS2), rhenium diselenide (ReSe2) and rhenium sulfo-

selenide (ReSSe) alloy. The stoichiometric ratio between sulfur (S) and selenium (Se) 

in ReSSe alloy is chosen as 1:1 for this work. 

 

Rhenium powder (Alfa Aesar, ~22 mesh, 99.999%, Puratronic®), sulfur pieces (Alfa 

Aesar, 99.999%, Puratronic®) and selenium shots (Alfa Aesar, 1-3mm, 99.999%, 

Puratronic®) were used for the synthesis of rhenium disulfide (ReS2) and subsequent 
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crystal growth. Stoichiometric amounts of rhenium, sulfur and/or selenium were sealed 

in quartz ampoules with an internal pressure in the range of 10-5 to 10-6 torr. In addition 

to the elemental constituents, iodine (2mg/cc) was also incorporated inside the tube as 

a transport agent. The sealed tubes were then subjected to two-zone horizontal tube 

furnace as shown in figure 4.1. 

 

For all three compounds, a common synthesis scheme is followed. Various attempts 

have been made to identify the optimum conditions for the growth of these compounds. 

Initially, the source zone (Zone I) was kept at 900 °C and the growth zone (Zone II) at 

1000 °C for 120 hours. This was done to allow the constituents to react completely as 

well as prevent the nucleation of large number of crystal seeds. Instead few large 

crystals would be formed in the subsequent growth process. After this, the temperature 

of Zone I was gradually increased to 1060 °C while the growth zone remains at 1000 °C. 

This arrangement continued for next 360 hours. Further, the temperatures of both the 

zones were lowered to room temperature and ampoules were taken out to obtain single 

crystals for characterization and measurements. 

 

6.3 Optical, SEM/EDX and P-XRD Characterizations of ReX2 Crystals 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Optical Image of as-grown ReS2 crystal 

The as-grown bulk crystal is shown in figure 6.1. and a large edge (b-axis) and a short 

edge (a-axis) is evident on the plate-like structure. Later, the sample is characterized 
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via SEM with the image depicting the distorted structure of ReS2 is distinctly visible 

(figure 6.2(a)). Following up on it a semi-quantitative EDX analysis has been 

performed which shows a rough stoichiometry of 1:2 for ReS2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: (a) SEM images of single crystals of ReS2 grown via CVT, (b) corresponding EDX 

analysis with semi-quantitative stoichiometric data 

(a) 

(b) 
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P-XRD patterns of the CVT products were collected to check for presence of precursors 

or by-products and completion of CVT. The P-XRD studies were performed on 

background-less sample holders such that the flat, 2D bulk crystallites orientate 

perpendicular to the face of the sample holder. In this way, strong diffraction peaks in 

the (0 0 l) direction were detected and the low diffraction peaks from other planes are 

masked as shown in figure 6.3. 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: P-XRD pattern of ReS2 crystal indexed with the ICSD file no. 75459 

This also illustrates preferred growth sites in basal extension, flat plate-like morphology 

and highly single crystalline nature of the product. The compound matched with the 

help of ICSD file no. 75459 is rhenium disulfide and in the P-1 phase (triclinic 

symmetry and distorted CdI2 structure). Additionally, no precursor or by-product is 

detected suggesting complete CVT synthesis. The rhenium and sulfur atomic 

arrangements in rhenium disulfide have been simulated using Diamond 3.0 program. 

In figure 6.4, tri-layers (X-M-X) are separated via van der Waals gaps. 

 

 

 

 

 

 

 

 

 

Figure 6.4: Simulated structure of atomic arrangement of ReS2 in spatial arrangement based 

on ICSD file no. 75459. Yellow atoms represent sulfur and grey denotes rhenium 
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While depicting the structure of ReS2 it is important to highlight its unique in-plane 

anisotropy in comparison to other members of LTMDs. Other than rhenium 

dichalcogenides, all the other LTMDs are usually isotropic within the layer thus devoid 

of anisotropic oriented properties at atomically thin 2D range. This anisotropy is the 

result of movement of rhenium atom within one anion-metal-anion layer giving three 

short and three long Re-S bonds and three significantly short Re-Re distances. This 

results in the formation of Re4 clusters connected to each other along the b direction by 

Re-Re bonds. A comparison of the structural anisotropy is shown in figure 6.5 [42].  

 

 

Figure 6.5: 2D isotropy vs 2D anisotropy between members of LTMDs. A zig—zag diamond-

like chain (shown in green) is along the b-axis showing Re-Re clusters 

Later based on the thorough investigations it was reported that the whole series of 

ReS2−xSex single crystals were shown to be single phase and isostructural [43]. As a 

logical conclusion similar rhenium dichalcogenides were synthesized and characterized 

for further investigations and are reported ahead. 

 

 

 

 

 

 

 

Figure 6.6: Optical image of as-grown ReSe2 crystals (left) and SEM image of the single 

crystals grown via CVT (right) 
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Similar procedure was followed to first obtain rhenium diselenide mm-scale high quality 

crystals (figure 6.6) and later their phase, morphology and composition (figure 6.7) were 

examined that agrees with the standard data. Powder diffraction files are indexed to ICSD file 

no. 81813 and a simulated structure has been generated to understand the structural similarity 

with ReS2 and clustering of Re-Re chains. 

 

 

 

Figure 6.7: Semi-quantitative EDX analysis with rough stoichiometric data (left) and P-XRD 

pattern of ReSe2 crystals indexed with the ICSD file no.  81813 (right) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: Simulated structure of atomic arrangement of ReSe2 in spatial arrangement based 

on ICSD file no. 81813. Green atoms represent selenium and grey denotes rhenium. A 

distortion in the structure is on the account of asymmetric Re-Re chains along the b-axis 

 



Rhenium Dichalcogenides – True Anisotropic 2D Materials                                       Chapter 6 

93 

 

Although ReSe2 is similar to ReS2, the work ahead in this chapter is devoted to few 

layer flakes of pristine ReS2 flakes and rhenium dichalcogenides alloys. Keeping this 

in mind, an alloy with 1:1 (S/Se) ratio has been prepared and discussed ahead. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9: Optical image of as-grown ReSSe crystals (left) and SEM image of the single 

crystals grown via CVT (right) 

With the motive of exploring band-gap engineering and single phase isostructural 

nature of ReS2-xSex series discussed in previous sections, an attempt was made using 

similar synthesis parameters to obtain rhenium sulfo-selenide (ReSSe) alloy single 

crystals for studying their optoelectronic applications. Single crystals were obtained via 

CVT and are shown in figure 6.9 (left) and their SEM images (right). The crystalline 

quality of the crystals obtained were found slightly inferior although the phase purity 

and composition is at par with pristine compounds (ReS2, ReSe2). The same could be 

observed from semi-quantitative EDX analysis (figure 6.10(left)) and P-XRD data 

where reflections other than (0 0 l) are also visible (figure 6.10 (right)). The P-XRD 

data is indexed with ICSD file no. 81815. Simulated structure (figure 6.11) from the 

same file shows structural similarity comprising of distortion of CdI2 structure and 

formation of Re-Re chains with either of the pristine compounds (ReS2, ReSe2).  
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Figure 6.10: Semi-quantitative EDX analysis with rough stoichiometric data (left) and P-XRD 

pattern of ReSSe crystals indexed with the ICSD file no.  81815 (right) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: Simulated structure of atomic arrangement of ReSSe in spatial arrangement based 

on ICSD file no. 81815. Grey atoms represent rhenium and partial yellow and partial green 

atoms denotes sulfur and selenium respectively 

6.4 TEM Imaging of ReS2 Crystals 

The detailed atomic arrangement of ReS2 crystals was investigated using High Resolution 

Transmission Electron Microscopy (HRTEM). Samples were prepared by dispersing small 

crystallites of ReS2 in ethanol via ultrasonication and then drop casting it on copper grid. A 

crystalline flake is visible from the low resolution TEM image with sharp edges meeting at 

around 120 0 angle consistent with previous characterization (figure 6.12 (left)) and 
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corresponding higher resolution by keeping the area of interest near the sharp edges meeting at 

the corner (figure 6.12 (right)). 

 

 

 

 

Figure 6.12: Low resolution TEM images of ultrasonicated ReS2 crystals diluted in ethanol 

(left), the circular portion is captured at a higher resolution in the next image (right) by keeping 

focus on the sharp edges meeting at the corner 

Figure 6.13 (left) shows the top view of the  along the [0 0 1] zone axis, normal to the 

basal plane, where the Re chains can be clearly seen. The corresponding diffraction 

pattern is shown in figure 6.13 (right). It is interesting to note that the intensity of the 

(hk0) diffraction spots are higher in intensity compared to those from the (hk0) planes, 

owing to an anisotropic ordering of the Re atoms, with small in-plane displacements 

from the equilibrium positions. 

 

Figure 6.13: High resolution TEM (HRTEM) images with the electron beam direction normal 

to the basal plane and representation of 001 and 010 axes on the sample (left), and 

corresponding selected area electron diffraction pattern (SAED) centered on [001] zone axis 

(right) 



Rhenium Dichalcogenides – True Anisotropic 2D Materials                                       Chapter 6 

96 

 

6.5 AFM Imaging of micro-mechanically exfoliated ReX2 flakes 

 

One of the advantages of having high quality single crystals is to be able to exfoliate 

them on a desired substrate with a control on the number of layers to identify the 

thickness of a monolayer or to just check any thickness dependent property. Scotch tape 

based mechanical exfoliation method was used to peel thin flakes from bulk crystal 

with the motivation of thinning it down to mono or few layer that could be utilized for 

thickness measurement and later for device fabrication (figure 6.14 & figure 6.16). 

Atomic Force Microscopy has been identified as a hands on technique for looking at 

the topography at nanoscale structures which in turn provides thickness information. 

Same is used here for both ReS2 and ReSSe crystals. 

 

 

 

 

 

 

 

Figure 6.14: Optical image of mechanically exfoliated ReS2 crystals on SiO2/Si substrate [44]. 

Adapted with permission. Copyright 2016, Wiley-VCH. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15: (a) Height (thickness) scan of the linear region on the ReS2 flakes highlighted in 

(b) and monolayer thickness (height) is observed to be 0.9 nm, (b) AFM image of ReS2 flake 

used for height (thickness) scan. A white linear region is ear-marked for analysis [44]. 

Reproduced with permission. Copyright 2016, Wiley-VCH. 

 

(a) 
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ReS2 monolayer by the above technique comes out to be 0.9 nm and is consistent with 

its distorted structure (figure 6.15 (a), (b)). The same is carried out for ReSSe and the 

monolayer thickness comes out to be 0.76 nm (figure 6.17 (a), (b))  

 

 

 

 

 

 

 

Figure 6.16: Optical image of mechanically exfoliated ReSSe crystals in SiO2/Si substrate [45]. 

Reproduced by permission of The Royal Society of Chemistry. 

 

 

 

 

 

 

 

 

Figure 6.17:(a) An AFM image of ReSSe flake with the selected line profile shown in (b) 

highlighted by black line, (b) The line profile of the ReSSe flakes highlighted in (a) and height 

of monolayer as 0.76 nm [45]. Reproduced by permission of The Royal Society of Chemistry. 

 

6.6 Thickness-dependent Raman Spectroscopy of exfoliated ReX2 flakes 

 

Raman spectroscopy is a powerful tool for studying phonons in 2D materials. To study 

the Raman spectrum of the ReX2 flakes of different thicknesses, a scotch tape based 

mechanical exfoliation method was used to peel thin flakes from bulk crystal onto 

degenerately doped silicon wafer covered with 285 nm SiO2 [5]. 

 

6.6.1 Rhenium Disulfide (ReS2) 

 

As shown in figure 6.18; the Raman spectra for a monolayer, few layers and bulk (3nm) 

of ReS2, 15 vibrational modes (100–400 cm
-1 range) were observed. These modes are 

(a) (b) 
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associated with fundamental Raman modes (A1g, E2g, and E1g) which are coupled to 

each other as well as to acoustic phonons. The plotted spectra vary significantly varies 

from TMDs with higher hexagonal symmetries [46,47], demonstrating the structural 

anisotropy of ReS2. The major peaks at 150 and 210.5 cm
-1

 corresponds to in plane (E2g) 

and mostly out of plane (A1g-like) vibration modes. The position of the respective peaks 

are slightly different from the reported one, which can be attributed to  different 

excitation laser wavelengths (488 nm) reported the literature [48], and the excitation 

wavelength used in this study (532 nm).  As the thickness of the bulk ReS2 is reduced 

down to monolayer, the main Raman peaks show very small change due to weak 

interlayer coupling in ReS2. This result is in good agreement with previouly reported 

Raman shifts [33]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18: A comparative Raman spectra of rhenium disulfide (ReS2) indicating negligible 

or no change in the signal while moving down from bulk (blue), few layer (red) right till the 

monolayer (green) sample. This is usually attributes to weak interlayer coupling. Apart from 

many minor peaks, two prominent peaks at 150 cm−1 and 210.5 cm−1 are the one that  

corresponds to the in-plane (E2g) and mostly out-of-plane (A1g-like) vibration modes, 

respectively [44]. Reproduced with permission. Copyright 2016, Wiley-VCH. 
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6.6.2 Rhenium Sulfo-selenide (ReSSe) 

 

Raman spectra of ReSSe flakes; monolayer to five layers, and bulk ReSSe is presented 

as collated spectra in figure 6.19. Regardless of the thickness more than ten peaks were 

observed in the scan range from 100 cm-1 to 450 cm-1. The peak counts is ReSSe were 

higher than those found in TMDs with higher crystal symmetries [45] which can 

attributed to low crystal symmetry and are associated with fundamental Raman modes 

coupled to each other and to acoustic phonons. The prominent Raman peaks positions 

are at 135, 200, 230 and 390 cm-1. The relatively broad peaks of ReSSe might be due 

to lower quality of the alloy when compared with the parent ReS2 or ReSe2 compounds. 

By plotting the position of main Raman peak with respect to layer thickness; figure 

6.20, it was observed that the peak positions of the Raman spectra are independent of 

layer thickness. There were no significant differences between the Raman spectra of 

monolayer and bulk ReSSe. By these an argument for weak lattice vibrations between 

the adjacent layers in ReSSe can be attributed to the weak interlayered interaction 

energy be presented [33], though one should note that the relationship between the 

interlayer binding energy and phonon modes is nontrivial. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.19: Similar to ReS2, ReSSe flakes shows similar Raman spectra behavior with 

changing thickness from monolayer to bulk with thicknesses ranging from monolayer to five 

layers, and bulk samples. Prominent peaks at 135, 200, 230 and 390 cm-1 are clearly observed 

[45]. Adapted by permission of The Royal Society of Chemistry. 
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Figure 6.20: A plot between position of prominent peaks (135, 200, 230 and 390 cm-1) and 

number of layers of ReSSe sample shows the layer-independent nature owing to weak inter-

layer interactions [45]. Reproduced by permission of The Royal Society of Chemistry. 

6.7 Study of Anisotropic Optoelectronic Properties of Rhenium Disulfide (ReS2) 

 

6.7.1 ARPES and Polarization Dependent Absorption Measurements 

 

The M points in Brillouin zone are distinctive for Layered Transition Metal  

Di-chalcogenides (LMTDs)  with a perfect in-plane hexagonal lattice due to LMTDs 

six fold symmetry, as shown in figure 6.21a. Due to this, similar electronic dispersion 

is found between -M1 and -M2. Similar symmetry is not observed in ReS2 since 

lattice distortion breaks the original symmetry making M1 and M2 different. Angle-

resolved photoemission spectroscopy (ARPES) measurements are evaluated to study 

the electronic band dispersion across Γ-M1 and Γ-M2, respectively.  

 

The electronic structures are enhanced by applying the second derivation on the energy 

distribution curve (EDC), as shown in figure 6.21(b, 6.21(c) with respect to their M 

location as shown in figure 6.21(a). In agreement with theoretical calculations [33], 

dissimilar bandgap dispersion across Γ-M1 and Γ-M2 are observed. 
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Figure 6.21: Investigation of anisotropy in ReS2 through ARPES. (a) Undistorted hexagonal 

Brillouin zone of ReS2. The band dispersion along Γ-M1 (b) and Γ-M2 (c) with their 

momentum locations marked in (a). The differences between (b) and (c) indicate that the six-

fold symmetry of the hexagonal Brillouin zone is broken due to lattice distortion [44]. 

Reproduced with permission. Copyright 2016, Wiley-VCH. 

Material which have exhibited structural anisotropy always have exhibited associative 

optical and/or electrical anisotropy. To prove that ReS2 does also exhibit associative 

anisotropies, it’s in-plane optical anisotropy is studied by measuring the polarization 

dependence of the absorption spectra of cleaved ReS2 thin flake on a quartz substrate. 

Orientation of crystal used for the measurement is shown in the optical image, figure 

6.22. A positive increase in the absorption is observed when the polarization angles are 

varied from 0° to 90° along the b-axis. Similar trend is observed over large range of 

absorption wavelength; from 1.55 eV (800 nm) to 2.76 eV (450 nm) as shown in figure 

6.23(a). The enhancement can be attributed to improved transmission of light from 

ultrathin ReS2 layer. This result is an improvement in electrical anisotropy in 

comparison with previously reported for bulk samples, where the variation is observed 

in a small range around the band edge [49,50]. 

 

There is an unmet need to improve the polarization sensitivity of photodetector to 

improve efficiency in visible to near infrared spectrum. Our material presents itself as 

a unique candidate to improve polarization efficiency due to its broadband anisotropic 

absorption. The absorption is plotted as a function of polarization angle; figure 6.23(b), 

and fitted with a sinusoidal function which is similar to the band-edge absorption and 



Rhenium Dichalcogenides – True Anisotropic 2D Materials                                       Chapter 6 

102 

 

Raman spectra spectrum change in anisotropic materials [49,51]. 

  

In-plane anisotropy of ReS2 can be attributed to the field-induced polarization of the 

lattice leading to displacements of the lattice atoms, and consequently affects the 

electronic states of the solids [52]. The peak observed near band edge is related to the 

exciton absorption [53], which is polarization dependent. By rotating the polarization 

from perpendicular to parallel along the b-axis direction as shown in figure 6.22, shifts 

exciton absorption from 1.51 to 1.48 eV. This polarization dependence of exciton 

absorption of ReS2 makes it an excellent candidate to be used for wavelength and 

polarization sensitive luminescent applications. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.22: The optical image of the ReS2 flake utilized for polarization dependent absorption 

studies. It’s thickness is 12 nm and rotation along b axis is depicted through angle definition  

[44]. Reproduced with permission. Copyright 2016, Wiley-VCH 
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Figure 6.23: Polarization dependent absorption studies ReS2 flake shown in figure 6.22. (a) 

Polarization angle (with respect to b-axis of the crystal structure) dependent absorption 

spectrum, (b) Sinusoidal function – like behavior (black line) is observed when absorption is 

plotted against polarization angle for different photon energies (2.41, 1.96, and 1.58 eV, 

respectively) [44]. Reproduced with permission. Copyright 2016, Wiley-VCH. 

 

6.7.2 Electronic Transport Properties of Few Layer ReS2 FET 

 

Electronic properties of a material define the performance of photo detection, which 

can be quantified by studying the transport performances of atomically thin ReS2. By 

this an extended argument for photodetector performance can be formulated.   

 

Transport performance of the ReS2 was studied using fabricated field effect transistors 

(FETs). The device was fabricated using the photo-lithography and Cr/Au (5/50 nm) 

electrodes were deposited using the high vacuum thermal evaporator. Conduction 

channels were fabricated along the b-axis direction to study the polarization 

dependence of ReS2 FET device. As shown in figure 6.24(a), the output characteristics 

of the 3 nm thick ReS2 FET is an obvious n-type semiconducting behavior. The linear 

Id–Vd curve under low drain voltage indicates negligible Schottky barrier at the ReS2 

and Cr/Au interfaces. As shown in figure 6.24(b), varying the gate voltage from −30 to 

30 V with 0.1 V drain voltage, the channel switched from “off” state to “on” state. Also,  

an increase in drain current by a factor of 105 was observed. The measured “on/off ” 

ratio is four orders of magnitude larger than reported for graphene and is comparable 

to recently reported in MoS2 device [54]. The field-effect mobility was estimated from 

the linear region in the Id–Vg curve (Vg from 10 to 30V) by using the equation  

(a) 
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μ = [(dId x dVg) x (L/WCiVd)] 

L is the channel length, W is the channel width, and  Ci is the capacitance between the 

channel and the back gate per unit area (Ci = ε0εr / d; ε0 is the vacuum permittivity, εr 

is the relative permittivity of the dielectric, and d is the thickness of SiO2 layer). 

 

At room temperature, the mobility is 18 cm2 V-1 s-1, with L=6.2μm, W=1.7μm, and 

d=285nm. The mobility of ReS2 is comparable to exfoliated MoS2 layers. [54–56].  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.24: 

Characteristic curves for few layer ReS2 field effect transistor based on a 3 nm ReS2 flake as 

shown in the optical image (inset of (a), scale bar 10 μm) (a) Room temperature transistor 

output transfer curve depicts n-type behavior with low contact resistance. (b) A mobility of 18 

cm2V-1s-1 is deduced from the linear (red) and log (black) scale plots of the transfer curve with 

an on/off ratio of about 105. (c) Temperature dependent study of Id–Vg transfer curve for the 

ReS2 transistor with a drain voltage of 0.1 V (d) Temperature dependent study of the field effect 

mobility as a function of temperature extracted from (c). With a decrease in temperature, 

mobility gradually increases. The inset of (d) shows the power law fitting of the data. This 

indicates the dominant electron-phonon scattering at higher temperature [44]. Reproduced with 

permission. Copyright 2016, Wiley-VCH. 

Experiments were designed to understand the relationship between the mobility and 
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temperature to study the reason for limited mobility in ReS2. As shown in figure 6.24(c), 

(d); when the temperature was decreased from room temperature to 100 K the mobility 

of ReS2 increased monotonically up to 40 cm2 V-1 s-1 because of  weak electron-phonon 

scattering at low temperature [57]. As shown in the inset of figure 6.24(d), the 

temperature dependence is fitted with  power law  

 

μ  T- , 

 

The exponent γ is about 1.1, which depends on the dominant phonon scattering 

mechanism and is comparable to reported for bilayer MoS2 [58],  is smaller than that of 

monolayer MoS2 and predicted theoretical calculation [57,59].  Variations in the 

apparent phonon damping factor may be explained by charged impurity scattering and 

homo-polar phonon quenching [58], the origin of the observed γ in our work is still 

unclear. To have a theory for γ more detailed experimental and theoretical calculation 

need to be researched at temperature much lower than used in these thesis. It can be 

further hypothesized that by combining the measurements with the Hall mobility 

measurement, will help to fully understand the scattering mechanism ReS2 but also 

optimizing the device performance many ReS2 like 2D materials. 

 

6.7.3 Photoresponse Properties of Few Layer ReS2 Photodetector Device 

 

It is expected that direct band gap nature of ReS2 will lead to high absorption coefficient 

and efficient electron–hole pair generation under photoexcitation, a crucial requirement 

for a high-performance photodetector in an optoelectronic device. The argument was 

assessed by studying the photo-response properties of atomically thin ReS2 (≈3 nm) in 

a two-terminal device geometry using a green semiconductor laser (2.4 eV) as the 

illumination source (figure 6.25(a)). The photoresponse is investigated under different 

wavelength excitations and the corresponding data is compiled is Appendix C, figure 

C.1. The device shows good response irrespective of the wavelength of lights used. As 

shown in figure 6.25(b) which plots the photocurrent as a function of drain bias, by 

increasing the light power the photocurrent becomes stronger. The light power 

dependence of photocurrent was extracted at different drain voltages; plotted in figure 

6.25(c), satisfies a simple power law relation  
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Iph ∝ pα, 

 

where Iph is the photocurrent, P is the light power, respectively.  

 

The index of power law α is 0.3. The values may be due to complex processes involved 

in carrier generation, trapping, and electron–hole recombination in the semiconductor 

[60].  

 

The process for the photocurrent generation can be explained by a simplified energy 

band diagram as illustrated in figure 6.25(d). The charge transfer through Femi level 

tuning between the interface of metal electrodes and ReS2 channels results in band 

bending leading to formation of Schottky type barriers and depletion layers. Under 

illumination with the photon energy greater than the energy gap of the semiconductor, 

electron–hole pairs get excited by absorbing light and are laterally separated by the 

applied drain bias, leading to the generation of photocurrent. The response of 

photodetector is proportional to the rate of incident beams of photons, which is 

consistent with the result shown in figure 6.25(c). The time dependent photoresponse 

of the ReS2 device is analyzed by recording the current change as a function of 

mechanically modulation the intensity of the incoming light as shown in Appendix C, 

figure C.2.  

 

Photoresponsivity (R), defined as the ratio between the intensity of generated 

photocurrent to that of the incident light, is a critical parameter for designing a 

photodetector. Photoresponsivity values are deduced from the data in figure 6.25 (c) at 

different bias voltages and plotted in figure 6.25 (e) respectively. Photoresponsivity of 

103 A W-1 was achieved for the device at low intensity of light which. The recorded 

value is several order of magnitude higher than that of graphene-based photodetectors   

[2], three orders of magnitude higher than that of black phosphorus [24], and 

comparable with the best value of reported MoS2-based photodetectors [61]. A sub-

linear dependence of the photoresponse was observed upon tuning the light power. The 

presence of the trap states either in the channel or at the interface between ReS2 and the 
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underlying SiO2 layer may be responsible for the reduction of the photoresponsivity at 

higher light power [61]. 

 

Figure 6.25: Optoelectronic characterization of the ReS2 device, (a) 3D schematic view of the 

photodetection device. The light is illuminated on the ReS2 channel, and the light polarization 

is controlled by the half wave plate, which is used for the linear dichroism detection later, (b) 

Under the different intensity of green light illumination, A plot of photocurrent response for 

different drain voltage is generated. (c) Similarly, dependence of photocurrent on the intensity 

of incident illumination is plotted for various drain voltages (1 V (blue), 2 V (green) and 3 V 

(red) respectively). This also satisfies the power law behavior and depicted by black line. (d) 

A graphical illustration for different illumination and bias conditions and resultant device band 

diagrams (EF, Fermi level; EC, Conduction band; EV, Valence band). Schottky barrier is formed 

at the device-contact interface. On illumination, electron–hole pairs are generated and separated 

by the applied drain voltage, generating photocurrents, (e) A plot of photoresponsivity with 

respect to intensity of light is generated based on the data obtained in (c) for drain voltages of 

1 V (blue), 2 V (green), and 3 V (red), respectively [44]. Reproduced with permission. 

Copyright 2016, Wiley-VCH. 



Rhenium Dichalcogenides – True Anisotropic 2D Materials                                       Chapter 6 

108 

 

It is expected that the structure anisotropy induces linear dichroism in ReS2. This forms 

a basis for characterization of polarization sensitive detection of ReS2 photodetector. 

The polarization of the illuminated light is controlled by combining one half wave plate 

and a polarizer. Figure 6.26(a) shows the evolution of photocurrent as a function of 

polarization angle of a linear polarizer. It was observed that by changing the 

polarization angle of the light and keeping the incident power constant, the change in 

the photocurrent is striking. The photocurrent with the incident light polarized along 

the b-axis; defined as 90° in figure 6.22, is much stronger than that perpendicular to the 

b-axis; defined as 0°. This is a strong evidence that demonstrates the polarization 

dependent absorption and resulting photocurrent detection via linear dichroism. The 

photocurrents under drain voltages of 1, 2, and 3 V as a function of incident light 

polarization angle; shown in figure 6.26(b), can be perfectly fitted by a sinusoidal 

function. In addition, the photocurrent and absorption has a similar dependence on the 

incident light polarization, as shown in figure 6.26(c), plotted in polar coordination. 

This experimental result serves as a strong proof that the intrinsic polarization 

dependency of the photoresponse originates from ReS2 itself. This result  also indicates 

that as the incident light in different polarization states passes through the anisotropic 

ReS2 experiences a varying absorption, directly reflecting the intrinsically anisotropic 

nature of the crystal structure. As seen in the spectra, the absorption varies over wide 

wavelength range which can essentially extend the polarization sensitive 

photodetection from visible to near infrared. Compared to the reported polarization 

sensitive device based on a wire-grid polarizer relying on nanofabrication processes 

[62], our device demonstrations prove that atomically thin ReS2 can be used as a 

potential intrinsic linear dichroic media with high responsivity for practical integrated 

optical applications. 
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Figure 6.26: Polarization sensitive photoresponse studies of ReS2, (a) 2D plot of dependence 

of photocurrent on the value of drain bias for different polarization light illuminations. (b) 

Polarization angle dependence photocurrent for different drain biases. The power law curve 

(black line) fits with the obtained data. (c)  A polar coordinate plot depicting near same behavior 

between the photocurrent with drain bias of 1 V (red square) and absorption (green circle) 

measured under different polarization angle of green light. The blue line is an extension of the 

sinusoidal function fitting results. This behavior conclusively exhibits the intrinsic linear 

dichromic response of ReS2 [44]. Reproduced with permission. Copyright 2016, Wiley-VCH. 

6.8 Study of Optoelectronic Properties of Rhenium Sulfo-selenide (ReSSe) 

 

With respect to the discussion in section 6.1, an effective strategy with regards to 

composition dependent alloying of pristine semiconductor compounds are imperative 

in establishing the versatility of the material. To follow this approach already 

synthesized large high-quality ReSSe alloy bulk single crystals (as described in section 

6.2, 6.3. and 6.4) are utilized for the preparation of electronic and optoelectronic devices. 

Prior to exfoliation, absorption spectrum of the ReSSe bulk alloy crystals are recorded 

and compared with that of pristine crystals of ReS2 and ReSe2 (figure 6.27). In all three 
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compounds, stable exciton states are observed at room temperature on account of their 

large exciton binding energy. From the same data, band gap engineering of ReX2 alloy 

series is evident from the fact that the exciton peak of ReSSe alloy lies at 1.39 eV which 

is between the exciton peak value of 1.51 eV for ReS2 and that of 1.32 eV for ReSe2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.27: Absorption spectrum of ReS2 (red), ReSSe (green) and ReSe2 (blue) [45]. 

Reproduced by permission of The Royal Society of Chemistry 

Thin flakes of about 3 nm thickness are obtained via micro-mechanical exfoliation (as 

described in section 6.5). To study the electronic properties, a field-effect transistor 

(FET) was fabricated using the exfoliated flakes of ReSSe alloy. An optical image with 

the section height analysis of channel is shown in the inset of figure 6.28 (b). The Id–

Vd and Id–Vg curves of the device were measured as shown figure 6.28(a), (b). The Id–

Vd data exhibit a slight superlinear behavior at low drain bias, which suggests that the 

electrons are injected through Schottky barrier at the metal–semiconductor interface. 

The transfer characteristic measured at three different drain biases, Vd = 1 V, 3 V and 

5 V, respectively as shown in  figure 6.28(b). The device shows a typical n-type 

behavior with on/off ratio at Vd = 1 V larger than 105, similar to the reported on/off 

ratios for MoS2, WS2, and WSe2 devices, and is explained by the large band gaps. The 

mobility of the ReSSe device is deduced by fitting the linear range in the transfer curve 

from Vg = 20 V to Vg = 50 V. The mobility is calculated to be 3 cm2 V-1 s-1, using the 

equation 
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μ = dId/dVg × (L/WCiVd), 

 

where L is the channel length, W is the channel width, and Ci is the capacitance between 

the channel and the back gate per unit area (Ci = ε0 εr/d, where ε0 is the vacuum 

permittivity, εr is the relative permittivity of dielectric medium, and d is the thickness 

of the SiO2 layer).  

 

The mobility of our device is comparable to the other reported values for established 

compounds such as GaS and MoS2  [63]. Transistors having bottom-gate architecture 

are always prone to the existence of either trap or impurity states at the SiO2/Si surface 

which can degrades the carrier mobility of the device on account of scattering due to 

charged impurities. Higher values of mobility are expected to be achieved from ReSSe-

based devices with the optimization of the bottom-gate dielectric layer in terms due to 

better control of impurities or traps [56]. One of the defining features of the rhenium 

dichalcogenides and their alloys are the in-plane structural, electronic and optical 

anisotropy. This is exhibited by the in-plane axis-dependent behavior of conductivity 

(separate device is prepared for this experiment). Consequently, an anisotropic mobility 

values are obtained for b-axis and a-axis as 2.6 and 1.4 cm2V-1s-1 respectively. 

 



Rhenium Dichalcogenides – True Anisotropic 2D Materials                                       Chapter 6 

112 

 

 

Figure 6.28: Characteristic curves for few layer ReSSe field effect transistor based on a 3 nm 

ReSSe flake as shown in the optical image (inset of (b), scale bar 10 μm (a) Id–Vd curve shows 

near-linear dependence at a low drain voltage indicating a small Schottky barrier between the 

metal contact and the channel, (b) Id–Vg curve exhibits n-type behavior with a drain voltage of 

1 V, 3 V, and 5 V. (c) Id–Vd curve and (d) Id–Vg curve at different temperatures. The drain 

voltage first increases when the temperature decreases from 300 K, and then decreases when 

the temperature falls below 240 K. The inset of panel (c) shows the drain–current change as a 

function of temperature at a gate voltage of 30 V. The inset of panel (d) shows the temperature 

dependence of the mobility deduced from the Id–Vg curve [45]. Reproduced by permission of 

The Royal Society of Chemistry. 

To investigate the transport properties of the ReSSe transistor, temperature dependency 

measurements from room temperature down to 100 K and the corresponding 

characteristic curves are plotted; figure 6.28(c), (d) show the temperature dependent 

transfer and output curves respectively. As the temperature decreases from room 
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temperature, there is an initial increase in the drain current initially followed by gradual 

decrease. The temperature dependence of the drain current and the mobility is shown 

in the inset of figure 6.28(c), (d), respectively. The temperature dependence is 

characterized by a peak at 240 K, below which we observe a decrease of current 

mobility as the temperature decreases continuously till 100 K. This behavior is 

consistent with the mobility being limited by scattering from charged impurities [57]. 

Increasing the temperature above 240 K results in strong decrease in the mobility from 

its peak value. This decrease is attributed to electron-phonon scattering becoming a 

dominant scattering mechanism at higher temperatures. 

 

The photoresponse properties of devices based on few-layer ReSSe were also 

investigated under vacuum condition by monitoring the photocurrent change under an 

applied drain voltage as function of incident light power and wavelength. The 

photocurrent changes as a function of the drain voltage with a gate voltage of 0 V, under 

excitation by different intensities of light is shown in figure 6.29(a). When the device 

is illuminated with an excitation wavelength of 532 nm and a low optical power of 3 

mW cm-2, the device generates an expected photocurrent. The photocurrent increases 

gradually as the driving drain voltage increases. Figure 6.29(b) shows the light-power 

dependence of the photocurrent, which can be expressed by a simple power law, on a 

log–log scale. The nonlinear behavior of light-power dependency arises due to complex 

processes of electron–hole generation, trapping, and recombination within the 

semiconductor. Photoresponsivity (R), which is the ratio of the generated photocurrent 

to the incident optical power is a critical parameter to assess the photodetector. 

Photoresponsivity is extracted from figure 6.29(b) and plotted in figure 6.29(d). At low 

illumination intensities, the device reaches a photoresponsivity of 8 A W-1, which is 

more than an order of magnitude higher than widely studies graphene photodetectors 

as well as the BP phototransistors [64]. The high photoresponsivity makes ReSSe a 

promising material for applications in optoelectronic devices.  

 

Broadband photoresponse is important for a photodetection device. When the photon 

energy of the incident light is greater than the band gap of the active material, the 

carriers can be excited and generate photocurrent under the applied drain voltage. As 

shown in figure 6.29(c), by reducing the wavelength of the incident light there is an 

enhancement in the photocurrent. This can be attributed to the absorption coefficient 
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being higher at short wavelength than at long wavelength. As light is absorbed by the 

channel increases it leads to generation of more electron–hole pairs which further 

contributes to increase of the photocurrent produced by short-wavelength excitation. 

Because the gap of the ReSSe sample is around 1.39 eV, the device can be used over a 

wide range, from near infrared to ultraviolet. 

 

 

Figure 6.29: (a) Dependence of photocurrent on the value of drain voltage for different 

intensities of incident light. (b) A logarithmic plot for dependence of photocurrent on intensity 

of light for drain voltages of 1 V, 3 V, and 5 V. The power-law fits are depicted by solid lines 

The value of exponent on power law is 0.73. (c) A plot of drain voltage dependence of 

photocurrent for different excitation wavelengths. The inset shows the photocurrent at a drain 

voltage of 4 V as a function of excitation wavelength, (d) Photoresponsivity as a function of 

the light intensity as deduced from panel (b) [45]. Reproduced by permission of The Royal 

Society of Chemistry. 
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The gate voltage can be used to modulate the Schottky barrier at the interface between 

the electrode and channel materials. Also, photoresponse is highly sensitive to Schottky 

barriers. So we investigated the gate-voltage modulation of photocurrent generation 

using a 532 nm laser illumination with light power fixed at 100 mW cm-2. Figure 6.30(a) 

shows the drain–current changes as a function of gate voltage with and without 

illumination. By subtracting the dark current from the drain current generated under 

illumination, we can clearly see the gate modulation of the photocurrent  (figure 

6.30(b)), which is attributed to the reduced Schottky barrier when a large, positive gate 

voltage is applied. 

 

Figure 6.30: (a) Id–Vd curve of the ReSSe field-effect transistor, with and without illumination, 

(b) Photocurrent as a function of gate voltage. The photo- current is deduced by taking the 

difference of the drain currents with and without illumination. The photocurrent can be strongly 

modulated by the gate voltage [45]. Reproduced by permission of The Royal Society of 

Chemistry.  

6.9 Outcomes and Conclusions 

 

The electronic and photoresponse properties of atomically thin ReS2 obtained by 

mechanical exfoliation method was investigated. Electron mobility upto 40 cm2 V-1s-1 

was attained with an “on/off” ratio of 105. The device also shows a good photoresponse 

with a photoresponsivity of 103 A W-1.  

 

The linear dichroic photodetector device based on anisotropic ReS2 is demonstrated, 

which is ascribed to the polarization sensitive absorption induced by crystal’s structure 

anisotropy. The environmental stability and unique physical properties like weak 

interlayer coupling and linear dichroism observed in ReS2 when coupled with high 
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flexibility afforded by 2D materials [65], allows us with new degree of freedom to 

manipulate electronic and optoelectronic properties. 

 

Based on the results of this section, there exist new and exciting opportunities for 

developing novel integrated optical and optoelectronic device applications for 

polarization detection. The advantage of the simple transistor architecture reported here 

allows the polarization dependent phototransistor to be used as part of a circuit, for 

example, as part of a complementary inverter or ring oscillator. Recent progress in 

growth of 2D materials and heterostructure, [66–68] should allow the creation of arrays 

of micrometer - scale devices, as well as integration with CMOS electronics and 

ultimate thin light polarization detection devices based on anisotropic ReS2 and other 

2D materials [61,69]. 

 

Atomically thin ReSSe have also been studied for its electronic and photoresponsive 

properties. A n-type few-layered ReSSe transistor was fabricated and it’s electron 

mobility was measured to be around 3 cm2 V-1 s-1. Due to direct bandgap behavior of 

ReSSe; few-layered ReSSe photosensitive devices exhibits very high photoresponsivity, 

up to 8 A W-1. This when couple with large area material preparation methods such as 

liquid scale exfoliation and chemical vapor deposition, the composition dependent 

bandgaps of ReSSe alloy make it an excellent substrate for design of low-cost and 

efficient optoelectronic devices. 
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Chapter 7 

 

Tin Disulfide – Promising “Cousin” of LTMD Family 

 

Tin Disulfide (SnS2) assumes a unique position in transition metal 

dichalcogenides (TMDC) family on account of tin(Sn) being a non-

transition metal but the compound tin disulfide, structurally and physically 

similar to other real TMDC members (MoS2, WSe2, etc.). Therefore, it has 

been often grouped within the TMDC family. Its earth-abundant nature 

makes it attractive to explore for variety of applications. Here an attempt 

is made to propose the high-crystalline SnS2 as an anode material for Li-

ion battery and methods that could be useful in optimizing its performance 

are discussed. 
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7.1 Introduction 

 

Transition metal dichalcogenides (TMDC) has attracted renewed interest with the 

discovery of graphene [1] in 2004 and accompanied new avenues opened up in low-

dimensional systems [2–5]. Transition metal dichalcogenides (i.e., MX2, where M = 

Mo, W and X = S, Se, Te) belongs to the family of layered materials, whose crystal 

structures are built up of covalently bonded X-M-X single-layers that are loosely held 

by weak van der Waals (vdW) forces [6]. Each single layer consists of two X atom 

layers and a layer of metal atoms sandwiched between two layers of chalcogens. 

Previous studies revealed that MX2 has a band gap of 1.1 ~ 2.0 eV [7–9], for example 

in MoS2, there is a transition from an indirect band gap (1.2 eV) in the bulk to a direct 

band gap (1.8 eV) in single-layer. This has attracted interest in a variety of fields, 

including energy storage, catalysis, solar cell, sensing devices, and electronic devices. 

Similarly, other members of this class of material could be utilized for numerous 

applications as they are earth-abundant and sometimes exist in the form of minerals 

(molybdenite, MoS2) are worth to investigate. One such material is tin disulfide (SnS2), 

which exhibit CdI2 structure (octahedral co-ordination) and assumes various polytypes 

(different stacking arrangement of individual layers) [10]. Although SnS2 is not a 

TMDC but due to its similar structure and ultra-flat nature, it has been often clubbed 

while discussing the TMDC family. Previously, SnS2 has been investigated as a 

promising material for photovoltaic applications [11]. In addition, intercalation of 

organic molecules into SnS2 single crystal has been demonstrated as a prototype for 

inorganic-organic hybrid for efficient photovoltaic applications [12]. The layered 

nature of such compounds allow them to be utilized as storage materials also. 

 

7.2 Tin Disulfide Synthesis 

 

Single crystals of SnS2 were grown based on the principle of closed growth physical 

vapor transport (CG-PVT).  The process follows the sequence of vaporization-

transport-solidification. In this method a closed tube (ampoule) with the polycrystalline 

sample is placed inside a two-zone tube furnace in an arrangement where the 

polycrystalline compound is at a higher temperature (T1) and the target or other end at 

relatively low temperature (T-ΔT). This creates the thermal gradient that allows 

transport of the evaporated species to the colder end (T2) and subsequent solidification. 
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Tin shots (3 mm (0.1 in), 99.999%, metal basis) and sulfur pieces (Puratronic®, 

99.9995%, metal basis) were purchased from Alfa-Aesar as starting materials. The 

materials in stoichiometric proportion were sealed in quartz ampoules with an inner 

pressure of 10–5 Torr. The ampoules were placed in two-zone furnace by initially 

keeping both the zones at 680 oC for around 48 hours for complete reaction between 

the starting materials to give polycrystalline compound. The ampoules were then 

subjected to a two-zone temperature profile of 680 to 630 oC for a period of 14 days as 

shown in figure 7.1. A typical ampoule used for the growth was having dimensions in 

the order of a diameter of 13 mm and length of 150 mm. Owing to the exothermic 

nature of the synthesis reaction and the constituents involved (viz. sulfur and tin), the 

temperatures were raised in a phased and gradual manner to avoid any explosion inside 

the furnace. On the completion of the process, crystals were carefully transferred from 

the ampoule for their subsequent characterization. LOBA 2-Zone furnace from REETZ 

GmbH, was used to grow single crystal of tin disulfide. The average rate of increase of 

temperature was approximately 5 K min.–1. 

 

 

 

 

 

 

 

 

 

Figure 7.1: A typical setup and temperature profile for vapor transport growth of single crystals 

in a two-zone furnace. One zone that contains the starting materials (source zone) is at a 

comparatively higher temperature (ΔT) to other zone (growth zone) where single crystals are 

formed 

 

7.3 Materials Characterization 

 

Tin disulfide (SnS2) single crystalline platelets of various sizes were obtained as shown 

in figure 7.2. SEM/EDX measurements were performed to investigate the preservation 

of the stoichiometric arrangement between the reacting elements in the resulting 
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compound. The data as shown in figure 7.3 reveals near-perfect stoichiometric ratio 

indicating purity of the product. The P-XRD pattern reveals preferred orientation (0 0 l 

peaks) on account of the ultra-flat 2D nature of SnS2 platelets that was further amplified 

with the help of background-less sample holder that allows the platelets and the holder 

to be in the same plane (zero error correction). The typical P-XRD pattern is shown in 

figure 7.4 where all the peaks belonged to the SnS2 (P-3 m1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2: Optical images of tin disulfide (SnS2) single crystalline flakes  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3: EDX of the as-grown SnS2 single crystals 
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Figure 7.4: P-XRD pattern of SnS2 single crystal (P-3 m1, a=3.6215(8) Å and c=5.856(3) Å) 

on a background-less sample holder 

SC-XRD was also performed on obtained crystals to ascertain its polytypes, since SnS2 

possesses many different polytypes [10]. The cif file generated by collecting all the 

diffraction data suggested the formation of P-3 m1 polytypes with the unit cell with 

values of a = 3.6215 (8) Å and c = 5.856 (3) Å (Appendix A, table A.1). A simulated 

structure of the above cif file was generated with the help of Diamond 3.2 program and 

is shown in figure 7.5. To further detail out the structure at atomic level, select area 

electron diffraction (SAED) data was collected through transmission electron 

microscopy (TEM) and the pattern was indexed accordingly to reveal the trigonal 

arrangement of the atoms in SnS2 single crystal (figure 7.6).  

 

 

 

 

 

 

 

 

Figure 7.5: Simulated structure of tin disulfide (SnS2) obtained from CIF file (Single Crystal 

XRD) 
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Raman spectroscopy was performed on the as synthesized crystals in order to confirm 

the crystal structure of SnS2 and eliminate the presence of any other binary phases like 

SnS, Sn2S3.  Figure 7.7 shows the Raman spectrum of the as synthesized crystals and 

only one intense peak was observed at 313 cm–1 which corresponds to the A1g vibration 

mode of SnS2 [13].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6: Indexed Selected Area Electron Diffraction Pattern (SAED) of SnS2 crystals ultra-

sonicated in ethanol solvent 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7: Raman spectrum of SnS2 single crystal 
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7.4 Thickness Dependent Raman Spectroscopy of Cleaved SnS2 Crystals 

 

Raman spectroscopic technique has emerged as one of the most efficient tool to do 

preliminary examination of any layered two dimensional materials to identify any 

change in vibrational modes on account of increase or decrease in the sample thickness 

(number of layers). Similar operation has been employed for SnS2 to observe its Raman 

spectra. Crystal flakes obtained from the method described in section 7.2 were 

mechanically exfoliated on an SiO2 coated Si substrate with scotch-tape technique [2]. 

The exfoliated crystals with different thickness were taken and identified under optical 

microscope (figure 7.10). Raman spectra were collected on the samples. The interesting 

observation from the Raman spectra is the layer-independent nature of the prominent 

peak (A1g) for different number of layers (figure 7.11), although the intensity is higher 

for higher thickness sample. The spectra were consistent and reproducible for the 

samples having similar thickness thus providing a method to identify the thickness of 

SnS2 flakes accurately. 

 

 

 

 

 

 

 

 

Figure 7.10: Cleaved crystal of SnS2 on SiO2/Si substrate with different thickness shown 

through color contrast (yellow/pink represents thicker portion while blue/green represents 

thinner portion) 
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Figure 7.11: Thickness dependent Raman spectra of cleaved SnS2 crystals. Prominent A1g 

mode at 313 cm-1 is insensitive to thickness although intensity decreases on decreasing 

thickness. N3 is the thickest region of the sample and N1 is the thinnest region of the sample 

(as observed under optical microscope) 

The layer-independent nature could be attributed to the orbital composition that is 

insensitive to both interlayer coupling and confinement (if any). Also the fact that the 

there is no signature transition from indirect to direct band gap on going down to 

monolayer confirms its vibrational and electronic homogeneity through the thicknesses 

[29]. 

 

7.5 SnS2 as Negative Electrode in Lithium Ion Battery (LIB) 

 

An attempt has been made to employ SnS2 single crystal as negative electrode for Li-

ion battery (LIB) applications for first time owing to the phase purity. Since, Sn-based 

materials are promising for LIB applications owing to its high theoretical capacity 

(~645 mAh g–1) compared with conventional graphite (~372 mAh g–1), comparable 

working potential (~0.1 and ~0.25 V vs. Li for graphite and LixSn, respectively) and 

high current performance [14–18]. Unfortunately, the huge volume variation upon 

alloying/de-alloying reaction is the prime issue for such Sn-based anodes [19]. We 

believe the presence of sulfide in SnS2 during metallic reaction (Sn0) results the 

formation of amorphous Li2S which is expected to uphold volume variation for certain 
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extends during charge-discharge process [20]. An effort has been made to thoroughly 

investigate the suitability of SnS2 as an anode for LIB applications. Therefore, in 

addition to the routine work with metallic Li in half-cell assembly, full-cell is also 

fabricated with spinel LiMn2O4 cathode for first time. An electrochemical pre-lithiation 

is adopted for SnS2 to overcome the irreversible capacity loss (ICL) observed during 

the first cycle. Emphasis is also given on the purity of the material (uniform phase) and 

as a result high-quality, high-purity single crystalline SnS2 grown through physical 

vapor transport (PVT) were used [21].  

 

7.5.1 Electrode Fabrication and Cell Assembly 

 

For the formulation of composite electrode, the single crystals were crushed in to fine 

powders and subsequently blended using 10% of Super P and 10% of teflonized 

acetylene black (TAB-2) using ethanol. The slurry has been placed over a 200 mm2 

stainless steel mesh (Goodfellow, UK) and dried in a vacuum oven for overnight before 

conducting cell assembly. Half-cells were fabricated (Li/SnS2 or Li/LiMn2O4) with 

metallic Li and composite electrode in the coin-cell (CR 2016) assembly was separated 

by microporous separator (Whatman, Cat. No. 1825 047, UK). 1 M LiPF6 in ethylene 

carbonate (EC)/di-methyl carbonate (DMC) mixture (Selectipure LP30, Merck KGaA, 

Germany) was used as electrolyte. Mass loading has been adjusted for cathode with 

respect to the anode loading by keeping the aforementioned conductive additive and 

binder ratio. Before fabricating the full-cell with LiMn2O4 cathode, the SnS2 was pre-

lithiated by cycling between 5–800 mV vs. Li in Swagelok fittings for two cycles. After 

the completion cycling and it was dismantled and paired with LiMn2O4 cathode in the 

presence of new separator and fresh electrolyte in CR 2016 coin-cell assembly with 

balanced mass loadings. Galvanostatic cycling profiles were recorded for both half-

cells and full-cell assemblies using Arbin battery (2000) tester in ambient temperature 

conditions. 

 

7.5.2 Performance of Half and Full-Cell Assembly 

 

Li-storage properties of the SnS2 single crystals (crushed) were investigated in half-cell 

assembly between 5 to 800 mV vs. Li at current density of 65 mA g–1. Corresponding 

charge-discharge profiles are given in figure 7.8. Apparent to note the multiple events 
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in the first discharge process, for example at ~1.95 V vs. Li a prominent plateau 

observed which is associated with the Li-intercalation in to SnS2. Since,  a mol of SnS2 

is able to accommodate 2 mole of Li (Li2SnS2) without much deviation in the crystal 

structure [22,23]. The Li-insertion process occurred in two stages at ~1.95 and ~1.65 V 

vs. Li which is clearly evidenced from the galvanostatic discharge process and 

corroborated with differential capacity profile (figure 7.8(a) Inset) [24].  
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Figure 7.8: (a) Typical galvanostatic charge-discharge curves of Li/SnS2 cell between 5-800 

mV vs. Li at current density of 65 mA g–1. Inset: Differential capacity profile, (b) Plot of 

capacity vs. cycle number. Filled and open symbols correspond to the charge and discharge, 

respectively 

In the present case, 1.83 mole of Li is intercalated in to the crystal structure of SnS2 

(Li1.83SnS2). The prominent plateau at ~1.3 V vs. Li is associated with the destruction 

of Li1.83SnS2 phase and subsequent formation of Sn0 and amorphous Li2S. A kink like 

region at ~0.7 V vs. Li is corresponds to the decomposition of the electrolyte solution. 

Similarly, the monotonous curve at ~0.25 V vs. Li is attributed to the LixSn reversible 

alloy formation. Except this alloying reaction, rests of the reaction are irreversible in 

the subsequent cycles according to the following reaction mechanism,  

 

SnS2 + xLi + xe– → LixSnS2   x ≤ 2 

LixSnS2 + yLi + ye– → Sn0 + 2Li2S 

Sn0 + xLi + xe– ↔ LixSn   x ≤ 4.4 

Upon cathodic scan, the peak potential at ~0.45 V vs. Li is ascribed to the de-alloying 

reaction which is clearly seen from the differential capacity profile (figure 7.8(a) inset). 
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The upper cut-off potential is restricted to 800 mV vs. Li for preventing the further 

oxidation of Sn0 in to Sn2+/Sn4+ and allows for alloying/de-alloying reaction only 

[25,26]. The half-cell delivered the capacity of ~1705 and ~542 mAh g–1 for first 

discharge and charge, respectively. The irreversible capacity of ~1163 mAh g–1 is noted 

and it is common for the case of Sn based materials. In addition, the decomposition of 

electrolyte solution certainly consumes more amounts of Li in irreversible manner for 

the formation of solid electrolyte interface (SEI) cannot be ruled out for excess capacity. 

Though, the SnS2 is prepared via crystal growth with phase pure nature, but only the 

reversible capacity of ~542 mAh g–1 noted instead ~645 mAh g–1 (theoretical capacity). 

Upon cycling capacity fading is noted, for example the cell retained ~71% of initial 

reversible capacity after 30 cycles. There are few reasons like (i) unstable SEI formation, 

(ii) pulverization of the electrode because of the huge volume variation upon 

alloying/de-alloying and (iii) aggregation of Sn0 nanoparticulates during charge process 

are believed for the fade in capacity upon cycling. Carbon coating or preparing 

composite with inactive matrix elements are the best ways to improve the 

electrochemical profiles of Sn based materials. Although single crystalline SnS2 is 

experiencing capacity fade in half-cell configuration, but compatibility with 

commercial cathodes is worth investigating and it is crucial for constructing practical 

Li-ion cells.  

 

In this line, we made an attempt to construct the full-cell assembly with well-known 

spinel LiMn2O4 cathode. As noted above, a huge ICL is noted in the first discharge and 

overcome the said issue is necessary before fabricating the full-cell. Hence, an 

electrochemical pre-lithiation was conducted for SnS2 in half-cell configuration in 

Swagelok fittings for two galvanostatic cycles. This electrochemical pre-lithiation 

certainly beneficial in two ways, first to ensure the reversible capacity obtained from 

the half-cell assembly and overcome the ICL observed in the first discharge. After the 

two cycles, the cycled SnS2 electrode were carefully taken from the Swagelok fittings 

and placed with LiMn2O4 cathode under the optimized mass loadings (anode to cathode 

ratio is fixed at 1:4.74, 4 mg: 18.9 mg) in coin-cell assembly by filling fresh electrolyte 

as well. The anode to cathode mass ratio has been calculated based on the second 

discharge capacity of SnS2 (~554 mAh g–1) in half-cell assembly at Swagelok fittings 

and first discharge capacity of cathode, LiMn2O4 (~117 mAh g–1). Similar kind of high 

cathode mass loading has been already described by Tarascon et al., [27,28] for 
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conversion type CoO and Co3O4 anodes when paired with LiCoO2 and LiMn2O4. The 

LiMn2O4/SnS2 cell delivered the capacity of ~509 and ~403 mAh g–1 at current density 

of 65 mA g–1 (based on anode loading) for first charge and discharge, respectively 

(figure 7.9(a)) with working potential of ~3.64 V. After electrochemical treatment, still 

the full-cell is experiencing the ICL of ~106 mAh g–1 which is mainly because of the 

decomposition of the fresh electrolyte filled during the fabrication of the full-cell. Also, 

the small ICL observed from the cathode, LiMn2O4 cannot be ruled out.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9: (a) Typical galvanostatic charge-discharge curves of (I) Li/LiMn2O4, (II) Li/SnS2, 

(III) LiMn2O4/SnS2 cells recorded in the second cycle at current density of 65 mA g–1. The full-

cell capacity is calculated based on the anode mass loading. (b) Cycling profiles of 

LiMn2O4/SnS2 cell with coloumbic efficiency. 

The charge-discharge curves are exact replica of the electrochemical profiles of SnS2 

in half-cell assembly. Except in the first cycle (~79%), the coloumbic efficiency is 

substantially improved in the subsequent cycles (>90%) which is clearly evident from 

figure 7.9(b). Capacity fading is also noted for the full-cell, LiMn2O4/SnS2 and retains 

~65% of initial reversible capacity after 60 cycles. The anode, SnS2 is responsible for 

the fade in capacity upon cycling, since LiMn2O4 is very stable in the half-cell assembly 

(Appendix B, figure B.1). This preliminary study clearly revealed the possibility of 

using SnS2 single crystals as potential anode in LIB applications. Further studies are in 

progress to improve the electrochemical performance of SnS2 single crystals. 
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7.6 Outcomes and Conclusions 

We successfully synthesized high quality single crystals of tin disulfide (SnS2) through 

physical vapor transport (PVT). We have done thorough investigation through different 

materials characterization techniques to ascertain phase purity and morphology of the 

grown material. As a possibility to explore the storage performance of SnS2 we 

prepared both half and full cell assembly that are comparatively higher than the once 

reported for graphene. The presence of high ICL value is one of the drawbacks of SnS2 

as anode material but initial performance and the promise of high theoretical capacity 

coupled with its earth-abundant nature are attractive enough to optimize its 

performance in future. We also explored the Raman spectra of SnS2 samples having 

different thicknesses and its insensitive nature of it.  
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Chapter 8 

 

Conclusion and Recommendations 

 

This chapter summarizes the work carried out as part of this thesis. The 

approach followed for the same has been briefly described. Novel 

outcomes of the work were discussed with respect to the contemporary 

research in the field of two-dimensional materials. It also indicates the 

importance of work from materials science perspective of synthesis-

characterization-property-application route. In the end possibilities of the 

future follow-up work from this thesis has been listed. 
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8.1 Conclusions 

 

The focal point of this work is synthesizing large high-quality single crystals of layered 

transition material dichalcogenides (LTMDs), obtaining few or monolayer 

morphologies from them and their optoelectronic characterization. Another thrust of 

the work is to develop methods to attain thin LTMD crystals having “special” properties 

that would be rapid, reproducible and of comparable quality to the ones synthesized 

with existing methods. 

In line with above, using vapor transport technique (both PVT or CVT), large high 

quality bulk single crystals of variety of LTMD compounds of MX2 formula are 

synthesized. They are characterized for phase purity through materials characterization 

techniques (P-XRD, SEM-EDX, TEM, etc.). The crystals synthesized in this work 

proved to be the starting point of every device fabrication and characterization carried 

out later. Even the few-layer samples micro-mechanically exfoliated from bulk single 

crystal have near-ideal structures and properties. Although, the technological aspect of 

synthesis has advanced leaps and bounds in terms of getting large area growth of 

monolayer samples of graphene and LTMDs on desired substrates and getting better 

day by day. But the ever-expanding canvas of 2D materials need to inquire about new 

binary, ternary or in some case quaternary layered materials to improve our 

understanding of layered 2D materials further and to add to exhibit additional properties 

that may add to the versatility of such materials. The starting point of this has always 

been pure single crystals that could be cleaved down to thin samples for investigations 

of their into properties. Once the material is established as a promising candidate, only 

then the necessary motivation for the development of technology comes in to picture 

that leads to methods such as CVD, epitaxial growth, hetero-structures, etc. Also for 

the fundamental electronics and optoelectronic research, pure exfoliated samples are a 

pre-requisite that are often obtained through scotch-tape exfoliation of bulk crystals. 

Liquid phase exfoliation and other similar preparation methods always leads to some 

form of degradation of properties on account of surface contamination.  

 

In addition to the synthesis, exploring new unique members within the 2D LTMD 

family is the most interesting aspect of current low dimensional 2D materials. On the 

similar lines, this work tried to explore rhenium-based chalcogenide materials (ReS2, 

ReSSe, etc.). and present them as a viable alternative for existing materials for detection 
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of polarized light. This work emphasized the fact that the intrinsic intra-layer anisotropy 

or the two-dimensional anisotropy present in the rhenium compounds is responsible for 

first, structural anisotropy that leads to optical and electronic anisotropy and in turn 

linear dichroism. The uniqueness of rhenium disulfide lies in the fact that other 

prominent members of the family (MoS2, WSe2, etc.) are intrinsically isotropic within 

the layer or they have a lack of 2D anisotropy. Also, the direct band gap nature of 

rhenium-based chalcogenide compounds irrespective of sample thickness herald well 

for optoelectronic and photovoltaic applications. Thus, one can safely label ReS2 – like 

compounds are true-anisotropic materials. Based on earlier reports that suggest that 

ReSxSe2-x alloys are isostructural and single phase with both ReS2 and ReSe2. This 

allows us to investigate composition dependent band gap engineering in ReSSe alloy. 

These also found to be direct band gap and anisotropic. This presents an interesting 

two-dimensional alloy series to work with for photovoltaic and optoelectronic 

applications. The novel study carried out on ReS2 and ReSSe in this work would open 

doors for many follow-up works in future. 

 

On identifying the importance of low-dimension few layer morphology of layered 

materials and in particular LTMDs, an innovative method to complement other existing 

techniques have been developed in-house. The method uses re-engineered domestic 

microwave oven to induce plasma in a closed quartz jacket that induces a non-metal 

plasma that reacts with metal powder. The crystals synthesized with this method have 

been characterized by several techniques and found to be highly crystalline, thin-

layered and phase-pure. This novel method provides an alternative approach for closed 

system synthesis of LTMDs. It is rapid and reproducible and could be utilized for 

applications such as catalyst for photocatalytic hydrogen evolution reaction, etc. 

 

8.2 Future Recommendations 

With respect to the current work following future recommendations are made in various 

domains that could be followed to further broaden the 2D horizon in general. 

 

 Technology: In the materials synthesis aspect, new methods as well as new class of 

2D materials could be studied, prominent being MPX3 (M= Fe, Mn, Ni, Cd, Zn and 

X =S, Se) and M1xM2yXz (M1, M2 are metals and X is a chalcogen atom) class of 

materials. In this MPX3 class of materials have been reported recently and found to 
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be weakly-stacked and having a wide band gape range of 1.3 to 3.5 eV [1]. The 

same materials have only been grown through CVT method, even in this work. The 

new microwave plasma method could be employed to synthesize such ternary 

layered compounds for their easy availability. 

 

 Property Modulation: In spite of the fact that the intrinsic property of 2D LTMDs 

and other layered materials is quite useful and interesting, a better control over them 

for different parameters in electronics, optoelectronics and related applications 

would take them near to the real devices. For that to happen, researchers need to 

dwell over tuning of their physical properties (band gap, defects, etc.) with respect 

to external stimuli (gate bias, temperature control, etc.). Furher an old but effective 

technique of intercalation in which introduction of foreign materials between the 

layers alters its physical properties and may represent an alternative approach to 

prepare van der Waals heterostructures [2]. 

 

 Applications: Interesting properties of compounds such as that of LTMDs always 

encourages academia to try them in applications. Its layered nature and ability to 

intercalate lithium between the layers put them as a candidate for electrode in 

lithium ion batteries. They could also be utilized as a catalyst in hydrogen evolution 

reaction where the plane edges and later with some surface treatment even the plane 

found to be active sites for catalysis to occur [3]. Devices such as sensors and 

photodetectors could be prepared from few or monolayer samples for integrated 

electronics. 

 

 Terahertz Time-Domain Spectroscopy (THz-TDS): Recently THz-TDS emerged as 

an impressive technique to explore the electronic and optical properties of low-

dimensional materials (2D materials and heterostructures). One of the main factors 

that could make it useful for atomically thin layered materials because of a sub-pico 

second scale time range, an energy content range of 0.41 to 41.36 meV and a 

chemical temperature of 47.6 K. Majority of semiconducting charge transfer 

processes occur within these regime and THz-TDS as a technique can provide direct 

evidence of the same. Additionally, this technique does not require any external 

stimuli for measurement as in the case of traditional techniques such as 
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photoluminescence, etc. Most of the time transport properties measurement of 

semiconducting materials are limited by the employed technique (field-effect-

transistor, hall measurement, etc.) as there is always an additional interface between 

the sample and the contact. On the contrary, THz-TDS is not dependent on the 

efficiency of any contact at all. Thus, THz-TDS could prove to be a powerful tool 

as non-invasive, non-contact and sensitive method to extract intrinsic material 

properties of pristine as well as heterostructrues 2D materials that would provide an 

insight in optimizing various electronic and optoelectronic devices based on them 

[4]. Several materials, old and new synthesized during this thesis (ReS2, SnS2, etc.) 

are under investigation through this technique. A schematic of the measurement 

setup is shown below (figure 8.1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1:  A schematic of the measurement setup used for THz-TDS of two-dimensional 

layered materials 
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APPENDIX A: SnS2 Single Crystal Data 

Table A.1: Tin Disulfide (SnS2) Single Crystal Data from Single Crystal XRD 

 

Bond 

precision: Sn- S = 0.0040 A Wavelength=0.71073 

Cell: a=3.6215(8)   b=3.6215(8) c=5.856(3) 

  alpha=90   beta=90 gamma=120 

Temperature: 293 K       

  Calculated Reported 

Volume 66.51(5) 66.52(4) 

Space group P -3 m 1 P -3 m 1 

Hall group -P 3 2" -P 3;-2" 

Moiety 

formula S2 Sn ? 

Sum 

formula S2 Sn S2 Sn1 

Mr 182.83 182.80 

Dx,g cm-3 4.565 4.564 

Z 1 1 

Mu (mm-1) 10.786 10.785 

F000 82.0 82.0 

F000' 81.61   

h,k,lmax 5,5,8 5,5,8 

Nref 97 98 

Tmin,Tmax     

Tmin'     

Correction method= Not given   

Data completeness= 1.010 Theta(max)= 29.900 

R(reflections)= 0.0490( 98) 

wR2(reflections)= wR= 

0.0784( 98) 

S = 5.880 Npar= 7   
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APPENDIX B: Electrochemical performance of LiMn2O4 in 

Half-Cell Assembly 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1: Electrochemical performance of LiMn2O4 in half-cell assembly between 3.5-4.3 V 

vs. Li at current density of 65 mA g–1, plot of discharge capacity vs. Cycle number. Inset: typical 

Charge-discharge curves   
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APPENDIX C: ReS2 Phototransistor Data 

 

 

 
 

 

 

 

 

 

 

 

Figure C.1: The wavelength dependence of photocurrent generation for ReS2 phototransistor. 

The device is excited by 405 nm, 532 nm, and 633 nm light and recording the photocurrent 

change with a fixed light power, respectively. The device shows good photoresponse under all 

the wavelength excitation. Inset shows the wavelength dependence of photocurrent under drain 

voltage of 2 V. The photocurrent increases gradually with decreasing the wavelength. The 

bandgap of ReS2 is about 1.5 eV (820 nm). In principle, the phototransistor should have a 

photoresponse from 820 nm to short wavelength range.  
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Figure C.2: Dynamical photoresponse of ReS2 phototransistor. The photocurrent change by 

mechanically switching the light illumination on and off. The device shows very stable 

saturated photocurrent after cycles of light on and off, indicating the stability and reliability of 

the device. By fitting the time resolved photocurrent change using biexponential function, two 

time constants can be obtained. These two processes indicate that different mechanisms are 

attributed to the photocurrent generation. The fast and slow time constants of the photocurrent 

rise process are 98 ms and 1.9 s, respectively 
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