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!ōǎǘǊŀŎǘ 
 

Tuning the material properties leads to new findings in fundamental science and paves the way to making the 
materials ready for applications. Graphene and other emerging 2D material classes offer a variety of new physical 
and chemical properties. Further tuning properties of these materials will improve the intrinsic properties and 
also help to elucidate the new physico-chemical phenomena. Many methods exist to tune the 2D materials 
properties; strain engineering belongs to the most promising ones due to 2D materials unique mechanical 
properties and their sensitive nature to even the smallest perturbations. Therefore, the focus of this thesis is on 
adopting the strain engineering techniques to tune the properties of the 2D materials. Furthermore, this thesis 
tries to address the development of the 2D material sample preparation techniques, related applications, and 
the effect of biaxial strain to tailor their electronic structures,  phonon scattering, excitation dynamics such as 
exciton funneling and others.  
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!ōǎǘǊŀƪǘ 
 

±ȅƭŀŘŠƴƝ ǾƭŀǎǘƴƻǎǘƝ ƳŀǘŜǊƛłƭǻ ǾŜŘŜ ƪ ƴƻǾȇƳ ǇƻȊƴŀǘƪǻƳ Ǿ ƻōƭŀǎǘƛ ȊłƪƭŀŘƴƝ ǾŠŘȅ ŀ ƻǘŜǾƝǊł ŎŜǎǘǳ ƪ ǘƻƳǳΣ ŀōȅ ōȅƭȅ 
ƳŀǘŜǊƛłƭȅ ǇǌƛǇǊŀǾŜƴȅ ƪ ǇƻǳȌƛǘƝΦ DǊŀŦŜƴ ŀ ŘŀƭǑƝ ǾȊƴƛƪŀƧƝŎƝ ǘǌƝŘȅ н5 ƳŀǘŜǊƛłƭǻ ƴŀōƝȊŜƧƝ ǌŀŘǳ ƴƻǾȇŎƘ ŦȅȊƛƪłƭƴƝŎƘ ŀ 
chemických ǾƭŀǎǘƴƻǎǘƝΦ 5ŀƭǑƝ ƭŀŘŠƴƝ ǾƭŀǎǘƴƻǎǘƝ ǘŠŎƘǘƻ ƳŀǘŜǊƛłƭǻ ȊƭŜǇǑƝ ƧŜƧƛŎƘ ǾƴƛǘǌƴƝ Ǿƭŀǎǘƴƻǎǘƛ ŀ ǘŀƪŞ ǇƻƳǻȌŜ 
ƻōƧŀǎƴƛǘ ƴƻǾŞ ŦȅȊƛƪłƭƴŠ-ŎƘŜƳƛŎƪŞ ƧŜǾȅΦ 9ȄƛǎǘǳƧŜ ƳƴƻƘƻ ƳŜǘƻŘΣ Ƨŀƪ ƭŀŘƛǘ Ǿƭŀǎǘƴƻǎǘƛ н5 ƳŀǘŜǊƛłƭǻΤ ŘŜŦƻǊƳŀőƴƝ 
ƛƴȌŜƴȇǊǎǘǾƝ ǇŀǘǌƝ ƪ ǘŠƳ ƴŜƧǎƭƛōƴŠƧǑƝƳ ǾȊƘƭŜŘŜƳ ƪ ƧŜŘƛƴŜőƴȇƳ ƳŜŎƘŀƴƛŎƪȇƳ ǾƭŀǎǘƴƻǎǘŜƳ н5 ƳŀǘŜǊƛłƭǻ ŀ ƧŜƧƛŎƘ 
ŎƛǘƭƛǾƻǎǘƛ ƛ ƴŀ ǘȅ ƴŜƧƳŜƴǑƝ ǇƻǊǳŎƘȅΦ tǊƻǘƻ ǎŜ ǘŀǘƻ ǇǊłŎŜ ȊŀƳŠǌǳƧŜ ƴŀ ǾȅǳȌƛǘƝ ǘŜŎƘƴƛƪ ŘŜŦƻǊƳŀőƴƝƘƻ ƛƴȌŜƴȇǊǎǘǾƝ ƪ 
ƭŀŘŠƴƝ ǾƭŀǎǘƴƻǎǘƝ н5 ƳŀǘŜǊƛłƭǻΦ 5łƭŜ ǎŜ ǘŀǘƻ ǇǊłŎŜ ǎƴŀȌƝ ȊŀōȇǾŀǘ ǾȇǾƻƧŜƳ ǘŜŎƘƴƛƪ ǇǌƝǇǊŀǾȅ ǾȊƻǊƪǻ н5 ƳŀǘŜǊƛłƭǻΣ 
ǎƻǳǾƛǎŜƧƝŎƝƳƛ ŀǇƭƛƪŀŎŜƳƛ ŀ ǾƭƛǾŜƳ ŘǾƻǳƻǎŞ ŘŜŦƻǊƳŀŎŜ ƴŀ ǇǌƛȊǇǻǎƻōŜƴƝ ƧŜƧƛŎƘ ŜƭŜƪǘǊƻƴƛŎƪŞ ǎǘǊǳƪǘǳǊȅΣ ǊƻȊǇǘȅƭǳ 
ŦƻƴƻƴǻΣ ŘȅƴŀƳƛƪȅ ŜȄŎƛǘŀŎŜΣ Ƨŀƪƻ ƧŜ ŜȄŎƛǘƻƴƻǾȇ ǘǊȅŎƘǘȇǌ ŀ ŘŀƭǑƝΦ 
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1. Introduction 
Feynman's famous words, "There is plenty of room at the bottom," is the heartbeat of nanoscience and its 
technology. He already predicted a half-century ago that layered materials are the future[14]. Continuous 
shrinkage of device size requires improved performance, which is assured by the nanoscience and related 
technology[15].The discovery of single atomic layer graphene derived from the graphite by Andre Geim and 
Kostya Novoselov in 2004 boosted the nanoworld to the revolutionary future, especially in thin-film 
technology[16]. Graphene discovery has opened a new platform of 2D materials owing to intrinsically exciting 
properties, ranging from metal to insulator, addressing several problems to give a great solution in many fields 
of science and technology[17-20]. These 2D materials stacked with van der Waal forces allow researchers to 
separate them to attain down to the monolayer limit easily. Van der Waal's (vdW) layered materials, graphene 
and beyond, are significant nanotechnology advancements, accounting for various science and advanced 
technology fields[20-22]. For instance, graphene exhibits a zero effective mass Dirac particle feature that offers 
high carrier mobility at room temperature, making it one of the unique materials in history[23]. Graphene's 
extreme electrical, thermal and mechanical properties encourage researchers to work on graphene 
continuously[24-27]. Although graphene owns enormous achievements, scientific studies, and applications, its 
metallic feature limits its electrical switching applications[28, 29]. Approaches like modifying its structure, gating, 
chemical doping, and strain have been suggested to open the band gap in graphene[30-35]. 

 

Nevertheless, graphene's small band gap opening and degrading carrier mobility by these methods drive the 
scientific community towards the other vdW 2D materials[36-39]. Continuously changing intrinsic propertiesas 
a function of thickness down to the monolayer limit in graphene and other 2D materials attract a range of cutting-
edge technologies, which open numerous opportunities in material science and electronic industries[40-45]. The 
growing 2D materials library encompasses many unique vdW 2D materials every year[46, 47]. Currently, the 
library consists of at least 150 different 2D vdW material families[48-50]. 2D materials are classified based on 
their structural phase, electrical, optical, magnetic properties, charge density wave, superconductivity, and more. 
Mechanical properties of other 2D materials are slightly worse than of graphene, and VdW interaction is more 
robust than in graphene[51]. These 2D materials are easy to separate using scotch tape mechanical exfoliation, 
which is the first method that has been used to produce a single atomic layer of graphene[22, 52]. 

  

The assortment of vdW materials offers a range of physical properties like semiconductors, insulators, 
topological variants, magnetics, superconductor, and ferroelectrics[53, 54]. These vdW materials are highly 
crystalline and consist of both iso- and anisotropic properties based on their crystal structures[55]. The 
advantage of these VdW 2D materials is the ability to control their intrinsic properties by external factors like 
exposure to the various environments, chemical doping/functionalization, tuning by gate voltage, stacking 
orders, and strain[17, 35, 56-59]. As a result, extensive research has been done using vdW layered materials to 
achieve significant progress in exploring fundamental science. However, the quickly growing numbers of vdW 2D 
materials with intrinsic properties distinct from their counterpart (3D bulk) are not underlined with full 
elucidation of their properties, for example regarding how are they modified by external perturbation like strain 
engineering, which opens the opportunity to further research in 2D materials[51, 52, 60-64]. 

 

1.1. Graphene 

Graphene is made of only carbon atoms arranged in a honeycomb-like pattern. The carbon atom in graphene is 
bond with other carbon atoms via sp2 hybridization. The S, Px, and Py atomic orbitals on each carbon hybridize to 
form ǘƘŜ ˋ ōƻƴŘǎ ǘƘŀǘ ǊƛǎŜ ǘƻ ǘƘŜ ǎƻƭƛŘ ǎǇ2 hybridization, which gives a bond angle between C-C of 120 degrees. 
The remaining electron in the Pz orbital overlaps with the electrons in its three neighboring carbon atoms to form 
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ŀ ŦƛƭƭŜŘ ˉ ƻǊōƛǘŀƭΣ ƪƴƻǿƴ ŀǎ ǘƘŜ Ǿŀƭence band[64, 65]Φ ¢ƘŜ ŜƳǇǘȅ ˉ* orbital is the conduction band. The c-direction 
has no chemical bond (non-covalent), which attributes to the extremely week interaction in the out-of-plane 
direction; the long-range ̄ -conjunction in graphene results in the extreme carrier mobility (200,000 cm2/  (V s)), 

thermal conductivity (3000-4000 W/mK at 300K), and mechanical properties (YoungΩǎ ƳƻŘǳƭǳǎ ƻf 1 TPa). With 
preserved inversion symmetry crystal structure, single-layer graphene's valence and conduction band conically 
touch at a single point, the K point in Brillouin zone called the Dirac (charge-neutral) point with zero effect mass 
and bandgap[66, 67]. Therefore, ballistics transport in graphene is not limited to charge polarity[23-25, 27]. It 
means that charge transport in graphene is ambipolar, and it can be controlled using gate voltage which flips the 
Fermi level below (hole transport) and above (electron transport) the Dirac point[68-70]. Along with extreme 
mobility, quantum confinement of graphene makes it better for spin transport providing further long-range spin 
propagation. Graphene is strongly responsive to its environment; for instance, graphene is slightly hole (p) doped 
due to the oxygen passivation layer in exposure to the ambient environment, which lifts the Fermi level by 
approximately 100 meV from the Dirac point[71]. 

Raman spectroscopy is one important characterization tool that is responsive to the details of crystal quality, 
defect density, strain, temperature, and layer number of graphene by probing its phonon signatures G (1583 cm-

1), D (1350 cm-1), D' (1620 cm-1) and 2D (2700 cm-1) band[72, 73]. The experimental isolation of single-layer 
graphene (~0.35nm thick) raises a significant amount of interest in physics[16, 74]. Lack of bandgap with high 
leakage current causes graphene field-effect transistors (FET) to have poor Ion/Ioff ratios, limiting its 
application[64, 75]. Many research works focused on opening up the bandgap in graphene, offering a high 
switching ratio with extreme carrier mobility[31, 32, 76]. Observed flat band states in graphene offer 
superconductivity at low temperature while stacking two graphene sheets at twist angles of 1.1 and 0.9 
degrees[77, 78]. The observed higher resonance frequency (~1.17GHz) of graphene-based nanomechanical 
resonator promise utilization in high radio frequency (RF) applications[79]. Recent work shows that even Janus 
graphene (functionalized differently on each side) results in an extraordinary anode material for Na+ ion battery 
application[80]. Elastic deformation of over 20% before rupture makes graphene an ideal material for stretchable 
applications. Ambipolar transport, quantum Hall effect at room temperature, giant magnetoresistance, extreme 
carrier mobility, adsorption of single-molecule and its detections, long-range spin transport observations on 
graphene captivate the researchers attention and give hope to exploit graphene in multiple applications as quick 
responding radiofrequency logic devices, electrically and thermally conductive reinforcing composites, 
transparent electrodes, sensors, solar cells and others[15, 24, 81, 82]. Graphene composites, especially 
graphene-polymer composites, provide a synergetic effect to attain advanced matrix and filler properties to 
create new materials, giving more freedom to design the material properties[83, 84]. Wrinkling formation in 

Figure 1: (i) a, Two atoms (A (blue) and B (red)) per unit cell in hexagonal honeycomb lattice of graphene. b, 
The three-dimensional band structure of graphene. c, Energy vs k-space diagram of graphene. d, Low-energy 
diagram at Dirac point and Fermi-level position for different doping. (ii) Graphene geometry, bonding, and a 

related band diagram.[9, 10] 
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graphene-polymer composite offers to create nanopatterns toward applications like Surface-Enhanced Raman 
Spectroscopy (SERS) or diffraction gratings[85]. 

Graphene synthesis includes mechanical exfoliation from the bulk counterpart graphite, Chemical Vapor 
Deposition (CVD), Molecular Beam Epitaxy (MBE), ion intercalation with subsequent liquid or gas exfoliation 
(chemical method), where the degree of the resulting crystalline discorder predicts their final applications[21, 
86]. The micro mechanical exfoliation provides the outstanding quality of graphene due to the negligible defect 
density. Such samples are used in the most of the fundamental science studies and device prototyping[8, 52, 87]. 
Forming heterostructures with graphene and other vdW 2D materials further expands both fundamental science 
and application horizons[88]. 

1.2. Transition metal dichalcogenides (TMDs) 

TMDs are a rich crystal family with a broad range of crystal structures with plenty of various physical 
properties[48, 51]. Among all other TMDs extensively studied are the semiconducting compounds with a general 
formula of MX2 (M = Mo, W; X = S, Se, Te). MX2 class 2D materials are made of one chalcogen atom sandwiched 
between two transition metal atoms. Each of M atoms is oriented in a triangular lattice, bonded with six X atoms. 
The basal plane of the single-layer MX2 is covalently connected, and the out-of-plane stacking is made with van 
der Waal forces[89]. TMDs exist in two typical structural phases: trigonal prismatic (2H) and octahedral (1T). 
Chalcogen atoms in 2H phase occupy the same position in different atomic planes on top of each other like ABA 
stacking configuration. By contrast, 1T phases follow the stack order like ABC. In the most common MX2, 2H 
phase is thermodynamically stable, while the 1T phase is metastable. Other phases also exist but are not stable 
thermodynamically. Dimerization of 1T phases of TMD from group VI elements results in the 1 T' phases[51]. 

For example, tetramerization of rhenium dichalcogenides (1T-ReS2) offers properties like charge density wave. 
The most common and thermodynamically stable 2H phase TMDs (MoS2, WS2, MoSe2, and WSe2) are 
semiconductors, while the 1T phases are metallic[39, 90]. Both MoS2 (n-type) and WS2 are the only TMDs 
occurring in nature in the form of a layered crystal. Other TMDs are synthesized at laboratory conditions[91]. 
Controlling the defect density is a challenging progress in both CVD and MBE. CVD, MBE growth, and liquid phase 
synthesis by Li-ion intercalation technique offer single layer TMDs[92-94]. Single layers from the liquid phase 
synthesis overlap with other flakes and create considerable in-plane electrical resistance[95]. To have high-
quality crystals is essential to study the fundamental physics in these TMDs. The flux method (at high 
temperature and pressure) offers the lowest defect density crystals but at bulk (3D) in size[96-98]. Very popular 
micromechanical exfoliation using the scotch tape method is a promising technique to produce the good quality 
single-layers from bulk crystal[87].  

The complex orbital character of TMDs providing valence and conduction band with rich physics are raised from 
the mixture of the d orbital in the metal atom M and p orbitals in chalcogen atom X. The edge of the valence 
band is from the mixture of dx2-y2 and dxy orbital in M atom and px, py orbital from X atom. On the other hand, 
the edge of the conduction band is from the d3z2-r2 orbital in M, and a minor contribution from px, py orbitals of 
X atom[99]. TMDs with a lack of inversion symmetry (which breaks at the even number of layers) preserve time-
reversal symmetry resulting in spin valley coupling, which in turn causes a robust spin-orbit coupling (SOC) split 
at the valence band (~140 meV for Mo atoms). It is evident that heavier atoms show more significant SOC 
split[100-104].  

The electronic structure of TMDs is firmly bound to their layer number. In other words, the position of the valence 
band edge and conduction band edge changes with layer numbers. As a result, TMDs offer a direct bandgap 
down to the monolayer limit compared to its counterpart (periodically stacked two or more layers show indirect 
bandgap)[105]. Single-layer limit valence band maxima and conduction band minima locate at two inequivalent 
high symmetry points, K and K', corresponding to the Brillouin zone corner[104].  

In addition to the optical contrast, a spectral signature from the Raman scattering process (phonon modes) and 
photoluminescence (PL) are the main probing techniques to distinguish the layer numbers and provide the crystal 
quality of the studied TMDs[41, 44, 106, 107]. Like graphene, TMDs are also very sensitive to their environment 
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(weak screening effect at the single-layer limit in TMDs)[108-112]. For example, the room-temperature electron 
mobility in single-layer MoS2 ranges from 10-1000 cm2/Vs, which increases threefold at the low temperature 
depending on the impurity scattering, dielectric environment, and other factors[113-115]. The higher switching 
ratio Ion/Ioff (108) from single-layer MoS2 transistor boosted the research interest in TMD materials for electronic 
applications[39]. In addition, the high mechanical strength make TMDs endure up to 10% elongation before 
failure, which is promising for stretchable device applications[116]. High exciton binding energy (~0.3 eV to ~0.7 
eV) in TMDs results for the strong light-matter interaction and is among the exciting features of TMD relevant 
for optoelectronics applications[117-120]. Furthermore, TMDs offer much exciting physics like the Hall effect, 
valley polarization, spin polarization, valley-Hall effect, spin-Hall effect, and the list can be extended more with 
heterostructure formation (with other 2D materials) [51, 62, 104, 121-123].  

2. Tailoring 2D materials property by external perturbation 

Strain-engineered 2D materials can have their properties betterexploited with precise tuning. Several 
engineering techniques exist to achieve the application goals using 2D materials including doping, bandgap 
manipulation, defect creation/healing, surface or strain engineering. Field-effect and carrier doping are the keys 
widely used to tune the properties of the 2D materials. Doping engineering can be classified into electrostatic 
field-effect doping, substitutional doping, intercalation doping, and charge transfer doping. In both 
micromechanical cleavage and CVD growth, the transfer of 2D materials is more sensitive to its substrate 
environment, where the charge transfer/electrostatic field effect can easily affect the 2D material's intrinsic 
properties. Grafting a chemical molecule leads to low(high) carrier mobility and quench(enhance) PL efficiency. 
The source of external charge carriers can be either chemically or physically attached to the surface of 2D 
materials, thereby creating the work function difference that causes either the injection or withdrawal of the 
carriers from 2D materials. Either cationic or anionic replacement by foreign atoms on the 2D material leads to 
the p or n-type conductance, which is the reason for further changes in optical emission dynamics of neutral 
excitons or trions (charged excitons)[124-129]. 

In contrast to substitutional doping, charge doping is caused by charge transfer between 2D and adjacent 
materials like surface adatoms, particles, supporting substrates, and molecules[71, 130]. The electronegativity 
and Fermilevel differences between 2D materials and adjacent dopants determines the charge transfer 
direction[131]. Exposure to the atoms or gas molecules like O2, H2O, inert molecules, and ambient conditions 
causes carrier depletion and non-radiative Auger recombination[71, 132]. Also, the adsorption of these 
molecules at the grain boundaries of 2D materials leads to defect carrier transportation. Intercalation of foreign 
ions, atoms, and even molecules enables breaking the vdW interlayer coupling in 2D materials, which has been 
used to exfoliate the 2D materials into a single to few-layers thickness[124]. The electrostatic doping strategy 
helps to tune both polarity and doping concentration in 2D materials[70, 133-135].  

Through applying a gate voltage, a carrier (electron or hole) will be induced in 2D materials[16, 136]. The density 
of states in 2D materials is finite at a particular Fermi energy due to the Pauli exclusion principle. So, incjection 
of the excessive carriers in 2D materials shifts the Fermi level. Week screening effect and low-density of states 
in single layer 2D materials easily enable this Fermi level shift[67, 109]. Bernal stacking (AB) of bilayer graphene 
sheets opens up a small bandgap with the gate voltage due to different screening potentials forming the 
"Mexican-hat" dispersion relation. Direct observation of band gap opening can be performed through optical 
absorption measurements. With electric field present in a quantum-confined system, electron and hole wave 
functions in both valence and conduction band would modulate, leading to redshift in the absorption edge due 
to quantum-confined Franz-Keldysh effect. The absorption edge shifts to higher energy with large gate voltage 
due to Pauli blocking resulting in the Burstein-Moss effect[137-139]. Several other techniques allow further 
tuning of the 2D materials property by electron beam-induced defect engineering where a single atom can be 
removed or replaced with the foreign atom[140]. Electronegativity difference leads the charge transfer to 
enhance(suppress) PL recombination[131]. LASER induced doping and plasma induced doping and homojunction 
formation lead to more precise and controlled tuning of the 2D material properties[141-144]. 
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Heterostructure formation is another novel approach to the engineering of the optoelectric properties in 2D 
materials. Hexagonal boron nitride (hBN) is a well-known substrate that offers a sizeable dielectric environment 
with a negligible substrate strain effect[122, 145, 146]. 

A strongly correlated quantum state from the graphene at twist angle 1.1 degree leads to two correlated 
quantum states that offer unprecedented superconductivity of graphene caused by their electron-electron 
interaction[77]. Nanoscale Moire pattern from the TMD twisted lattice structure significantly modifies the 
electronic and optical properties[54]. For example, in the WSe2/WS2 superlattice a different twist angle shows a 
different interlayer vdW coupling, and at the strongly coupling twist angle, the monolayer PL energy entirely 
vanishes. It also provides a single resonance energy due to the lattice mismatch and increased exciton Bohr 
radius[147-150]. Most 2D materials can withstand a large elastic deformation that returns in the controlled 
modulation of the material's electronic structure. Besides external strain, 2D materials exhibit intrinsic 
deformation, such as distortion, lattice mismatch with substrates, corrugations, and more. Mechanical bending 
of 2D material can control the Fermi level shift and conductivity even further[126-129, 151-157]. 

2.1. Strain engineering in 2D materials 

Strain engineering is widely used in the semiconductor industry. Effects like strain-induced increased carrier 
mobility or bandgap energy modulation are an exciting fact[158-163]. However, conventional bulk materials are 
not capable of withstanding large mechanical deformations. VdW 2D materials easily withstand more than 10% 
strain (graphene ~20%)[116]. Traditional in-plane epitaxial growth produces less than 1% residual strain. Strain-
induced changes play a vital role in 2D materials to achieve modulation of various physical properties[164-166].  

Several techniques can induce external strain in the 2D material. For instance, lattice mismatch with a supporting 
substrate or with a stacked 2D material, mismatch in elastic modulus (wrinkle formation), mismatch in thermal 
expansion with supporting substrate, externally bending the 2D material adhering to a flexible substrate, 
patterning the substrate, applying a force in the out-of-plane direction using an Atomic Force Microscopy (AFM) 
tip, deforming the supporting piezoelectric substrate using an external electric field, capillary pressure induced 
bubble formation, naturally occurring blisters, thermally expanding the supportive polymer structure and 
more[161, 167-175].  

The phonon structure of 2D materials can be changed due to the lattice distortion caused by the strain[13, 176]. 
Raman spectroscopy is an effective method to investigate the changes in phonon modes, where the phonon 
mode shift and splitting can be observed with respective strain and doping[177-179]. Significant changes in the 
electronic structure of 2D materials can be achieved by strain, which can increase or decrease the materials' 
bandgap energy. PL spectroscopy is a potential method for monitoring such energy band shifts or separations in 
vdW 2D semiconductors[13, 180, 181]. Nonlinear optical responses, including folds of harmonic generations 

Figure 2: Graphical abstract of strain engineering in 2D materials. [7] 
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process described by second-order susceptibility tensor usually observed in the 2D materials with an odd layer 
number (which preserve the broken inversion symmetry), can also be modulated by this strain. The intensity of 
harmonic generation in 2D materials is greatly influenced by strain, and its direction modifies its 
polarizability[182, 183]. 

In some cases, strain can significantly increase the carrier mobility in vdW 2D material[184, 185]. Electron-
phonon coupling in 2D material is affected by this strain, which is why the low or higher carrier scattering in 
electrical devices happens with strain[186, 187]. With the strain, sometimes, a negative impact also happens. 
For instance, lowering of carrier mobility is observed in the monolayer SnSe due to tensile strain[188-190]. In 
addition, an anisotropic carrier mobility can also be observed in the strained 2D material[191, 192]. The increase 
or decrease of the carrier scattering in 2D material due to the strain results in the change in resistance[193]. The 
intrinsic piezoelectric character of 2D material can be changed with the strain, which modifies the material 
resistance[57, 194]. The piezoresistive effect in 2D materials arises from the strain-induced bandgap 
changes[195]. Strain can induce magnetism in nonmagnetic 2D materials[30, 196-198]. Strain-induced phase 
transition is also achievable in a 2D material. For instance, phase 2H to 1T' was attained in MoTe2 with tensile 
strain[198].  

Strain engineering is thus an excellent strategy to tune the electronic structure of 2D materials, which is further 
affecting various properties in 2D materials. 

2.2. Uniaxial and biaxial strain in 2D materials 

The phonon bandgap in the semiconductor 2D materials separates the optical and acoustic phonon modes in 2D 
semiconductors. Due to the large bandgap, it is difficult for acoustic modes to be scattered by the optical 
modes[199]. Two-dimensional semiconductor materials (MoS2) show the quality factor higher than the graphene 

Figure 3: (i) The lowest-frequency optical phonon spectrum for monolayer MoS2 under tension. The lowest 
frequency locates at the Brillouin zone center for monolayer MoS2 without tension. Left: uniaxial tension 
effect. The degeneracy between frequencies for M1 and M2 is removed, due to the anisotropic tension. Right: 
biaxial tension effect. The degeneracy between frequencies for M1 and M2 is maintained due to the isotropic 
tension. Note: the lowest frequency position changes from the G to K points in the Brillouin zone at biaxial 
tension, ,ʁ of 0.13. (ii) Tension effect on the phonon bandgap. (a) Uniaxial tension effect on the lowest 
frequency in the lowest-frequency optical branch and the highest frequency in the highest-frequency acoustic 
branch. (b) Bandgap versus the uniaxial tension. The bandgap is closed at uniaxial tension of 0.145. (c) Biaxial 
tension effect on the lowest frequency in the lowest-frequency optical branch and the highest frequency in 
the highest-frequency acoustic branch. (d) Bandgap versus the biaxial tension, where insets show the 
vibration morphology of the highest-frequency acoustic mode and the lowest-frequency optical mode.[13] 
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resonator because of this preserving mechanism[200-203]. The gauge factor of biaxial strain is 2.3-time larger 
than uniaxial strain[204]. The tensile strain softens the phonon branches, resulting in the redshift of its Raman 
modes, whereas the compressive strain hardens the phonon branches (blue shift in Raman modes) in the 2D 
materials[205]. Applying strain to the 2D materials can be classified as uniaxial and biaxial, based on whether the 
strain applied to the crystal is anisotropic or isotropic. The biaxial strain has a more effective modulation of lattice 
dynamics than the uniaxial strain, making it more effective to manipulate the properties (e.g., bandgap energy) 
of 2D materials[204, 206]. Applying uniaxial strain in one direction (e.g., x-axis) relaxes the 2D lattice on another 
axis (i.e., y-axis)[177, 179]. By contrast, the biaxial strain stretches the 2D lattice in both axial directions[207, 
208]. The change in lattice dynamics affects the six-fold symmetry present in 2D lattice. Uniaxial strain breaks 
this six-fold symmetry, and biaxial strain preserves it[13]. Releasing uniaxially pre-stretched polymer substrates 
induces  wrinkling of the adhered 2D materials, where tension forms at the ridges and compression in the valleys 
of the wrinkles[160]. In comparison to the uniaxial strain, the biaxial strain induced by the piezoelectric 
substrates can be controlled precisely by the voltage[209].  

Charge tunneling is increasing with biaxial strain and decreases with uniaxial strain on islands of 2D material 
films[210]. Photocurrent in photodetectors increases with uniaxial strain[211]. In the case of anisotropic crystals, 
the uniaxial strain has different effects with different crystal orientations[212]. It is found that the biaxial strain 
enhances the Hydrogen Evolution Reaction (HER) more effectively than the uniaxial strain[213, 214]. Uniaxial 
strain is increasing the thermal conductance more effectively than the biaxial strain[215]. Uniaxial and biaxial 
strain can localize the optical exciton through funneling action, where the profile of strain gradient is created 
across the stretched 2D semiconductors[159, 216-218]. 

Optical phonon changes in single-layer graphene by uniaxial strain observed using Raman spectroscopy show the 
redshifts of G and 2D phonon modes. Further, the G peak (E2g phonon) degenerates into G+ and G- phonon 
branches with uniaxial strain and shift with different shift rates for higher strains. At a significantly higher strain, 
graphene's 2D peak splits into 2D+ and 2D- and redshifts depending on the strain direction[219]. Beyond the 
graphene, other 2D materials (MoS2) are also extensively studied under the uniaxial strain, where the out-of-
plane vibrational mode E' degenerates into 9Ω+ and E'- due to the crystal symmetry being broken by the uniaxial 
strain. It is worth noting that the in-plane (E') phonon mode is more sensitive to strain than the out-of-plane (A') 
phonon mode[177]. Also, the shift of the out-of-plane vibration mode (A') in 2D semiconductors is less sensitive 
to uniaxial strain than biaxial strain as per theoretical prediction[220]. For the bilayer WSe2, the uniaxial strain 
enhances the PL intensity with a slight red shift in its position[181, 221]. The transition from the direct to indirect 
bandgap in 2D materials under the uniaxial strain is consistent with the experimental results[176]. Under uniaxial 
strain, the bandgap energy of monolayer 2D material (MoS2) is decreased by ~45 meV per 1% of tension, and in 
the case of a bilayer it decreases ~120 meV per 1% of strain[177]. 

2.3. Graphene wrinkles  

Graphene is the most robust material with high tensile strength (~130 GPa) and high Young's modulus (~1Tpa). 
The Poisson ratio (˄ύ of graphene is ~0.165[222]. Graphene experiences ˄ transition from positive to negative at 
a higher strain value (>6%). The negative  ˄results from the interplay between stretching bond and bond angle 
in graphene lattice under strain[223]. 

Wrinkles are found everywhere, like polymer thin film on water, curtains on a window, even human skins. 
Graphene wrinkles influence plenty of properties, such as electron-hole puddles, carrier scattering, bandgap 
energy, the pseudo magnetic field in bilayer graphene and including the suppression of weak localization of 
carrier density, which influences the graphene in the areas exploiting surface optical properties, chemical 
activities, and energy storage, bio-interfacing and more[85, 224-226]. Wrinkle wavelength varies with varying 
film thickness and substrate mechanical properties. Fopple-von Karman equations  provide the scaling of the 
wrinkles with film thickness[227]: 
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Where t is 2D film thickness, Ἇ Ἆ is the in-plane elastic modulus of the 2D film and Ἇἡ is in the plane 
elasticmodulus of the substrate.  E is YoungΩǎ modulus and ○ is Poisson ratio. It is valid if there is no slippage 
between the substrate and the 2D material. Since the graphene thickness is minimal (~0.35nm), the wrinkle 
wavelength must be small and varies with graphene thickness. Wrinklons are also observable with wrinkle 
formation in which the transition zone between two wrinkles merges into one wrinkle at the boundaries.  

Wrinkle formation can be expressed with a power law[228], 

 

ὀͯἵ         (2) 

Where  is wrinkle wavelength, X is thin film (2D material) thickness, and m value is dependent on the supporting 
substrate. This power law is consistent with the suspended thin film[229]. Graphene wrinkle amplitude follows 
a linear relationship with its thickness, as for example polydimethylsiloxane (PDMS) thin film on zinc (Figure 4). 

Graphene wrinkles or ripples (continuous patterns) can be created using several mechanisms, such as edge 
instability, negative thermal expansion (against the substrate), thermal vibration of the 2D lattice, and relaxation 
of pre-stretched elastomer substrate, differential compressive force, solvent surface tension, substrate 
interaction, corrugations and more. Wrinkle formation in thin films on shrinkable or flexible substrates has been 
described in various settings[230-240].  

Therefore, wrinkles are easily controllable by varying the properties and patterning, e.g., of the PDMS substrate 
surface in terms of both orientation and periodicity[241]. Annealing of suspended graphene forms the wrinkles 
perpendicular to the trench direction, whereas the wrinkle orientation, amplitude, and wavelength are 
influenced by the shape, structure, and substrate temperatures[232]. Crumpled graphene can be formed with 
the biaxial relaxation of a pre-stretched substrate[239].    
  

Figure 4: (a) Typical 2D atomic force microscopy (AFM) images of the wrinkling patterns in the zinc/PDMS 
samples with small film thicknesses. The green two-side arrow represents the direction of uniaxial loading. 
The same scale bar is applied to all the AFM images. The pre-strain is ~28%. Each image has a size of 5 × 5 
˃Ƴ2. (b) Comparison of sectional profiles of wrinkles for different film thicknesses. (c) Dependences of the 

ǿǊƛƴƪƭŜ ǿŀǾŜƭŜƴƎǘƘ ˂ ŀƴŘ ŀƳǇƭƛǘǳŘŜ A on the film thickness h.[6]  
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2.4. Relationship between chemical reactivity and strain in 2D materials 

Chemical functionalization is another way to effectively modify the properties of 2D materials. Graphene 
functionalization can be affected by the supporting substrate where the ionized impurities electrostatically 
create charge puddles (spatially localized islands of different carrier concentration) in graphene[242]. Increased 
reactivity of graphene surface towards functionalization with aryl diazonium salts was observed in graphene with 
deformed lattice[12]. Graphene reactivity can be dynamically tuned by the mechanical strain, leading to 
enhanced charge transfer chemistry, doping level, and defect density in graphene[242, 243]. In other words, the 
mechanical strain on graphene acts as a quasi-catalyst to enhance the kinetics of chemical reactions of 
grapheneΩǎ ǎǳǊŦŀŎŜ. For instance, the rate of covalently attaching aryl diazonium molecule to the graphene is 
increased with increasing strain in the graphene lattice. The graphene functionalization with aryl diazonium 
compounds resulted in a 10-fold increase of reactivity for applied strain[12]. Also in the case of assessing the 
degree of chemical functionalization of graphene, Raman spectroscopy is the ideal tool. The intensity ratio of the 
graphene Raman D and G bands is the key parameter to characterize the graphene crystal defect density, nD. 
Also, the intensity ratio of the 2D and G bands from graphene's Raman spectra helps to quantify the doping level 
in graphene. Increase of the I2D/IG intensity ratio of graphene indicates the reduction of the doping level[242, 
244, 245].  

In TMDs, substituting the oxygen atom for a chalcogen atom (MoS2) leads to a direct bandgap transition into the 
indirect bandgap[246]. Oxygen doping in TMDs weakens the covalent bond between the metal and the chalcogen 
atom, thereby shortening it. ¢ƘŜ ¢a5ǎΩ ŜƭŜŎǘǊƻƴŜƎŀǘƛǾƛǘȅ subsequently increases and affects the optical 
properties of the TMDs[131, 247, 248]. The dielectric constant further tuned by the the applied strain causes 
blue shift of the absorption peaks[249]. The deformation of the  2H phase of MoS2 with S atom vacancies 
increases the efficiency of the hydrogen evolution reaction (HER)[250]. The HER can be improved with a large 
degree of basal plane strain in TMDs (1T phase WS2) or needs the presence of sulfur vacancies along with a lower 
degree of strain (2H phase MoS2)[251, 252]. In TMDs, strain can increase or decrease the hydrogen adsorption 
free energy (ῳGH, which is vital to optimizing the HER reaction with TMDs) with compressive or tensile strain, 
respectively. However, the technique requires a precise control of the strain[213, 214, 253].  

Figure 5: Schematic comparison of the functionalization for relaxed graphene (a and b) and graphene which is 
strained to 15% and then relaxed before functionalization (c-f). (g) Plot comparing the reactivity of 4-
nitrobenzene diazonium (4-NBD) on unstrained graphene (seen in (a) and (b)) and strained/relaxed graphene 
(seen in (c-f)). The slope is within the standard error for both samples, indicating that the increased reactivity is 
not attributed to damage but instead distortion of the graphene lattice. The dashed line is added to guide the 
eye.[12] 
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In other cases, the adsorption of NO gas molecule on TMDs (MoS2) surface can further increase with the applied 
strain. However, this is not the case in all TMDs. It is observed that strain in MoS2 causes selective adsorption of 
the gas molecules, which can be exploited in gas sensing application. The charge transfer between the adsorbed 
NO molecule and MoS2 is increasing at the 10% mechanical strain[254]. 

The polarity of the adsorbed molecule on the TMDs surface strongly affects the PL dynamics in TMDs due to the 
electronegativity difference, leading to charge transfer and coulombic screening effect from the physisorbed 
molecules (that act as a dielectric environment of the TMDs), which in turn affects the phonon scattering of the 
excitons in TMDs[131, 132]. 

 

2.5. Effect of biaxial strain in MoS2 and WS2 

In general, preserving the broken inversion symmetry in TMDs under the biaxial strain is expected in both 
compression and tension. Thus, biaxial strain is an excellent tool for the enhancement of broadband optical 
absorption, further improving the application potnetial of TMDs. There are numerous techniques available to 
induce biaxial strain with varying degree of control: four-point mechanical bending and stretching, transferring 
of TMDs on nanopillars, a piezo resonator, over/underpressure bubble formation with a suspended TMD cavity, 
microheater actuators, AFM tip induced mechanical bending/ indentation etc[159, 161, 162, 200, 218, 255-257]. 

The effect of biaxial strain was studied up to 3% tension in TMDs[258, 259]. With tensile biaxial strain, the optical 
bandgap energy of the 1L MoS2 is reduced at the rate of ~100 meV/%[161]. This shift's consistency varies with 
the efficiency of the interfacial shear stress transfer mechanism between TMDs and supporting substrates[260-
262]. In WS2, the shift rate (theoretical value of ~150 meV/%) is higher than in MoS2[173]. The maximum strain 
is expected to occur at the center of the 2D flake, and slippage occurs at the flake's edge, attributed to the shear 
lag effect[260, 261]. Such a strain gradient may further influence the optoelectronic properties of the deformed 
TMDs. The drift length of the excitons (photoexcited electron-hole pair driven by the energy funneling effect) is 
proportional to the induced strain gradient in the TMDs. In MoS2 and WS2, in addition to the biaxial strain-induced 
charge transfer effect, the choice of substrate materials also influences the degree of non-radiative 
recombination (PL quenching)[126, 175, 177, 216]. 

Since the strain induces  phonon softening (tension) and hardening (compression) in TMDs, Raman spectral 
signature also effectively probes the strain-induced phonon mode shifts[13, 107]. The two characteristic peaks 
are in-plane (E') and the out-of-plane (A') vibrational Raman modes in MoS2 and they red shift linearly at the rate 
of 1.7/% (A') and 5.2 cm-1/% (E') for the tensile biaxial strain. Electron-phonon coupling is also strongly affected 
by the strain. Grüneisen parameter () is proportional to the electron-phonon coupling in TMDs. The extracted 
Grüneisen parameters for biaxially strained MoS2 are 0.68 for the E' mode and 0.21 for the A' mode[161].  

 

              (3) 

 

Where  is the initial Raman frequency at zero strain and  is Raman frequency shift[263]. 

The A' mode shift is less sensitive to in-plane strain than E' mode, and, in contrast, the A' mode is more 
susceptible to carrier concentration. The Raman peak intensities are related to the resonant conditions of the 
electronics transition with laser excitations, due to exciton-phonon coupling. With biaxial strain, it is possible to 
alter the optical transition energy, thereby changing the Raman resonant conditions and thus influence the 
Raman peak intensities[264, 265]. 

In recent works, the biaxial strain-induced funneling effect was described using the drift-diffusion model, in which 
the exciton to trion transition and the funneling effects are attributed to the biaxial strain. However, it was 
observed that only 4% percentage of the photoexcited exciton is funneling through the strain gradient 
potentials., which is contrary to the theoretical expectations. The dominating diffusion length (~180nm) is the 
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reason for the inefficient funneling in strained WS2. However the strain induced locally converted exciton into 
trion is upto 100% observed in their calculation and experiments 100% conversion efficiency of the exciton to 
trion was observed for single-layer WS2 by applying biaxial strain through an AFM tip[266]. Time-Resolved Photo 
Luminescence (TRPL) is one of the powerful tools to probe such an effect[267, 268]. 

Biaxial strain in TMDs can open numerous opportunities in many fields, for instance, related to optoelectronics. 
However, from Figure 6, it is notable that there are substantially fewer biaxial strain-related fundamental 
research works on TMDs compared to graphene. the resulting gaps of detailed knowledge, e.g. to elucidate the 
exciton dynamics in TMDs, such as the exciton funneling characteristics induced by strain engineering, still leaves 
many research opprotunities open. 

 

2.6: Applied machine learning in graphene research 

Raman spectroscopy has emerged as a powerful tool for the characterization of graphene. It offers exceptional 
spatial resolution and analytical depth, enabling the assessment of key properties such as layer thickness, 
crystallinity, and defect density[73, 269-272]. The characteristic Raman bands of graphene, including the G, D, 
and 2D peaks, provide insights into its structural and electronic attributes[219, 269]. The application of Raman 
spectroscopy has huge potential when dealing with different substrate environments, particularly in industrial 
contexts where native or minimal oxide layers are present to produce the commercial chips[24, 75]. Substrate 
effects can alter the Raman signal, may complicating the interpretation of spectral data and hindering the 
accurate quantification of graphene quality across various substrates. The limited resolution in thickness probing 
using THz fields (~1 mm) and the challenges in detecting thickness on highly reflective substrates with confocal 
laser scanning microscopy (CLSM) remain significant obstacles for achieving high-resolution characterization in 
both quantitative and qualitative analyses [273-275]. To address these challenges, there has been a growing 
interest in automated and scalable analysis techniques that can handle the variability introduced by different 
substrates. Recent developments in machine learning (ML) have shown great promise in enhancing the accuracy 
and scalability of graphene characterization. By integrating ML models with Raman spectral data, it is possible to 

Figure 6: Publication statistics indexed in the Web of Science (WOS) 
related to biaxial strain in graphene and TMDs  
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automate the classification and quality prediction of graphene materials, thereby streamlining the analysis 
process[276-278]. 

Supervised learning models, such as random forest, k-nearest neighbors (KNN), support vector machines (SVM), 
and extreme gradient boosting (XG Boost), have been applied to classify and predict the quality of graphene 
based on Raman spectra. These models are trained on labeled datasets, where the input features are the Raman 
spectral data and the outputs are categorical data representing different quality classes of graphene (e.g., 
monolayer, bilayer, few-layer graphene, or defective graphene)[276-278]. 

Random Forest is an ensemble learning method that constructs multiple decision trees during training and 
outputs the mode of the classes (classification) or mean prediction (regression) of the individual trees. It is robust 
to overfitting and can handle complex, non-linear relationships[279-281]. KNN is an instance-based learning 
algorithm that classifies data points based on the majority class among the k closest training examples in the 
feature space. It is effective for datasets where the class boundaries are well-defined[282]. SVM is a powerful 
classifier that finds the hyperplane that best separates the classes in the feature space. It is effective in high-
dimensional spaces and when the number of dimensions exceeds the number of samples[283, 284]. XG Boost is 
an optimized gradient boosting framework that builds strong predictive models by combining multiple weak 
learners, typically decision trees. XG Boost is known for its speed and performance, handling missing values and 
providing regularization to prevent overfitting[285]. It has demonstrated superior performance in various 
classification tasks, making it suitable for complex datasets such as Raman spectra of graphene. These models 
have demonstrated high accuracy in classifying graphene quality from Raman spectra. For instance, the use of 
SVM and XG Boost models has shown promising results in distinguishing between different layers of graphene 
and identifying defects by analyzing the spectral features. 

Ensemble models, such as voting classifiers, combine the predictions from multiple base estimators to improve 
generalizability and robustness over a single estimator. The voting classifier aggregates the predictions from 
different models and makes a final prediction based on a predefined voting mechanism[286]. In hard voting, 
each base classifier votes for a class, and the class receiving the majority of votes is selected as the final 
prediction. This approach leverages the strengths of different models, potentially improving overall 
performance. In the context of graphene characterization, ensemble models can mitigate the limitations of 
individual classifiers by combining their predictions, leading to more accurate and reliable classification results. 
For example, combining the outputs of SVM, random forest, and XG Boost classifiers can enhance the robustness 
of the predictions, especially in datasets affected by substrate variations and experimental noise[287-289]. 

While achieving high accuracy is essential, understanding the factors that influence the model's predictions is 
equally important, especially in scientific research where interpretability can provide valuable insights. Shapley 
Additive Explanations (SHAP) offer a unified framework to interpret the output of ML models by assigning each 
feature an importance value for a particular prediction[290, 291]. SHAP analysis helps in elucidating the 
ŎƻƴǘǊƛōǳǘƛƻƴǎ ƻŦ ǎǇŜŎƛŦƛŎ wŀƳŀƴ ǎǇŜŎǘǊŀƭ ŦŜŀǘǳǊŜǎ ǘƻ ǘƘŜ ƳƻŘŜƭΩǎ ǇǊŜŘƛŎǘƛƻƴǎΦ .ȅ ƛŘŜƴǘƛŦȅƛƴƎ ǿƘƛŎƘ ŦŜŀǘǳǊŜǎ όŜΦƎΦΣ 
intensity ratios, peak positions, and bandwidths of Raman peaks) are most influential, researchers can gain 
deeper insights into the physical and chemical properties of graphene that govern its quality. For example, SHAP 
values can highlight the importance of the Raman peak intensity ratio of the substrate to G bands (I substrate /I 
G) and the presence of the D band, which are critical parameters in determining the number of graphene layers 
and defect density. This interpretability enhances the trust in the ML models and facilitates the adoption of these 
techniques in material science research.  

The integration of advanced ML techniques with Raman spectroscopy data represents a significant step forward 
in the field of material science. This synergy holds transformative potential for streamlining the 
commercialization of graphene by addressing key challenges. ML models can learn to account for variations in 
Raman spectra due to different substrates, improving the robustness of graphene characterization across various 
industrial contexts. Automated ML-based analysis enables high-throughput screening of graphene materials, 
facilitating large-scale production and quality control. Techniques like SHAP provide transparency in the decision-
making process of ML models, fostering greater confidence in their application and aiding in the discovery of 
underlying scientific principles[276, 277]. 
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The application of supervised ML models, ensemble methods, and interpretability tools in the analysis of Raman 
spectroscopy data marks a significant advancement in graphene research. By leveraging classification models to 
handle categorical data representing different quality classes of graphene, researchers can achieve automated, 
accurate, and scalable characterization. The inclusion of XG Boost models further enhances classification 
performance due to their efficiency and ability to handle complex data structures. The use of voting classifiers 
and hard voting enhances the robustness of predictions, while SHAP analysis provides critical insights into the 
features influencing the model outcomes. This multidisciplinary approach not only addresses the current 
limitations posed by substrate effects in Raman spectroscopy but also paves the way for more efficient 
commercialization of graphene. As the field progresses, the continued collaboration between material scientists 
and machine learning experts will be essential in unlocking the full potential of graphene and other advanced 
materials. 

 

2.7. Ph.D. structure 

The presented study intended to exploit the strain engineering of graphene and TMDs to elucidate the hidden 
scientific phenomena from fundamental and application perspectives. The works have begun with standardizing 
and developing the sample preparation techniques for scientific studies, which were further driven to the studies 
to identify the single monolayer graphene layer on opaque materials and by imposing the biaxial strain using a 
simple supporting polymer swelling. Based on the obtained results in progress, this thesis is classified into the 
following five objectives:  

ü For the proof of concept studies, developing a modified dry transfer technique to produce both 
suspended and supported heterostructures of a 2D material on any substrate. 

ü Graphene thickness detection on an optically opaque surface (e.g. bare silicon surface) using the ratio of 
the graphene Raman G peak and the Raman peak from the silicon substrate and using the machine 
learning techniques for the detection and analysis.  

ü Controlled formation of graphene wrinkles and their exploitation for imprinting desired nanopatterns 
onto compliant substrates. 

ü To study the Raman signatures of graphene, progressively functionalized with a diazonium salt in 
conjuction with simultaneous biaxial strain loading. 

ü To elucidate the exciton dynamics (exciton funneling) in biaxially strained TMDs using the supporting 
polymer swelling technique. 
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3. Experimental methods 

3.1. Preparation of graphene and TMD samples 

2D material preparation can be classified into top-down and bottom-up approaches. In the top-down approach, 
bulk crystal is used for the exfoliation into individual single or few layers. Preserving the crystal quality and its 
symmetry is crucial in the exfoliation process[87]. The most straightforward method to producing the single and 
few atomic layers material from its bulk counterpart is the micromechanical cleavage exfoliation method 
introduced by Novoselov and Geim for the first time, which played a vital role in single atomic layer graphene 
discovery[16]. This method is easily employed and able to produce large single-layers from high crystal quality 
2D material. However, it is not possible to industrialize this methid due to the lack of large-scale production. 
Ultrasonic exfoliation is an effective strategy to delaminate the bulk into few layers using the mechanical force 
to break the bulk crystal inside a liquid solvent to produce nanosheets of lateral size around 100nm[52, 87]. Low 
purity with small flake size are a disadvantage in this technique. Also, it requires an ideal solvent to stabilize the 
nanosheets against the reaggregation[93]. In recent years, plasma thinning (using femtosecond laser pulses) and 
microwave-assisted chemical synthesis also developed, among other techniques[292]. Shortening the reaction 
time and higher energy efficiency is the advantage of microwave-assisted exfoliation[293]. Intercalation of the 
weak vdW gaps in the 2D materials with small radius ions like Li+, Na+, or K+ is a feasible technique for a large 
production of 2D materials. Following the intercalation of the 2D material, ultrasonication is used to separate 
the individual layers inside the suspension. The lateral size of a few hundred nm of the thus produced 2D material 
flakes is possible to achieve with this method[294]. Electrochemical exfoliation follows the same intercalation 
strategy, where the intercalation of ions is controlled by the applied external electric potentials[295]. There is 
also ion-exchange exfoliation to be used on ionic solids (LiCoO2), where the 2D material has a robust ionic bond, 
which is hard to separate using the traditional methods[296]. Liquid metal-assisted exfoliation is a novel 
technique to delaminate thin 2D metal oxide nanosheets like HfO2, Al2O3, and more, using gallium-based alloys 
as the reaction solvent.  

In the bottom-up approach, atoms or molecules react and produce the 2D layers. The most popular method in 
this field is the chemical vapor deposition (CVD), used to producehigh crystalline, laterally large-scale 2D 
materials (graphene, TMDs, and more). Several factors play a crucial role in producing high quality crystals by 
CVD methods, including reaction time, temperature, reactant ratios, pressure, etc. Crystal quality and controlled 
morphology is the advantage of the CVD method[297]. Other direct growth methods are molecular beam epitaxy 
(MBE) or atomic layer epitaxy (ALE) used to produce planar or on-demand heterolayer structures[298, 299]. 
These methods can also be used to directly synthesize vdW heterostructures, avoiding the requirement of 

Figure 7: Schematic of fabrication techniques of 2D materials.[1] 
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multiple transfers to form the heterostructures[300, 301].  Among all, micromechanical cleavage and CVD 
techniques are the most preferred technique used by many researchers. 

3.2. Mechanical exfoliation 

Micromechanical exfoliation using a scotch tape is the most primitive method commonly used over two decades 
to create 2D materials samples down to the monolayer limit. Tearing off the 2D materials from its bulk 
counterpart relies on several factors. Due to one to few atoms thickness, 2D materials could be fragile while 
peeling away using the scotch tape. Controlled exfoliation is a challenging task. Out of plane bending stiffness of 
single layer 2D materials are lower than of the bulk counterparts. The interface between the 2D material and the 
exfoliating substrate surface plays a crucial role; for instance, the interface adhesive strength of the 2D material 
is usually in the range of 0.1-10 N/m. The adhesive interface of the scotch tape is significantly stronger (103-104 
N/m) than the interfacial strength of the 2D materials. This can induce the fracturing of the 2D material while 
exfoliating, resulting in small lateral size. However, exfoliation is not only controlled by the adhesion interface 
energy. Other factors include the bending stiffness of the 2D material, the peeling speed of the tape, the surface 
roughness of the substrate. Different 2D materials have different tensile strengths and different adhesive 
strengths. So the choice of the scotch tape adhesive plays an essential role in producing laterally large scale 
exfoliated 2D materials[52].    

However, this micro-exfoliation method is not reliable for industrial mass production. The method is used mostly 
throughout this thesis, where the bulk 2D crystals (grown by the flux method at high temperature and pressure 
or naturally available (MoS2)) are placed on the scotch tape with the right adhesive energy[91, 98]. As shown in 
Fig 8, the crystal is repeatedly peeled until it reaches the few to few tens of layers thickness. Then, with gentle 
pressure, the tape with the peeled 2D material is pressed against the surface of the target substrate (Si/SiO2). A 
cotton swab was used to flatten and remove the air from the interface and a gentle pressure applied to promote 
the 2D material adhesion towards the substrate. Prior oxygen plasma treatment of the substrate can enhance 
the adhesion between the 2D material and the substrate. Heating of the tape/2D material/substrate stack at 
100°C over 60 seconds will help the scotch tape release the peeled 2D material onto the substrate surface. In the 
case of a polymer substrate (polymethylmetacrylate, PMMA), the temperature is controlled between 60° - 70°C 
for the thermal release of 2D material. In the case of a PDMS-like polymer, the adhesion energy between 2D 
materials and their surface is enough to grip the single atomic 2D materials, not requiring additional thermal 
support to release[302]. 

Figure 8: An illustrative procedure of the scotch-tape based micromechanical cleavage of HOPG.[8] 
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3.3. Direct transfer method 

To fabricate artificially stacked, more complex heterostructures of different 2D materials and to release them 
onto the target location, a transfer method is required in addition to the micromechanical cleavage. These can 
be classified into wet transfer or dry transfer methods. In the wet transfer method, the sacrificial polymer layers 
are used to pick up the already exfoliated vdW 2D materials from the SiO2 substrate[303]. 

 

 

The wedge method, polyvinylalcohol (PVA), or polycarbonate (PC) transfer method (Elvacite method) belong to 
the most commonly used wet transfer method. In wedging transfer, water is used to lift off a hydrophobic 
polymer layer spin-coated onto a hydrophilic substrate (together with the exfoliated 2D layer) and transfer it to 
the target substrate using water as the active component. After that, the hydrophilic polymer will be removed. 
In the Elvacite method, a sacrificial polymer with a low glass transition temperature will be spin-coated on the 
glass slide, which would be used to pick up the 2D layer, pre-exfoliated and selected on SiO2 and transferred onto 
the target substrate, where the polymer will release the 2D layer after heating it to the near glass transition 
temperature. Then, the polymer will be dissolved using a proper solvent[116, 233, 304]. The capillary forces 
involved in these wet transfer methods are challenging to master in these processes. Figure 9 depicts the home 
build transfer stage utilized for the direct target transfer technique in this thesis[305]. The precision of the 
placement of the 2D material onto the target location can be controlled at the scale of sub-micrometers 

The dry transfer technique is an alternative technique, which works on the basis of  viscoelastic stamping. In this 
method, a thin film of a viscoelastic gel material (PDMS gel film from GelpaK) was placed onto a glass slide. The 
2D material will be exfoliated onto this layer using the micromechanical exfoliation, as shown in Figure 10. To 
select the desired flake, the film's surface with the exfoliated 2D materials will be inspected using the optical 
microscope (a powerful tool for finding the layer of a desired thickness based on its optical contrast). 

 

 

 

 

 

Figure 9: Scheme of a home built dry transfer setup 
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The target substrate will be fixed on the XYZ sample stage with an inverted position of this glass slide. Since the 
stamp is transparent, with the help of a microscope and XYZ manipulator, the flake will be aligned onto the 
targeted position on the acceptor substrate. In order to transfer, the stamp will be brought close to the substrate 
and pressed against the surface. Flakes will adhere to the substrate surface because the viscoelastic material is 
in an intimate contact with the flakes. The stamp will slowly be peeled off the substrate surface, so the 
viscoelastic material detaches and releases the flake onto the substrate surface. Stage rotation can help to adjust 
the twist angle of the releasing 2D material and the target substrate[302].  

One drawback of this dry transfer technique is forming an oligomer from the PDMS on the 2D material surface , 
which can be partially eliminated during the transfer process with the help of heating the stage. The heating of 
the target substrate between 70°-85°C during the stamping process will push away the oligomer to the edge of 
the 2D flake[306-310]. 

In the thesis work, conventional and modified dry transfer techniques are employed to produce suspended  2D 
heterobilayers of MoS2/WS2. The transfer efficiency and sample cleanlinesshave been inspected using the High-
Resolution Transmission Electron Microscope (HRTEM), Raman spectroscopy, and PL spectroscopy. The scheme 
depicted in Figure 10d uses the direct dry transfer to stack the 2D material to form heterostructure onto a SiN 
TEM grid. The scheme in Figure 10e is showing a combined transfer technique to do the same task. 
  

Figure 10: Schematic procedure of the dry transfer technique: (d) Scheme A and (e) Scheme B 
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3.4. Graphene transfer and machine learning 

3.4.1. Substrate preparation 

For the graphene thickness detection experiment, the substrate was prepared using both native oxide and 
100nm oxide silica. A 100 nm thick oxide-silica substrate was spun with a positive photoresist (PR) AZ 5214 E. A 
lithography technique was used to expose half of the silica window, with the remaining area masked with PR. 
The exposed silica window was wholly etched away using a reactive ion plasma (CHF3/Ar/O2) to obtain a silicon 
surface. The finished substrate has partitions of silica with native oxide and 100nm silica windows (Figure 11).  
 

 

3.4.2. Graphene transfer 

The final product of the fabricated substrate from section 3.4.2 was used as a target substrate for all graphene 
transfer. 

Mechanically exfoliated graphene transferred to the target substrate by stamping (dry transfer technique). 
Exfoliated graphene layers on the top surface of PDMS block substrates inverted and stamped on the partition 
area on the target substrate surface with gentle pressure and angle to release the graphene sample.  

CVD graphene on Cu foil was treated with O2 plasma on one side to remove the underside graphene layer. 
Nitrocellulose (Sigma Aldrich, 2% in amyl acetate, NC) was spun on top of the graphene/Cu. The wet transfer 
method was used in the graphene transfer, and the FeCl3 solution was used for Cu etching. The graphene/NC 
stack was then rinsed with DI water and then transferred onto the target substrate. The NC film was removed 
from the transferred graphene with a methanol solution. The same method was followed and transferred on the 
previously transferred substrate to obtain the two graphene layer stacks. Final samples of exfoliated and CVD 
graphene were heated at 100C for 5 minutes in the air to improve contact with the substrate[311]. 
 

Figure 11: {ǳōǎǘǊŀǘŜ ŦŀōǊƛŎŀǘƛƻƴ ǇǊƻŎŜǎǎΥ όŀύ 5ŜǇƻǎƛǘƛƻƴ ƻŦ млл ƴƳ {ƛhі ǿith photoresist coating, 
όōύ ƭƛǘƘƻƎǊŀǇƘȅ ǘƻ ŜȄǇƻǎŜ ƘŀƭŦ ƻŦ ǘƘŜ {ƛhіΣ όŎύ ǊŜŀŎǘƛǾŜ ƛƻƴ ŜǘŎƘƛƴƎ ǘƻ ǊŜƳƻǾŜ ŜȄǇƻǎŜŘ {ƛhіΣ όŘ-e) 
Ŧƛƴŀƭ ǎǳōǎǘǊŀǘŜ ǿƛǘƘ ŘƛǎǘƛƴŎǘ ǊŜƎƛƻƴǎ ƻŦ млл ƴƳ {ƛhі ŀƴŘ ƴŀǘƛǾŜ ƻȄƛŘe. 
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3.4.3. Characterization 

Raman spectral mapping were recorded using the WITech alpha 300 spectrometer. A spectral wavelength of 
532 nm excitation with a 100X closed working objective lens and 600/lines per mm grating were used and 
excitation power was maintained 1 mW throughout the experiment. Spatial resolution of the spectral mapping 
were set at 500nm. Bright field optical images were recorded using confocal laser scanning microscope 
olympus lext OLS4100.  
 

3.4.4. Machine learning 

Supervised classification ensemble techniques were employed, specifically a voting classifier ensemble 
consisting of eight distinct models. These models, including random forest (RF), support vector (SVC), K-nearest 
neighbor (KNN), nu support vector (NUSVC), bagging (BAG), nearest centroid (NC), extreme gradient boosting 
(XBG), extreme gradient boosting random forest (XGBRF)  were trained the model to predict the graphene 
thickness (layer count). Variables (features) from the fitted Raman spectra mapping were manually labeled to 
train the model. Dataset was split into 70% for initial training and 30% for testing. The GridSearchCV method 
was used to find optimal fitting parameters and the bootstrap to mitigate the likelihood of data and overfitting 
of the data[287, 312].  

 
Subsequently, feature selection involved considering features with a threshold value of 0.4 Chi2 in feature 
univariate score employing both MinMaxScaler and MaxAbsScaler, while disregarding the remaining 
variables.Feature-engineered variables, such as Ir, Iro, Wr, Wro, Ar, and Aro, were used to increase the 

Figure 12: Schematic of the experimental process flow: (a) Spatially resolved Raman spectral map 
collection, (b-d) storage and processing of Raman data to extract features, (e) preprocessing of 
extracted variables, (f) training the model using a voting ensemble, and (g) prediction using the trained 
model on new samples. 
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effectiveness of the training model. The hard voting method was used in the voting ensemble to predict the 
final results. Scikit learns and the SHAP analysis package are used to train and analyze the model and impact of 
features in prediction (Figure 13)[313-315]. 
 

 

 

 

 

 

 
  

Figure 13: Univariate feature importance scores using chi-square and f-value tests: (top) without 
preprocessing, (bottom left) with MinMaxScaler, and (bottom right) with MaxAbsScaler. 
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3.4. Transferring Graphene Wrinkle Pattern on Soft Polymers 

Graphene wrinkles can be transferred onto conformal polymer substrates, creating different aspect ratios of 
periodical patterns on the soft polymer depending on the graphene film thickness and elastic modulus of the 
substrate[225, 229, 235, 316]. In this work, graphene wrinkles are imprinted onto the soft polymers by thermal 
treatment of the graphene-polymer vertical composites. The scheme from Figure 14 depicts the general sample 
preparation technique for this work. Three graphene-polymer combinations were studied, (i) exfoliated 
graphene-SU8, (ii) exfoliated graphene-PDMS, and (iii) CVD graphene-PDMS.  

Combination (i) and (ii) follow the same scheme from Fig 11; for combination (i), the SU8 (SU8 2000.5 
MicroChem) photoresist was spin-coated on the PMMA surface at ~4000 rpm forming ~200 nm thick SU8 film. 
Scotch tape with repeatedly peeled graphite was placed onto the freshly deposited SU8. Then, the 
graphene/polymer was heated over 30 minutes at 80°C to induce compressive stress after the scotch tape was 
peeled off. SU8 was not cured before the transfer of the graphene in order to achieve excellent wrinkle pattern 
formation. 

For the PDMS-graphene combination, PDMS thin film from GelpaK was used as the substrate. Before the 
graphene transfer, PDMS films were treated with O2 Plasma at 0.35 m bar, 150W power for 45seconds (for both 
exfoliated and CVD graphene). Then, for combination (ii), the scotch tape with exfoliated graphene was placed 
on the top, and the whole stack was heated for 30 minutes at 90°C. Finally, graphene was peeled off using the 
scotch tape with higher adhesion for the combination (i) and (ii) as the last step. 

For combination (iii), the CVD graphene is prepared and transferred as detailed elsewhere[317]. Since the CVD 
graphene transfer technique is different from the micromechanical cleaving (step A and B), sample preparation 

Figure 14: Scheme for the imprinting of graphene wrinkle patterns to the surface of a polymer. (A, B) graphene 
exfoliation onto freshly deposited SU8 photoresist, (C) heating the composite to 80°C, causing biaxial 
compression, (D) peeling off the tape, (E) optional - removal of the graphene by a tape with a higher adhesion 
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steps are the same except for steps C and D for the combination (iii). The sacrificial transfer polymer 
(nitrocellulose) was dissolved, and the stack (CVD graphene-PDMS) was heated for 30 minutes at 90°C. At the 
last step, graphene was removed by O plasma etching for 20 seconds.  

AFM and Raman spectroscopy was used to characterize the results. 

3.5. Strain and reactivity experiment 

In this work, the swelling of a polymer in a liquid is used to impose the strain into the overlying 2D materials. 
Fluid penetration into the polymer matrix results in polymer swelling. The swelling behavior of the polymer 
follows two steps: diffusion of fluid molecules into the polymer matrix and local relaxation of polymer segments, 
which determines whether the polymer swelling is a Fickian or non Fickian transport. Diffusion resistance is 
negligible in the thin polymer film and increases with its thickness. However, the polymer swelling is limited by 
the fluid penetration at the front. It is further controlled by the molecular weight difference between the fluid 
and the polymer, and thermal conditions[318-321].  

Elastic modulus difference between the swollen polymer and the (adhered) 2D materials, and the interfacial 
stress transfer mechanism between them decides the degree of the imposed strain to the 2D material. However, 
external doping (e.g., from the solvent) should be carefully monitored to quantify the strain component during 
this process[166, 260, 261, 322]. In this thesis, this technique was exploited to study two different cases:  

Case A: Graphene functionalization along with tensile biaxial strain. 

 In this work, graphene is functionalized by nitrobenzenediazonium salt under the simultaneous biaxial strain 
loading (via the polymer swelling), where both processes (functionalization and deformation) are monitored ex-
situ by Raman spectroscopyThe sample preparation was done by mechanical exfoliation of the graphene layer 
onto the PMMA slab covered with ~500 nm thick spin-coated SU8. The sample was then soft baked at 65°C for 
30 minutes. For the swelling experiments, the prepared samples were immersed in methanol/water solution 
(1:1) for a given time. For functionalization tests with the diazonium salt, the samples were immersed in a 10mM 
solution of 4-nitrobenzenediazonium tetrafluoroborate in 1:1 methanol/water. Before the ex-situ Raman 
measurements, the samples were removed from the reaction bath, washed with the pure solvent mixture, and 
dried in air.  

Case B: Imposing Biaxial Strain to TMDs (MoS2, WS2) to elucidate the exciton dynamics. 

Figure 15: Schematic representation of the swelling experiment 
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In this work, the swelling behavior of PMMA/SU8 polymer in methanol was used to impose the strain on 2D 
layered materials. First, the sample preparation followed as described in case A. PMMA slabs were coated with 
~500 nm thick SU8 and annealed at 60°C for 5 minutes to evaporate the solvent in SU8. Then, the 2D 
semiconductor (MoS2 or WS2) was mechanically exfoliated on the as-prepared PMMA/SU8 slab and soft baked 
at 65°C for 30 minutes to induce conformal adhesion between the SU8 and the 2D material. Finally, the biaxial 
strain was imposed on the 2D material by soaking in methanol at 10 minute intervals. After every soaking period 
(10 minutes), the samples were dried in air at room temperature before the Raman or PL spectral mapping. 
Fruther case B modified to be continued with just PMMA alone without SU8 and using the different grades non 
solvents (to PMMA and 2D materials) Methanol (98% and VLSI grade) and IPA (VLSI grade). To increase the strain 
rate the sample was  heated to 50°C while soaked. The soaking time varied and dry time fixed to fifteen minutes 
at the room temperature in ambient pressure.  

The experimental schemes of cases A and B are depicted in Figure 12. In both cases, the optical microscope was 
used to find (based on optical contrast) the single atomic layer with desired lateral size and confirmed by Raman 
spectroscopy and PL (in the case of 2D semiconductors); also, AFM was employed to confirm its thickness.  

 

4. Characterization techniques 

4.1. Optical characterization 

4.1.1. Optical microscopy 

Graphene reflects ~97.7% of the light reaching it, only ~2.3% of the light is absorbed. On the other hand, the 2D 
semiconductors (TMDs) absorb ~5-10% light at the single atomic layer limit. Therefore, identifying or 
differentiating their thickness on the different substrates is a challenging task. Optical microscopy (OM) is a 
simple, nondestructive, and efficient method to identify the layer numbers of the exfoliated 2D material[323-
326].  The OM relies on the optical contrast between the 2D material and its substrate. Optical contrast can be 
improved by narrowing band illumination, choice of the substrate, collection of fundamental color differences 
from the reflection, and more. For example, it is possible to find the thickness from a single layer to ten-layers of 
graphene on Si substrate with 285 nm thick SiO2 layer, using the optical contrast measurement generated from 
the white light reflection[41, 273, 327, 328]. The optical contrast can be calculated from the following relation, 
which obeys Fresnel's law: 

 

Ἅ ἠ ἠ ἠϳ       (4) 

Where ἠ  is a reflection from the substrate, and ἠ  a reflection spectrum from the graphene. To obtain 
the layer number, N, eq. 4 is reduced as:  

C = 0.0046 + 0.09925N ς 0.00255N2      (5) 

 

The contrast value for single atomic layer graphene is ~0.09, which can be multiplied with layer numbers up to 
10 layers due to the change in the refractive index of the thicker graphene. The contrast difference of graphene 
sheet is almost unchanged for the thickness of SiO2 substrate between 280 nm to 320 nm. High contrast 
obtainable from the 90nm and 285 nm thick SiO2 substrate due to multiple reflections creats interference effect. 

In the case of TMDs, the optical contrast is derived from the following relation:  

 

C= (I flake - I sub) / (I flake + I sub)        (6) 
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The optical contrast for single atomic layer of MoS2 is ~0.7781. Optical contrast measurement is also affected by 
the incident light's angle, in-plane anisotropy of the substrate, or dielectric property of the substrate. In addition, 
with an ordinary white light optical microscope, techniques like confocal laser scanning microscope (CLSM) and 
differential interference contrast (DIC) microscope also help determine the 2D material thickness[44, 327, 329, 
330].  

In this thesis, we used both ordinary white light optical microscope (OLYMPUS BX53) and CLSM (LEXT-OLS4100) 
to distinguish the layer thickness difference in 2D materials. However, the optical contrast of 2D materials is 
inferior without a right thickness of dielectric material interface (SiO2). In other words, assessing the layer 
number on Si substrate with only a native oxide presents a difficulty[329]. Therefore, this thesis tried to address 
this problem using fast-mapping Raman spectroscopy.  

4.1.2. Raman spectroscopy 

Raman spectroscopy is a fast characterization and nondestructive technique with an adjustable spatial and 
spectral resolution that helps laboratory and industrial applications. Raman spectral peaks from the 2D material 
lattice vibrations (phonons) have several important characteristics, including the line shape, peak position, 
intensity, and full width half maximum (FWHM). They reveal the information needed to characterize the physical 
and chemical properties of the 2D materials such as electronic states, electron-phonon coupling(EPC), phonon 
frequency, quantum interference, and more. Intralayer (chemical bonds) and interlayer (vdW interaction 
between layers) modes are the two Raman mode types based on the atomic displacements of lattice 
vibrations[72, 178, 264, 331-333].  

The intralayer Raman mode (Brillouin zone (BZ) centered) provide information like structural phase, chemical 
compositions, response to the external perturbations, temperature dependence on phonon anharmonicity, EPC, 
thermal expansion, electrostatic doping (effect of EPC), strain effect, defect density, excitation energy 
dependency, interlayer EPC, phonon dispersion and more. Raman spectral analysis can be further employed to 
probe more fundamental properties of the 2D materials, including thickness, phase transition, correlated 
electron, spin, and charge density effect. First-order Raman peaks originate from the lattice vibrations at the BZ 

Figure 16: (A) Scheme of the confocal Raman spectroscopy setup (B) Raman scattering processes, in which 
incident photons with ̟ in frequency are scattered under the emission (or absorption) of phonon with 
frequency ̟ out. In a typical output spectrum, the Rayleigh, ̟v (elastic), Stokes and antiStokes lines are 
observed, (C) The typical information of Raman peaks and corresponding material information.[2, 3] 
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center, classified based on the irreducible symmetry group of crystals[179, 219, 245, 263, 334, 335]. For example, 
the symmetry of a pristine monolayer graphene is D6h providing two prominent Raman peaks: G peak (~1580 cm-
1) and 2D peak (~2700cm-1), where the G peak originates from a phonon mode with E2g symmetry located at the 
BZ center (ɱ point) and the 2D peak is a doubly resonant transverse optical mode at the BZ edge, with a strong 
EPC. Thus, the Raman peaks are sensitive to the material electronic band structure[72]. 

In TMDs, D6h (bulk) space group symmetry is reduced to D3h (for odd number of layers) and D3d (even number of 
layers). For example, E1g, A1g Raman modes in bulk MoS2 are notated as E', A' for odd layers and Eg and A1g for 
even numbered layers. The E2g (in-plane lattice vibration mode) shows a blue shift, and A1g (out of plane vibration) 
shows a redshift from bulk to monolayer limits. In other words, it is possible to identify the layer number of TMDs 
by the frequency difference from these two Raman peaks, which is ~20cm-1 for single atomic layer MoS2 and 
increases up to 25 cm-1 for bulk MoS2[336-339].  

External perturbations like temperature or strain affect the D6h symmetry of the 2H phase of TMDs. This thesis 
uses Raman spectroscopy intensively to confirm the layer number, crystal quality, to probe strain and doping 
effects. Raman spectrometer LabRAM HR (Horiba) and Witec alpha300R were used to carry out all experiments. 
For graphene experiments, a 633 nm excitation laser with 600 l/mm grating was used. For TMDs (MoS2, WS2), 
532 nm laser excitation with 600 l/mm grating was used. Accumulation time and spatial resolution varied 
depending on the 2D flakes involved in each different experiment.  

4.1.3. Photoluminescence spectroscopy 

The external light-induced transition of electron(hole) from the valence and conduction band to form an exciton 
(electron-hole pair) is a common physical phenomenon in many semiconductors that depends on the exciton 
energy. The formation of the valence band maximum (VBM) and conduction band minimum (CBM) of TMD 

semiconductors was discussed already at the beginning of this thesis. Bulk layered TMDs have an indirect 
bandgap, and their VBM is located at the ɱ point, and CBM is located either at the K or ɽ (between K -ɱύ points in 
the BZ (depend on optical gap). When reducing the 2D material thickness from bulk to monolayer limit, the CBM 
valley blueshifts ŀǘ ɽ ŀƴŘ ±.a redshifts ŀǘ ɱΣ ŀƴŘ ŜǾŜƴǘǳŀƭƭȅ ŎƻƴǾŜǊǘǎ ŦǊƻƳ ƛƴŘƛrect bandgap to direct bandgap 

Figure 17: (A) Scheme of the confocal PL spectroscopy setup. (B and C) Binding energies of the trions in 
monolayer WS2 at different energy densities. The schematic for the energy levels and the model of exciton 

and trion in 2D TMDs. Due to spatial confinement and reduced dielectric screening, an obvious exciton 
energy level occurs below the conduction band minimum. When an additional electron (hole) joins the 

exciton, a trion energy level occurs just below the exciton level.[4, 5] 
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at K(K') point in BZ. In turn, the PL yield is enhanced several hundred fold due TMDs large exciton binding 
energy[323, 340-342]. Broken inversion crystal symmetry with time-reversal symmetry in a single atomic layer 
further leads to exciting optical physics, including strong excitonic coulomb interaction, spin-orbit coupling, 
exciton to charged exciton transformation, selective optical excitation of spin, and valley degrees of freedom. PL 
spectroscopy is a powerful tool to probe all these effects. PL spectroscopy is effectively helping to probe the 
external perturbation effects like exciton or charged exciton energy shift, change in PL line shape, intensity, and 
FWHM, providing rich information to study the 2D materials[101, 102, 104, 180, 343, 344]. 

MoS2 is the primary TMD material employed in this thesis. The external photon-induced A exciton formation 
produces the PL peak for MoS2 at ~ 1.8 eV, and for WS2 at ~2.02eV. PL energy position redshifts with tensile strain 
and FWHM changes progressively with doping or during the conversion of the neutral exciton to the charged 
exciton (trion) and can be explained using the exciton dynamics. PL spectrum of these materials is more sensitive 
to the environment like the change in dielectric screening (affecting the peak position and FWHM)[119, 267, 323, 
345]. 

LabRAM HR (Horiba) and Witec alpha300R are used to perform the PL spectroscopy measurements at 532 nm 
laser excitation and 600 l/mm gratings. The accumulation time varied depending on the particular experiment. 
For the MoS2 case, the excitation energy 500˃ W, 200 ˃ W was used. Results are fitted using the Gaussian function 
to extract the information from the PL spectrum  

4.2. Atomic force microscopy (AFM) 

AFM involves scanning sharp probes across a sample surface while capturing the surface properties. AFM probe 
is a sharp tip with nominal tip radii of several nm, thus providing a high-resolution topographical image due to 
piezoelectric actuation used to precisely drive the tip across the sample. The feedback system helps to achieve 
such high resolution. During the topographic imaging, the tip-surface interaction bends the AFM cantilever with 
the tip and changes the signals like deflection, amplitude, frequency, or phase; details of which are fed into the 

Figure 18: (a) Schematic force curve illustrating how the nanomechanical parameters 
are extracted. Inset shows the height data from a semi supported graphene 

membrane. (b)ς(e) Peak Force images of same membrane showing variety of Peak 
Force channels: (b) error, (c) deformation, (d) adhesion, and (e) dissipation.[11] 
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feedback system. Thus, it provides further information about the probed surface.  The AFM analysis scheme is 
shown in Figure 18. Beyond the topography, AFM can map out quantitative nanomechanical (QNM) information 
based on the contact mechanism, including contact, tapping, peak force (PF), and interleave modes. PF-QNM 
(Bruker) offers to probe the mechanical properties on the samples extracted from the real-time force curves. 
The resulting channels of error, deformation, adhesion, and dissipation provide the QNM information of the 
probed sample surfaces[11]. 

AFM images in this thesis were obtained using the Dimension Icon (Bruker) microscope operating in Peak Force 
tapping mode using the Scanasyst Air probes (stiffness 0.2-0.8N/m, frequency ~80kHz). The contact potential 
difference was measured at ambient atmosphere (Dimension Icon) used in Kelvin Force configuration. Bruker 
PFQNE-AL probes (silicon pyramidal tip on a silicon nitride cantilever) with a resonant frequency of ~300 kHz 
were used[141, 346].  
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5. Results 

5.1. Heterostructures of 2D vdW materials 

5.1.1 {ǳǎǇŜƴŘŜŘ aƻ{іκ²{і heterostructure on SiN TEM grid ς sample A 

Dry transfer technique has been widely employed in numerous research studies. Nevertheless, the questions 
remain regarding its capability to form ideal heterostructures through layer-by-layer transfer, its cleanliness, 
freestanding and its suitability for (S)TEM sample preparation [310, 347-350]. These issues are partially 
addressed in this work. Here, the direct targeted dry transfer method (Scheme A) is compared with a slightly 
ƳƻŘƛŦƛŜŘ ŘǊȅ ǘǊŀƴǎŦŜǊ ǘŜŎƘƴƛǉǳŜ ό{ŎƘŜƳŜ .Σύ ǘƻ ŦƻǊƳ aƻ{іκ²{і ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ƻƴ ŀ gold coated (~50-70 nm) SiN 
TEM grid. Sample A was prepared using the layer-by-layer scheme A (Figure 10d) technique, while Sample B was 
prepared using the Scheme B (Figure 10e) method, where improved cleanliness and stronger interlayer stacking 
(coupling) are anticipated compared to the direct targeted dry transfer technique. To enhance the reader's 
experience and provide clearer, concise insights into the results, only the most important figures have been 
included. 
 

Heterobilayers formed using Scheme A are shown in Figure 19Φ ¢ƘŜ ²{іκaƻ{і ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ŎƻǾŜǊŜŘ ǎŜǾŜǊŀƭ 
SiN membrane spots. A few of these spots, labeled alphabetically from A to G (Figure 19c), were selected for 
HRTEM analysis. Raman spectroscopy and photoluminescence (PL) were recorded for the entire sample. Figures 
19d and 19Ŝ ŘƛǎǇƭŀȅ ǘƘŜ ǎǇŀǘƛŀƭ wŀƳŀƴ ƳŀǇ ƻŦ ²{і ŦŜŀǘǳǊŜǎΣ ǿƘƛƭŜ CƛƎǳǊŜǎ м9f and 19g show the Raman map of 
aƻ{іΦ wŀƳŀƴ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ǿƛǘƘ ŀ нлл ҡ² ƭŀǎŜǊ power, using an 1800 lines/mm grating. PL 
measurements were conducted with a reduced laser power of 60 µW (to avoid detector saturation and limit 
photon-doped trion signals in the PL spectrum), using a 600 g/mm grating. 
 

Figure 19: wŜǎǳƭǘǎ ƻŦ ²{іκaƻ{і ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ƻƴ a SiN grid: (a, b) Bright-ŦƛŜƭŘ ƛƳŀƎŜǎ ƻŦ ƳƻƴƻƭŀȅŜǊ aƻ{і όм[ύ 
ŀƴŘ ²{і όм[ύΤ όŎύ hǇǘƛŎŀƭ ƛƳŀƎŜ ƻŦ ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ƻƴ ǇŜǊŦƻǊŀǘŜŘ ƎǊƛŘ ǿƛǘƘ wŀƳŀƴ ǊŜƎƛƻƴǎ !ςG; (d, e) Raman maps 
ƻŦ ²{і όн[!Ҍ92g Ϥорр ŎƳѐц ŀƴŘ !1g Ϥпму ŎƳѐцύΤ όŦΣ Ǝύ wŀƳŀƴ ƳŀǇǎ ƻŦ aƻ{і ό92g ~385 ŎƳѐц ŀƴŘ !1g Ϥплр ŎƳѐцύΦ 
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For a straightforward analogy, all PL spectra were treated with a maximum of three peaks[58, 351]. From the 
ŦƛǘǘŜŘ t[ ǇŜŀƪǎΣ ǘƘŜ ŦƛǊǎǘ ǇŜŀƪ ǿŀǎ ŀǎǎƛƎƴŜŘ ǘƻ ŀƴ ŜȄŎƛǘƻƴ ŦǊƻƳ aƻ{і όмΦф Ŝ±Σ ŘƛǊŜŎǘ ōŀƴŘύΣ ǘƘŜ ǎŜŎƻƴŘ ǇŜŀƪ ǘƻ ŀƴ 
ƛƴǘŜǊƭŀȅŜǊ ŜȄŎƛǘƻƴ όƛƴŘƛǊŜŎǘ ōŀƴŘύΣ ŀƴŘ ǘƘŜ ǘƘƛǊŘ ǘƻ ŀ ²{і ŜȄŎƛǘƻƴ όнΦлм Ŝ±Σ ŘƛǊŜŎǘ ōŀƴŘύ[352, 353]. Shifts in band 
position, width, and area correspond directly to interlayer coupling and doping effects[354]. 
{Ǉƻǘ ! Ŏƻƴǎƛǎǘǎ ƻŦ ƻƴƭȅ ƳƻƴƻƭŀȅŜǊ ²{іΣ ǿƘƛŎƘ Ƙŀǎ ŀ ŘƛǊŜŎǘ ōŀƴŘƎŀp at 2.01 eV. The single peak, however, did not 
adequately fit the PL spectrum. To improve the fit, two peaks were used. This two-peak fit suggests that a trion 
is dominating, likely influenced by either the laser power or contamination from polymer residues (oligomers 
from the tape or PDMS)[355]. The same was confirmed by the Raman spectrum. 
 

 
{Ǉƻǘ / Ŏƻƴǎƛǎǘǎ ƻŦ ŀ ƳƻƴƻƭŀȅŜǊ ƻŦ aƻ{іΦ Figure 20b shows the HRTEM image of Spot C. From this image, it is clear 
ǘƘŀǘ ǘƘŜ ǘǊŀƴǎŦŜǊǊŜŘ ƳƻƴƻƭŀȅŜǊ aƻ{і Ŏƻƴǘŀƛƴǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ол-40% polymer contamination on the facet. The 
fitted PL in Figure 20Ƙ ŦǳǊǘƘŜǊ ŎƻƴŦƛǊƳǎ ǘƘŀǘ {Ǉƻǘ / Ŏƻƴǘŀƛƴǎ ƻƴƭȅ aƻ{іΦ ¢ƘŜ ŦƛǊǎǘ ǇŜŀƪ ƛƴ Figure 20h is attributed 
to a trion at 1.86 eV, while the second peak corresponds to the A exciton at 1.88 eV. The corresponding Raman 
spectrum two prominent peaks, E2g and A1gΣ ǿƛǘƘ ŀ ǇŜŀƪ ǎŜǇŀǊŀǘƛƻƴ ƻŦ мфΦр ŎƳѐцΣ ǿƘƛŎƘ ƛǎ ǎƭƛƎƘǘƭȅ ƘƛƎƘŜǊ ǘƘŀƴ ǘƘŜ 
ŜȄǇŜŎǘŜŘ ǾŀƭǳŜ ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ муΦр ŎƳѐц[339]. 
 
Spot B consists of a half-ƳƻƴƻƭŀȅŜǊ ƻŦ ²{і ŀƴŘ ŀ ƘŀƭŦ ƘŜǘŜǊƻōƛƭŀȅŜǊǎΣ ŀǎ ǎŜŜƴ ƛƴ Figure 21a. Figure 21e not show 
ŀƴȅ ƳƻƛǊŞ ǇŀǘǘŜǊƴ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ²{іΦ Figure 21b display the moiré pattern partially not well defined along 
with significant residues. Despite the substantial residue, the moiré pattern is still visible, raising concerns 
about whether the visible contamination originates from the heterobilayers or from the bottom layer MoS2. 
The FFT from Figure 21c confirms the presents of a heterobilayers with an averaged twist angle of 10.4°. The 
twist angle was calculated from both the FFT and the selected area electron diffraction (SAED) pattern in a 
subsequent result, the straight forward approach outlined in elsewhere [335].  

 
 
 

Figure 20: ¢9aΣ Iw¢9aΣ ŘƛŦŦǊŀŎǘƛƻƴΣ ŀƴŘ t[ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ²{іκaƻ{і ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ƻƴ ŀ ǇŜǊŦƻǊŀǘŜŘ {ƛb 
grid at spots A and C from Figure 1c: (a, e) TEM images of spots A and C, respectively; (b, f) HRTEM images 
within (a) and (e); (c) SAED (diffraction) from (b); (g) FFT from (f); (d, h) PL spectra from spots A (d) and C (h), 
with Gaussian fits for two emission peaks, trion and exciton . 
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The fitted PL spectrum in Figure 21d confirms the presence of the heterobilayers. However, the interlayer 
coupling appears to be compromised, possibly due to the sandwiched residue, an air gap, or buckling of the 
heterobilayers, which is visible in the TEM (Figure 21b). This conclusion is supported by the peak positions of 
the individual components in the fitted spectrum, where ǘƘŜ ²{і ŀƴŘ aƻ{і ǇŜŀƪǎ Řƻ ƴƻǘ ǎƘƻǿ ǘƘŜ ŜȄǇŜŎǘŜŘ 
shifts associated with heterobilayers formation. Therefore, the second peak in the fitted spectrum is likely a 
response to trions. Figure 21ƎΣ ǎƘƻǿǎ ǘƘŜ t[ ŦǊƻƳ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ ²{і ƭŀȅŜǊΦ IƻǿŜǾŜǊΣ ǘƘŜ ǇŜŀƪ ŀǊea and the 
ŀŘŘƛǘƛƻƴŀƭ ŦƛǘǘŜŘ ǇŜŀƪ όǇŜŀƪ мύ ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜ t[ ƛǎ ŀ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ǎƛƎƴŀƭǎ ŦǊƻƳ ōƻǘƘ ²{і ŀƴŘ aƻ{і όǎƛƎƴŀƭ 
crossover due to the spatial resolution of PL map). 

 
{Ǉƻǘ 5 Ŏƻƴǎƛǎǘǎ ƻŦ ŀ ǘǊŀƴǎŦŜǊǊŜŘ ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ƻŦ ²{іκaƻ{іΦ ¢ƘŜ ŀƎƎƭƻƳŜǊŀǘŜŘ ƛƴǘerface dirt pockets consist of 
polymer residues are well visible in Figure 22a and 4b. From the HRTEM image in Figure 22b, the moiré pattern 
is clearly discernible after adjusting the contrast. However, the image shows that a significant portion of the 
transferred layer is covered by contamination, with approximately two third of the surface exhibiting polymer 
dirt. Despite the dirt around cleaner areas, it is evident that no visible polymer is present at the interface of the 
moiré pattern, which is a positive indication for the nanoscale STEM experiments. Additionally, the smearing of 
the moiré pattern suggests that the transferred heterobilayers is not perfectly coupled between each other 
layers of WS2 and MoS2. Figure 22c provides the diffraction pattern. 
 
In Spot G, the dirt pockets with a formation pipeline structure are visible in Figure 22g. Figures 22h and 22i are 
enlarged from Figure 22h are HRTEM image. Figure 22i, showing the moiré pattern with an averaged moire 
lattice periodicity of 1.765 nm. The calculated twist angle is 10.32°, which closely matches the measured twist 
angle of 10.40° from the diffraction pattern in Figure 22e. The twist angle of the heterobilayers was calculated 
using the HRTEM image of moire pattern mentioned elsewhere [356].  
 

Figure 21: ¢9aΣ Iw¢9aΣ CC¢Σ ŀƴŘ t[ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ²{іκaƻ{і ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ŀǘ ǎǇƻǘ . ŦǊƻƳ CƛƎǳǊŜ мŎΥ όŀύ 
TEM image showing heterobilayers (cross) and 1L WS2 (star) marked regions; (b, e) HRTEM images of the cross 
and star regions; (c, f) FFT patterns corresponding to (b) and (e); (d, g) PL spectra with Gaussian fits for the cross 
(d) and star (g) regions. 
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The following expressions used to calculate the twist angle and the moire pattern length, 
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Where as ὥ ƛǎ aƻƛǊŜ ǇŜǊƛƻŘƛŎƛǘȅΣ ὥ ƭŀǘǘƛŎŜ Ŏƻƴǎǘŀƴǘ ƻŦ н5 ǾŘ² ƭŀȅŜǊΣ —  ƛǎ ǘǿƛǎǘ ŀƴƎƭŜΣ ŀƴŘ ‚ is 
lattice mismatch. 

 

Figure 22: ¢9aΣ Iw¢9aΣ {!95 όŘƛŦŦǊŀŎǘƛƻƴύΣ ŀƴŘ t[ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ²{іκaƻ{і ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ŀǘ spots 
D and G from Figure 1c: (a-e) Results from spot D; (a) TEM image, (b) HRTEM, (c, d) SAED (diffraction) 
patterns with twist angle shown in (e); (f) PL spectra from spots D and G; (g-i) Results from spot G; (g) 
TEM, (h) HRTEM, (i) Moiré pattern with a periodicity of 1.75 nm. 
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The PL spectrum in Figure 22ŦΣ ǘƘŜ ƛƴǘŜƴǎƛǘȅ ƻŦ ǘƘŜ ²{і ŜȄŎƛǘƻƴ ǎƘƻǳƭŘ ǉǳŜƴŎƘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŀƴŘ ŜȄƘƛōƛǘ ŀ 
redshift of around 50 meV. However, the PL does not quench much and showing randomness while comparing 
the multiple spectrum recorded from the same spot. Moreover, it is evident from Figure 22f, the interlayer 
coupling in the heterobilayers is not consistence around the whole spot and raises the additional peak 
appearances which increasing the complexity to understand the results more. 
 

5.1.2. {ǳǎǇŜƴŘŜŘ aƻ{іκ²{і heterostructure on SiN TEM grid ς sample B 

 

{ƛƳƛƭŀǊ ǘƻ {ŀƳǇƭŜ !Σ ǘƘŜ ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ƻŦ aƻ{іκ²{і ƛƴ {ŀƳǇƭŜ . ǿŜǊŜ ŦŀōǊƛŎŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ǘŜŎƘƴƛǉǳŜ ƻǳǘƭƛƴŜŘ 
in Scheme B (Figure 10e). Figure 23c shows the fabricated Sample B, with alphabetically marked spots selected 
ŦƻǊ ŀƴŀƭȅǎƛǎΦ {Ǉŀǘƛŀƭ ƳŀǇǇƛƴƎ ƻŦ ǘƘŜ wŀƳŀƴ ǎǇŜŎǘǊǳƳ ŦƻǊ ǘƘŜ н[!Ҍ9іƎ ƳƻŘŜ όFigure 23d) and A1g mode (Figure 
23Ŧύ ƻŦ ²{іΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ 92g mode (Figure 23e) and A1g mode (Figure 23Ǝύ ƻŦ aƻ{іΣ ŎƭŜŀǊƭȅ ǊŜǾŜŀƭǎ ǘƘŜ 
characteristic signatures of the individual layers on the substrate and off the substrate (at the spots). The overall 
PL mapping (Figure 23h) of the heterobilayers highlights significant intensity variations, especially around the 
spots and substrate, similar to multiple pockets. 
 

 
Results from Spot C in Sample B are shown in Figure 24. The TEM image of Spot C (Figure 24a) displays a 
torn/ruptured region, which resulted from the bursting of a dirt pocket bubble under pressure in the TEM 

Figure 23: hǇǘƛŎŀƭΣ wŀƳŀƴΣ ŀƴŘ t[ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ²{іκaƻ{і ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ƻƴ ŀ ǇŜǊŦƻǊŀǘŜŘ {ƛb 
grid: (a, b) Bright-ŦƛŜƭŘ ƛƳŀƎŜǎ ƻŦ ƳƻƴƻƭŀȅŜǊ aƻ{і όм[ύ ŀƴŘ ²{і όм[ύΤ όŎύ hǇǘƛŎŀƭ ƛƳŀƎŜ ƻŦ ƘŜǘŜǊƻōƛƭŀȅŜǊǎ 
with labeled regions Aς5 ŦƻǊ wŀƳŀƴ ŀƴŘ t[ ŀƴŀƭȅǎƛǎΤ όŘΣ Ŧύ wŀƳŀƴ ƳŀǇǎ ƻŦ ²{і ǎƘƻǿƛƴƎ н[!Ҍ92g (~355 
ŎƳѐцύ ŀƴŘ !1g όϤпму ŎƳѐцύ ƳƻŘŜǎΤ όŜΣ Ǝύ wŀƳŀƴ ƳŀǇǎ ƻŦ aƻ{і ǎƘƻǿƛƴƎ 92g όϤоур ŎƳѐцύ ŀƴŘ !1g όϤплр ŎƳѐцύ 
ƳƻŘŜǎΤ όƘύ t[ ƛƴǘŜƴǎƛǘȅ ƳŀǇ ƻŦ ²{іκaƻ{і ƘŜǘŜǊƻōƛƭŀȅŜǊs. 



33 

 

chamber during imaging. The HRTEM image of the region of interest (ROI) in Spot C is presented in Figure 24b, 
and the enlarged area in Figure 24c provides clear evidence of the moiré lattice pattern with enhanced contrast. 
A second ROI from Spot C, shown in Figure 24e, along with its enlarged view in Figure 24f, also displays a moiré 
pattern. The averaged moiré periodicity was calculated to be 0.68 nm, with a corresponding twist angle of 26.93°. 
The averaged twist angle calculated from the FFTs (Figures 24d and 24g) is 25.9 °. The PL spectrum (Figure 24h) 
ŦǊƻƳ {Ǉƻǘ / ǎƘƻǿǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǊŜŘǎƘƛŦǘ ƛƴ ²{і ŀƴŘ ŀ ōƭǳŜǎƘƛŦǘ ƛƴ aƻ{іΣ ŀǘǘǊƛōǳǘŜŘ ǘƻ ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ŦƻǊƳŀǘƛƻƴΣ 
ǘƘƻǳƎƘ ǘƘŜ ǉǳŜƴŎƘƛƴƎ ƻŦ ²{і t[ ƛǎ ƳƛƴƛƳŀƭΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘŜ ŎƻǳǇƭƛƴƎ ƛǎ ƴƻǘ ǇŀǊǘƛŎǳƭŀǊƭȅ ǎǘǊƻƴƎΦ bƻƴŜǘƘŜƭŜǎǎΣ 
compared to other results from Sample B, the PL signatures provide strong indications that Spot C in Sample B 
exhibits good coupling. 
 

 
Results from Spot D in Sample B (Figure 25) show similar findings to those from Spot C (Figure 24). The TEM 
image in Figure 25a reveals well-defined dirt pockets without the pipeline formations observed in Sample A 
(Figure 22g). This indicates that Scheme B facilitates the formation of well-defined dirt pockets, which enhances 
coupling between the layers in the heterobilayers. The PL spectrum (Figure 25e) follows similar trends as 
ƻōǎŜǊǾŜŘ ƛƴ {Ǉƻǘ /Σ ǿƛǘƘ ǎƛƎƴƛŦƛŎŀƴǘ ǉǳŜƴŎƘƛƴƎ ƻŦ ǘƘŜ ²{і t[ ŀƴŘ ǊŜŘ ǎƘƛŦǘƛƴƎΣ ŎƻƴŦirming heterobilayers coupling. 
Similarly, slight blueshift in MoS2Figure 25f presents the PL spectra collected from all spots marked in Figure 23c. 
¢ƘŜ ǉǳŜƴŎƘƛƴƎ ƻŦ ²{і t[ ŀƴŘ ƛǘǎ ǊŜŘǎƘƛŦǘ ŦǳǊǘƘŜǊ ǎǳǇǇƻǊǘ ǘƘŜ ŎƻƴŎƭǳǎƛƻƴ ǘƘŀǘ ǘƘŜ ǎǇŜŎǘǊŀ ǊŜǎǳƭǘ ŦǊƻƳ 
heterobilayers coupling[352, 357, 358]. However, variations in coupling strength are present, though these 
variations are less pronounced than those observed in Sample A, where the PL spectrum characteristics exhibited 
more variability. 
 
 
 
 
 

Figure 24: T9aΣ Iw¢9aΣ CC¢Σ ŀƴŘ t[ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ²{іκaƻ{і ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ŀǘ ǎǇƻǘ / ŦǊƻƳ CƛƎǳǊŜ 
5c: (a) TEM image with two distinct areas; (b-d) HRTEM and FFT from the first spot in (a), showing atomic 
arrangement and corresponding diffraction pattern; (e-g) HRTEM and FFT from a second spot in (a); (h) 
PL spectrum with Gaussian fits for emission peaks 
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The comparative analysis between the two fabrication techniques, Scheme A (direct transfer) and Scheme B 
(modified transfer), highlights the superior effectiveness of Scheme B in preparing suspended heterobilayers on 
a SiN grid. The modified transfer method (Scheme B) demonstrated better interlayer coupling between 2D 
materials, as evidenced by improved twist angles and moiré lattice patterns in the resulting heterobilayers. Both 
samples exhibited variations in twist angles and moiré lattice constants, but Scheme B yielded a better cleaner 
interface (comparatively) and better facet quality of the heterobilayers, leading to stronger coupling evidenced 
from PL spectrums. This suggests that Scheme B is a more effective approach for fabricating heterobilayers with 
enhanced interlayer interactions compared to the direct transfer method (Scheme A) in fabricating such a 
suspended heterobilayers. 
 

 
 
 

Figure 25: T9aΣ Iw¢9aΣ CC¢Σ ŀƴŘ t[ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ²{іκaƻ{і ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ŀǘ ǎǇƻǘ 5 ŦǊom 
Figure 5c: (a) TEM image; (b-e) HRTEM and FFT from the same spot, with (d) showing the enlarged 
region from the box in (b); (f) PL spectra from all marked holes (A, B, C, D1, D2) in Figure 5c. 
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5.1.3. Suspended graphene/MoS2 heterostructure on SiN grid 

 
CǳǊǘƘŜǊƳƻǊŜΣ ǘƘƛǎ ǎǘǳŘȅ ǿŀǎ ŜȄǘŜƴŘŜŘ ǘƻ ŦŀōǊƛŎŀǘŜ ƻǘƘŜǊ ƘŜǘŜǊƻōƛƭŀȅŜǊǎΣ ǎǇŜŎƛŦƛŎŀƭƭȅ aƻ{іκƎǊŀǇƘŜƴŜΣ ǿƛǘƘƻǳǘ 
ǳǎƛƴƎ ¢9a ƳŜŀǎǳǊŜƳŜƴǘǎΦ Lƴ ǘƘƛǎ ƛƴǾŜǎǘƛƎŀǘƛƻƴΣ ǘƘŜ ǇƘƻǘƻƭǳƳƛƴŜǎŎŜƴŎŜ ǊŜǎǇƻƴǎŜ ƻŦ ƳƻƴƻƭŀȅŜǊ aƻ{і ŀƴŘ 
aƻ{іκƎǊŀǇƘŜƴŜ ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ƻƴ ŀ ƎƻƭŘ-coated SiN grid was analyzed (Figure 26). Both supported and 
suspended regions were compared to assess the impact of substrate interactions on excitonic properties. 
 

 
The trion emission energy level (Figure 26Řύ ǊŜƳŀƛƴŜŘ ǳƴŎƘŀƴƎŜŘ ōŜǘǿŜŜƴ ǘƘŜ ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ŀƴŘ ǘƘŜ aƻ{і 
monolayer. However, the trion peak intensity almost vanished in the heterobilayers without showing a shift in 
its energy level. In other words, there is almost no trion peak component in the heterobilayers region due to the 
charge transfer of the charged exciton to graphene through non-radiative decay [359]. In contrast, the exciton 
emission was redshifted in the heterobilayers (Figure 26e) coƳǇŀǊŜŘ ǘƻ aƻ{і ŀƭƻƴŜΦ ¢Ƙƛǎ ǊŜŘǎƘƛŦǘ Ŏŀƴ ōŜ 
attributed to interlayer coupling in the heterobilayers and stronger exciton-phonon coupling, leading to 
increased energy transfer to phonons[344, 360]. The phonon movement is restricted by additional scattering 
from the substrate compared to the suspended region. Therefore, the thermalization effect is more pronounced 
in the suspended region, which further reduces the exciton energy level in the suspended heterobilayers 
compared to the supported ones. Exciton quenching was more prominent in the heterobilayers' supported 
region (Figure 26f), suggesting enhanced non-radiative recombination due to charge transfer to graphene. The 
exciton linewidth was narrower in the heterobilayers (Figure 26g), likely due to faster phonon transfer to the 
graphene layer[361, 362]. These findings reveal how substrate interactions and interlayer coupling in 
ƘŜǘŜǊƻǎǘǊǳŎǘǳǊŜǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŀƭǘŜǊ ǘƘŜ ŜȄŎƛǘƻƴƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ aƻ{іκƎǊŀǇƘŜƴŜΦ 
 

Figure 26: OǇǘƛŎŀƭΣ wŀƳŀƴΣ ŀƴŘ t[ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ aƻ{іκƎǊŀǇƘŜƴŜ heterobilayers: (a) Optical bright-
ŦƛŜƭŘ ƛƳŀƎŜ ƻŦ ǘƘŜ ƘŜǘŜǊƻōƛƭŀȅŜǊǎΤ όōύ wŀƳŀƴ ƳŀǇ ǎƘƻǿƛƴƎ ǘƘŜ D ǇŜŀƪ όϤмрус ŎƳѐцύ ƻŦ ƎǊŀǇƘŜƴŜΤ όŎύ 
tƘƻǘƻƭǳƳƛƴŜǎŎŜƴŎŜ όt[ύ ƳŀǇ ƻŦ aƻ{і όϤмΦур Ŝ±ύΤ όŘ-g) Spatial maps from peak fitting: (d) Trion peak 
(~1.85eV) shift, (e) Exciton peak (~1.89) shift, (f) Exciton area, (g) Exciton width. 
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In the second sample of the same heterobilayers, notable changes in PL and Raman spectra were observed across 
supported and suspended regions. The trion peak nearly disappears in the heterobilayers region (Figure 27d), 
ǎǳƎƎŜǎǘƛƴƎ ǎǘǊƻƴƎ ƛƴǘŜǊƭŀȅŜǊ ŎƻǳǇƭƛƴƎ ŀƴŘ ŎƘŀǊƎŜ ǘǊŀƴǎŦŜǊ ŦǊƻƳ aƻ{і ǘƻ ƎǊŀǇƘŜƴŜΣ ǿƘƛŎƘ ǉǳŜƴŎƘŜǎ ǘƘŜ ǘǊƛƻƴ 
signal. In contrast, the exciton linewidth (Figure 27e) is slightly increased in the heterobilayers, which contrasts 
with the previously observed result; this may be due to strain built up during fabrication. However, the linewidth 
ŘŜŎǊŜŀǎŜǎ ƛƴ ǘƘŜ ǎǳǎǇŜƴŘŜŘ ǊŜƎƛƻƴ ƻŦ ǘƘŜ ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ŎƻƳǇŀǊŜŘ ǘƻ aƻ{і ŀƭƻƴŜΣ ǿƘƛŎƘ ƛǎ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ 
previous results. 
 

 
In Raman spectra, the E2g mode shows negligible shift (Figure 27f) between supported and suspended 
ƘŜǘŜǊƻōƛƭŀȅŜǊǎ ǊŜƎƛƻƴǎΣ ōǳǘ ǘƘŜ ǎǳǎǇŜƴŘŜŘ aƻ{і-only region exhibits a redshift, indicating lattice relaxation due 
to the absence of substrate interactions. The A1g mode is blue shifted (Figure 27g) in the heterobilayers region 
ǊŜƭŀǘƛǾŜ ǘƻ aƻ{і-only regions, reflecting the stiffening of out-of-plane vibrations due to graphene coupling. The 
ǎǳǎǇŜƴŘŜŘ aƻ{і ǊŜƎƛƻƴ ŀƭǎƻ ǎƘƻǿǎ ŀƴ ŀŘŘƛǘƛƻƴŀƭ ōƭǳŜǎƘƛŦǘ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǎǳǇǇƻǊǘŜŘ aƻ{і ǊŜƎƛƻƴΣ ƭƛƪŜƭȅ ŘǳŜ ǘƻ 
substrate-induced effects. These results highlight the significant influence of both interlayer coupling and 
ǎǳōǎǘǊŀǘŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ƻƴ ǘƘŜ ŜƭŜŎǘǊƻƴƛŎ ŀƴŘ ǾƛōǊŀǘƛƻƴŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ aƻ{іκƎǊŀǇƘŜƴŜ ƘŜǘŜǊƻōƛƭŀȅŜǊǎΣ ŀǎ ǊŜŦƭŜŎǘŜŘ 
in the trion, exciton, and Raman mode shifts. 
 

5.1.4. Suspended hBN/MoS2/hBN heterostructure on SiN grid 

¢ƘŜ ǎǘǳŘȅ ǿŀǎ ŎƻƴǘƛƴǳŜŘ ōȅ ŦŀōǊƛŎŀǘƛƴƎ Ƙ.bκaƻ{іκƘ.b ƘŜǘŜǊƻǎǘǊǳŎǘǳǊŜǎ ǿƘŜǊŜ ǘƘŜ ŘƛŜƭŜŎǘǊƛŎ Ƙ.b ŀŎǘǎ ŀǎ ŀ 
cavity. Figure 28a and 28b provide the optical image and PL map of sample 1, and Figure 28c and 28d provide 
the optical image and PL map of sample 2 fabricated within the context of heterostructure-based cavities. 

Figure 27: hǇǘƛŎŀƭΣ wŀƳŀƴΣ ŀƴŘ t[ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ŀ aƻ{іκƎǊŀǇƘŜƴŜ ƘŜǘŜǊƻōƛƭŀȅŜǊǎΥ όŀύ hǇǘƛŎŀƭ ōǊƛƎƘǘ-
ŦƛŜƭŘ ƛƳŀƎŜ ƻŦ ǘƘŜ ƘŜǘŜǊƻōƛƭŀȅŜǊǎΤ όōύ wŀƳŀƴ ƳŀǇ ǎƘƻǿƛƴƎ ǘƘŜ D ǇŜŀƪ όϤмрус ŎƳѐцύ ƻŦ ƎǊŀǇƘŜƴŜΤ όŎύ 
Photoluminescence (P[ύ ƳŀǇ ƻŦ aƻ{і όϤмΦур Ŝ±ύΤ όŘ-g) Spatial maps from peak fitting: (d) Trion peak shift, 
(e) Exciton width, (f) Raman peak shift of E2g όϤоур ŎƳѐцύΣ ŀƴŘ όƎύ wŀƳŀƴ ǇŜŀƪ ǎƘƛŦǘ ƻŦ !1g όϤплр ŎƳѐцύΦ 
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In the results from sample 1, the observed increase in exciton intensity in ROI2 (Figure 29a) can be attributed to 
ǘƘŜ Ŧǳƭƭ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ƻŦ aƻ{і ōŜǘǿŜŜƴ the hBN layers, which provides a dielectric optical cavity in which cavity 
ǇƘƻǘƻƴǎ ŎƻǳǇƭŜ ǿƛǘƘ ǘƘŜ t[ ŜƳƛǎǎƛƻƴ ƻŦ aƻ{і ŀƴŘ ƳƛƴƛƳƛȊŜ ƴƻƴ-radiative recombination pathways. This 
configuration enhances exciton confinement, leading to stronger excitonic emissioƴ ŎƻƳǇŀǊŜŘ ǘƻ whLм όaƻ{і ƻƴ 
Ƙ.bύ ŀƴŘ whLо όaƻ{і ƻƴ ǘƘŜ ƎƻƭŘ ǎǳōǎǘǊŀǘŜΣ ŎƻǾŜǊŜŘ ōȅ Ƙ.bύΦ ¢ƘŜ ŘŜŎǊŜŀǎŜŘ ŜȄŎƛǘƻƴ ƭƛƴŜǿƛŘǘƘ ƛƴ whLн όFigure 
29b), nearly halved compared to ROI1 and ROI3, indicates enhanced exciton stability and reduced phonon 
scattering in the encapsulated structure, providing a better Q factor[363-365]. 
 
Lƴ whLоΣ ǿƘŜǊŜ aƻ{і ƛǎ ƛƴ ŘƛǊŜŎǘ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ƎƻƭŘ ǎǳōǎǘǊŀǘŜ ōǳǘ ŎƻǾŜǊŜŘ ōȅ Ƙ.bΣ ǘƘŜ ŜȄŎƛǘƻƴ ƭƛƴŜǿƛŘǘƘ ŀƭǎƻ 
decreases compared to ROI1, likely due to the partial protection provided by the top hBN layer forming a 
dielectric-metallic combined cavity. However, the decrease in linewidth is less pronounced than in ROI2, 
suggesting that direct contact with the gold substrate introduces additional non-radiative recombination 
channels. 
 
The trion peak blueshift (Figure 29c) is observed in ROI2 within the fully encapsulated region. This observation 
needs more studies to understand it further in terms of trion-polariton formations and their dynamics in cavity 
modes. The increased trion linewidth (Figure 29d) in ROI2 may result from enhanced scattering due to 
interactions with the encapsulating hBN layers[366]. 
 
The Raman results further supports these observations. The blueshift in the A1g mode (Figure 29e) in ROI2 
compared to ROI1 and ROI3 suggests that the full encapsulation induces a stiffening of out-of-plane vibrations 
ƛƴ aƻ{іΦ ¢Ƙƛǎ ŎƻǳƭŘ ōŜ ŘǳŜ ǘƻ ǊŜŘǳŎŜŘ ǎubstrate-induced strain and the enhanced structural integrity provided 
by the hBN layers. In ROI3, the A1g mode also shows a slight blueshift compared to ROI1, likely due to partial 
strain relaxation afforded by the top hBN layer. However, this effect is less pronounced than in ROI2, where the 
full encapsulation provides more uniform strain reduction and phonon hardening. 
 

Figure 28: wŜǎǳƭǘǎ ŦǊƻƳ Ƙ.bκaƻ{іκƘ.b ǎŀƳǇƭŜǎΦ όŀΣ Ŏύ hǇǘƛŎŀƭ ōǊƛƎƘǘ-field images of Sample 1 and Sample 
2, respectively. (b, d) Photoluminescence (PL) spectral spatial maps of Sample 1 and Sample 2, respectively. 
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The decreased linewidth of the A1g peak (Figure 29f) in ROI2 indicates reduced phonon scattering, consistent 
with exciton stability in the encapsulated region. In contrast, the increased linewidth in ROI3 compared to ROI1 
and ROI2 suggests that interactions with the gold substrate contribute to increased scattering, likely through 
plasmonic interactions[367]. These findings raise additional questions, such as the critical role of cavity formation 
by hBN and substrate effects in modifying the optical properties of 2D materials. 
 

For the power-ŘŜǇŜƴŘŜƴǘ t[ ƳŜŀǎǳǊŜƳŜƴǘǎΣ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ сл ˃² ŀƴŘ м ˃² ƭŀǎŜǊ ƛƭƭǳƳƛƴŀǘƛƻƴΣ ŘƛŦŦŜǊŜƴǘ 
trends were observed. At high excitation ǇƻǿŜǊ όсл ˃²Σ Figure 29ƎύΣ ǘƘŜ Ŧǳƭƭȅ ŜƴŎŀǇǎǳƭŀǘŜŘ Ƙ.bκaƻ{іκƘ.b 
region (ROI2) exhibits the highest PL intensity, indicating strong cavity mode locking and significant enhancement 
due to plasmonic effects from the underlying gold-coated SiN substrate. The enhanced PL response in ROI2 
suggests efficient exciton confinement within the dielectric cavity formed by hBN, resulting in increased exciton 
recombination efficiency. The presence of surface plasmons in the gold substrate likely amplifies the exciton-
plasmon coupling, further boosting the optical emission in this region. This effect is less pronounced at lower 
ǇƻǿŜǊ όм ˃²Σ Figure 29ƘύΣ ǿƘŜǊŜ whLмΣ ǘƘŜ ǊŜƎƛƻƴ ǿƛǘƘ aƻ{і ƛƴ ŘƛǊŜŎǘ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ǎǳōǎǘǊŀǘŜΣ ŘƛǎǇƭŀȅǎ ǘƘŜ 
highest PL intensity. In this case, plasmonic interactions with the substrate dominate, leading to greater exciton 
ǊŜŎƻƳōƛƴŀǘƛƻƴ ŜŦŦƛŎƛŜƴŎȅ ŀǘ ƭƻǿ ǇƻǿŜǊ ŘǳŜ ǘƻ ǘƘŜ ŘƛǊŜŎǘ ŎƻƴǘŀŎǘ ōŜǘǿŜŜƴ aƻ{іΦ This raises additional questions 
and route to new study about the polariton formations within cavity, its interaction with excitons, and their 
dynamics in hBN/MoS2/hBN heterostructures[363].  
  

Figure 29: wŜǎǳƭǘǎ ŦǊƻƳ Ƙ.bκaƻ{іκƘ.b ƘŜǘŜǊƻǎǘǊǳŎǘǳǊŜΦ {Ǉŀǘƛŀƭ ƳŀǇǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ǇŜŀƪ ŦƛǘǘƛƴƎΥ όŀύ 
Exciton area, (b) Exciton width, (c) Trion shift, and (d) Trion width, on photoluminescence (PL) 
measurements. (e, f) Raman maps showing the A1g peak shift and A1g peak width, respectively. (g, h) PL 
spatial maps of the heterostructure, with (g) obtained at 60 µW pump power and (h) at 1 µW, 
highlighting nonlinearity indicative of cavity formation. 
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5.2. Graphene thickness detection using Raman vibrational modes 

 

The bright-field microscopy image and contour Raman map illustrate the G peak (~1587 cm-1) of the CVD 
graphene transferred onto a partition substrate (PS). The CVD graphene forms a stacked structure on the 
substrate, exhibiting significant difficulty in differentiation across two distinct oxide thicknesses (Figure 30). 

 

In the initial transfer, the CVD graphene covered the entire PS. In contrast, only half of the PS was intentionally 
covered during the second transfer, ensuring a minimum stack requirement of one to three graphene layers. 
Besides, the corrugated edges of the graphene from the second transfer were partially covered with 
nitrocellulose residue despite having no impact on the experimental outcomes. A manually selected regions of 
the transferred samples were employed for Raman mapping. The recorded Raman spectral maps underwent 
preprocessing involving background removal and peak fitting, focusing on the G peak (~1587 cm-1) and Si peak 
from silica (~521 cm-1) which were all considered for further investigations of the intensity-based rapid ML 
application. Due to multiple phonon components in the 2D band in and more than two-layer graphene, the 2D 
peak (~2680 cm-1) was excluded from the analysis. A total set of twenty-two feature variables was utilized in the 
study, including six engineered features (Ir, Iro, Wr, Wro, Ar, and Aro) derived from the extracted features.  

 

 

The scatter plot in Figure 31 visually demonstrates how the segregation of graphene thickness (layer count) 
classes based on the extracted and engineered features and their pair wise comparison. All variables were 
systematically evaluated for feature selection as an integral aspect of the preprocessing stage. The significance 
of this preprocessing is underscored in Figure 31.  

 

 

 

 

 

Figure 30: (a) Optical microscope bright-field image of transferred CVD graphene on the prepared 
substrates. (b, c) Raman contour maps of the G-ōŀƴŘ ƛƴǘŜƴǎƛǘȅ ƻƴ ƴŀǘƛǾŜ ƻȄƛŘŜ ŀƴŘ млл ƴƳ {ƛhіΣ ǿƛǘƘ 
adjusted CCD cts scale for clarity. 
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The hard voting classifier model was developed by employing eight diverse ML models to mitigate the 
performance biases and limitations of each individual model. Following relation was used to predict the hard 
voting method[368], 
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Figure 31: Pairwise feature distribution and scatter plots of single-layer (SLG), bilayer (BLG), and trilayer 
graphene (TLG) showing the separation of classes based on extracted features. 
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Whereas, ὠ is the voting classifier prediction label for the data set ὼ as an input. Ὦ is the class label.  Ὦ  ɴ{SLG, 
BLG, TLG}. Ὥ is the classifier model in the ensemble. Ὥ ɴ  {RF, SVC, KNN, NUSVC, BAG, NC, XGBC, XGBRF}. ὡ is the 
weight assigned to each classifier model in the ensemble. Here, we used equal weight (ὡ=1) for all models. ὼ 
is a row of feature vectors from the whole data set X in the real space.  
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N is the number of features present in the dataset. ά is the number of rows. ὲ is the number of classifier models 
in the ensemble. Here, n is 8. ὅ is predicted class label by a classifier model Ὥ.  
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In the hard voting confidence level (צ ) is trivial and directly provides the majority voting.. Figures 7a and 2b 

illustrate what the sample looks like apparently. Samples that have been transferred all display a delaminated 
region surrounding the partition region of the PS, as depicted for clarity in Figure 33b and Figure 34c. When 
choosing the extraction region for investigation from Raman spectral mapping, it has been considered to avoid 
strain and other contributions. Figure 33c presents a bright field optical image of the transferred sample on PS 
from mechanically exfoliated graphene, with optical oversaturation from the native oxide surface being 
compensated by the merging of two bright field images with adjusted brightness. In Figure 33d shows the 
enhancement factor (EF), which was by normalizing the Raman peak signals from the 100 nm SiO2 region to 
those from the native oxide. Following relation was used to calculate it,  
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Whereas, I is the intensity of the Raman spectrum.  

 

An increase in the number of graphene layers results in a decrease in the EF in the G peak due to the increase in 
screening effect, subsequently decreasing the Raman scattering intensity due to reduced interference effect. 
Regarding the Si peak, the increase in signal absorption by graphene which also act as mask the Si peak signal, 
thereby affecting its peak intensity. Contour Raman mapping of the Si and G peaks of the graphene sample from 
marked region is shown in Figure 33c, shown in Figures 7e-h. Relatively due to low signal from native oxide 
region, the levels of the CCD contour in Figure 33e ς 1h were each modified separately to enhance visibility, as 
the oversaturated signals from 100 nm silica were obstructing the signals from the native oxide areas. From the 
contour map, it is understandable that three-layer graphene is easily distinguishable. In contrast, single layer and 
two-layer graphene are hard to distinguish in the native oxide region. All prepared samples were visualized using 
confocal laser scanning microscopy and listed in Figure 32. 
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Raman spectra of CVD graphene samples are presented in Figures 8a and 3b, obtained from the 100 nm silica 
and native oxide regions, respectively. From the spectra, it's clear that the G peak intensity of graphene increases 
with the number of layers while the Si peak decreases. However, the decline in the Si peak intensity is higher 
when moving from one to two layers compared to moving from two to three layers. Nevertheless, this decline is 
lower in the native oxide region compared to the 100nm silica. The intensity of the G peak rises as the number 
of graphene layers increases, while the signal strength of single layer graphene diminishes within the native oxide 
region. The observed phenomenon is attributed to the direct interaction between the graphene plane and the 
substrate, leading to decreased electron-phonon coupling caused by unintentional coupling with oxide from the 
substrate, as well as the absence of the Fabry-Perot effect[330]. This is visually depicted in Figure 34c. It is evident 
that the intensity of the Raman peak is of utmost importance when comparing the 100nm silica with native oxide 
(in the absence of the Fabry-Perot effect).  

 

 

Figure 32: Confocal laser scanning microscope images of mechanically cleaved graphene samples on 
prepared substrates used in experiments. 



43 

 

 

 

The engineering characteristic ratio of this peak intensity within the respective regions in PS can be leveraged to 
develop a practical methodology for determining the number of graphene layers present on the native oxide, 
which is the focus of this work. In Figure 34d, the intensity ratio of silica to the G peak (ISi/Igr) for CVD graphene 
is graphed as a function of graphene layer count. The data for a 100 nm silica substrate shows a negative linear 
trend with a slope value of 52.4 with median. Reversing the ratio order yields an equivalent positive slope. 
However, our primary focus is on single layer graphene, which is nearly imperceptible through optical 
microscopy. Arranging the ratios in this manner enhances visualization and comprehension. This ratio has been 
incorporated as an engineered feature in our model training for the prediction of graphene layer count. 

 

The extended error ranges in single layer graphene suggest the variability of graphene layer coupling with the 
substrate. Regarding native oxide, a near-saturation trend can be observed from the plot. Variables from these 
Chemical Vapor Deposition (CVD) graphene were utilized to train a voting ensemble model, enabling the 
prediction of graphene thickness from mechanically exfoliated graphene. Following this prediction, the data 
were presented as a function of the anticipated graphene thickness (see Figure 34e). We deliberately refrained 
from analyzing higher thickness graphene samples. 

Figure 33: (a-b) Schematic of transferred graphene on a fabricated substrate: (a) Top view and (b) Cross-
sectional view. (c) Bright-field optical image showing single layer (1L), bilayer (2L), and trilayer (3L) 
ƎǊŀǇƘŜƴŜ ǊŜƎƛƻƴǎΦ όŘύ 9ƴƘŀƴŎŜƳŜƴǘ ŦŀŎǘƻǊ ƻŦ {ƛ όрнм ŎƳѐцύ ŀƴŘ D όмрут ŎƳѐцύ wŀƳŀƴ ǇŜŀƪǎ ŀǎ ŀ ŦǳƴŎǘƛƻƴ 
ƻŦ ƎǊŀǇƘŜƴŜ ǘƘƛŎƪƴŜǎǎ ƻƴ млл ƴƳ {ƛhіΦ όŜ-h) Spatially resolved Raman maps of Si (e, f) and G (g, h) peaks 
ŦƻǊ млл ƴƳ {ƛhі όŜΣ Ǝύ ŀƴŘ ƴŀǘƛǾŜ ƻȄƛŘŜ όŦΣ Ƙύ ǎǳōǎǘǊŀǘŜǎ. 
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Nevertheless, the final decision regarding graphene thickness was made using the hard voting method employed 
by the trained voting ensemble model. Figure 34e shows that the Isi/Igr trade-off follows a similar trend to the 
CVD graphene results, with a negative slope value of 89, sevety percentage larger than the CVD graphene 
samples. The error could be attributed to misinterpreting the thickness of four or five-layer graphene data from 
the exfoliated graphene as three-layer graphene, owing to limited labels in the training data. The co-occurrence 
of median data of three-layer graphene from both regions of the polydimethylsiloxane (PDMS) substrate is 
observable in Figure 33e. Furthermore, the crystal quality of CVD and exfoliated graphene (flux growth method) 
differs, contributing to disparities in the Raman spectra. Moreover, the uneven adherence of PDMS oligomer 
residue from stamps between the graphene and substrate surface during the graphene transfer may explain the 
significant error bars in the exfoliated one and two-layer graphene samples. Similarly, the presence of this 
remnants caused the atomic force microscopy (AFM) data inadequate in providing information about graphene 
thickness (Figure 35). The stepping landscape found in the PS contributes to the challenge of cleaning residue, 
as the layers crump during the annealing process. 

 

Figure 34 (a-b) Normalized Raman sǇŜŎǘǊŀ ƻŦ ƎǊŀǇƘŜƴŜ ƻƴ млл ƴƳ {ƛhі όŀύ ŀƴŘ ƴŀǘƛǾŜ ƻȄƛŘŜ όōύΣ όŎύ ŎǊƻǎǎ-
sectional illustration showing internal light reflection, (d-e) correlation of Isi/I gr ratio with graphene 
layer count for CVD (d) and exfoliated (e) graphene, where exfoliated thickness was predicted by the 
voting classifier model. 
































































































