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1 A GNY Of

Tuningthe material properties leads to new findings in fundamental science and pghgesayto makng the
materialsreadyfor applicationsGraphene and othezmerging2D material classes offavariety ofnewphysical

and chemical properties. Further tuning properties of these materials will improve the intrinsic properties and
also help to elucidate the newhysicechemicalphenomera. Many methods exist to tae the 2D materials
properties strain engineeringoelongs to the most promisingnesdue to 2D mateals unique mechanical
propertiesand ther sensitive nature t@venthe smalést perturbations.Therefore the focusof this thesisson
adoptingthe strain engineering technigsdo tune the properties of the 2D materialBurthermore, his thesis
triesto address the development of the 2D material sample preparation tiechs, related applicatia) and

the effect of biaxial strairio tailor their electronic structures phonon scatteringexdtation dynamics such as
exdton funneling and othes;
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1. Introduction

Feynman's famous words"There is plenty of room at the bottorhis the heartbeat of nargciene and its
technology.He already predicted half-century ago that layered materials are the fut{té]. Contiruous
shrinkage of devicaizerequiresimproved performancewhich is assured by the nanoscience and related
technologyl15].The discovery ofsingle atomic layer graphene derived from the graphite by Andre Geim and
Kostya Novoselovn 2004 boostedthe nanoworld to the revolutionary future, especidly in thinfilm
technology16]. Graphene discovery has opened a new platforn2ldimaterials owing to intrinsically exciting
properties, ranging from metal to insulatoaddressing several problems to give a great solution in many fields
of science and technolofy7-20]. These2D materials stackedvith vander Waal forcesallow researchers to
separate them taattain down to the monolayer limit easilyan der Waal's (vdW) layeredmaterials graphene

and beyond are significant nanotechnology advancementccountingfor various science and advanced
technology fieldR20-22]. For instance, graphene exhibits a zero effective mass Dirac particledeéhat offers

high carrier mobility at room temperaturanaking it one of the unique materials fmstory{23]. Graphene's
extreme electrical, thermal and mechanical properties encourage researchers to work on graphene
continuously24-27]. Althoughgraphene owns Bormous achievements, scientific studies, and applicatidss
metallic feature limits its electrical switching applicasfi#8, 29] Approaches like modifying its structure, gating,
chemical doping, and strain have been suggesteapen the band gap in graphej38-35].

Nevertheless, graphenessmnallband gap opening and degrading carrier mobility by these methods drive the
scientific community towards the othexdW 2D material§36-39]. Continwuslychangingintrinsic propertesas

a function of thicknesdown to themonolayer limitin graphene and othe2Dmaterialsattractarange of ctting-

edge technologies, which open numerous opportunitiematerial science and electronic industf#®45]. The
growing 2D materials libraryencompassesnany unique vdW 2D materials every yeg6, 47] Currently the
library consistsof at least 150 differen2D vdW material familie§48-50]. 2D materials are classified based on
their structural phase, electrical, optical, magnetic propertidsrge density waveuperconductivityand more.
Mechanical properties of othe2D materials areslightly worsethan of graphene, and VdW interaction risore
robustthanin grapheng51]. These2D 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 grdpBeB2]

The assortmen of vdW materials offersa range of physical propertieslike semiconductors, insulators,
topological variants, magnetics, superconductor, and ferroele¢&8;s54] ThesevdW materials are highly
crystalline and consist of both isoand anisotropic properties based on thairystal structurefs5]. The
advantage of these Vd\@D materials is the ability to control their intrinsic properties by external factors like
exposure to the various environmeqtchemical doping/functionalization, tuning by gate voltage, stacking
orders,and straifil7, 35, 5659]. As a result, extensive research has been done using vdW layered materials to
achieve significant progress in exploring fundamental scigtoeeverthe quicklygrowingnumbers of dW 2D
materiak with intrinsic propertes distinct from their counterpart (3D bulk) are not underlined with full
elucidaion of their properties, for example regarding hase they modified byexternal perturbation like strain
engineering which opens the opportunity to furttrereseach in2Dmaterial§51, 52, 6664].

1.1. Graphene

Graphends made ofonly carbonatoms arranged in a honeyconiilie pattern The @rbon atom in graphene is
bond withother carbon atonsvia sg hybridization.The S,  and Ratomic orbitals on each carbon hybridize to
fomG KS °~ 02y Ra (K I?hybriNifatioB, whickyivas K SondingebetweendECaf 120 degrees.
The remaining electron in the Brbital overlaps witlthe electrons ints three neighboring carboatomsto form
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Figurel: (i) a, Two atoms (A (blue) and B (red)) per unit cell in hexagonal honeycomb lattice of graphe

The threedimensional band structure of graphene. ¢, Energy vspace diagram of graphene. d, Lesnergy

diagram at Dirac point and Fernbével position for different doping. (ii) Graphene geometry, bonding, an
related band diagrani9, 10]

thermal conductivity(30004000 W/mK at 300K)and mechanical propags(Youn2 & Y 2 RUOZPap#/ith 2
preservedinversion symmetry crystal structursingle-layer graphenks valence and conduction baednically
touch atasingle poim, the K point inBrillouin zonecalledthe Dirac (chargeneutral) pointwith zeroeffect mass
and bandgaf66, 67] Therefore, lallistics transport in graphene is natited to charge polaritj23-25, 27] It
means thatcharge transport in graphene is ambipoland itcanbe controlled using gate voltage which flips the
Fermi level below (hole tranmort) and above (electron transport) the Dirac pdB&-70]. Along with extreme
mobility, quantum confinement of graphene makes it better for spin transpatiding further longrange spin
propagation Graphene is strongly responsive to its environméat instancegraphene is slightligole () doped
due to the oxygen passivation layer exposure tothe ambient environment whichlifts the Fermi levelby
approximatelylOOmeV fromthe Dirac poinf71].

Ramanspectioscopyis one important characterizatiotool that is responsive to the details of crystal quality,
defect censity, strain, émperature andlayernumberof grapheneddy probing its phonosignatures G1583 cm

1, D(1350 cnt), D (1620cm?) and 2D (2700 cmt) band72, 73] The experimental isolation of singlayer
graphene(~0.35nm thick) raises a significant amounf mterest in physidd6, 74] Lack of bandgap with high
leakage currentcauses graphene field-effect transistors (FET) to haveoor bi/le ratios, limiting its
applicatiorj64, 75] Many research woskfocusedon opening upthe bandgap ingraphene, offeringa high
switching ratio with extreme carrier mobilityl, 32, 76] Observedflat band states in graphene offer
superconductivity at low temperature while stacking two graphene sheets at twist anglésloind 0.9
degree$77, 78] The observed higher resonance frequency (~1.17GHz) of grapbased nanomechanical
resonator promis utilizationin highradio frequency (RF) applicatiglii9]. Recent work shows that even Janus
graphene (functionalizedifferently on e@h sidg resultsin an extraordinary anode material for Nan battery
applicatiorj80]. Elastic deformation afver20%beforerupture makes graphenan ideal material for stretchable
applications Ambipolar transport quantumHall effectat room temperature giant magnetoresistance, extreme
carrier mobility, adsorption of singlemolecule and its detections, lorgnge spin transport observations on
graphene captivate the researchers attention and give hope to exglajghenen multiple applicationsas quick
responding radiofrequency logic devices, electrically and thermally conductive reinforcing composites,
transparent electrodes, sensorsplar ces and other$l5, 24, 81, 82] Graphene compositesespecially
graphere-polymer compositesprovide a synergeticeffect to attain advancel matrix and filler properties to
create new materials, giving mofeeedom to designthe materialpropertieg83, 84] Wrinkling formation in



graphenepolymer composite offers to create nanopattertoward applicatios like SurfaceEnhanced Raman
SpectroscopyYSERS)r diffraction gratingg5].

Graphene synthesis includes mechanical exfoliation from the bulk counterpart graphite, Chemical Vapor
Deposition (CV]P Molecular Beam Epitaxy (MBEIn intercalationwith subsequent liquid or gas exfoliation
(chemical method)where thedegree of the resulting crystalline discordenedicts their final applicationg21,

86]. The micromechanical exfoliation provides the outstanding quality of graphene due to the negladpbct
density. Such samples atssedin the most of the fundamental scienstudiesand device prototymg[8, 52, 87]
Forming heterostructures with graphene and otlveli’V 2D materials further expandsoth fundamental science

and application horizorj88].

1.2.Transition metal dichalcogenides (T$1D

TMDs area rich crystal family witha broad rangeof crystal structures with plenty of various physical
propertied48, 51] Among all other TMDs extensively studied are the semiconducting compounds with a general
formula of M% (M = Mo, W; X = S, Se, X class2D materials are made of one chalcogdgom sandwiched
between two transition metal atom&ach of M atomis oriented inatriangular lattice, bonded with six X atoms.
The lasal plane of the singlayer MX% is covalently connectedndthe out-of-plane stackng is madewith van

der Waal foreg[89]. TMDs exist in twaypical structural phasestrigonal prismatic(2H) and octahedral (1T).
Chalcogen atoms in 2H phasecupy the same position in different atomic plamestop of each othelike ABA
stackingconfiguration.By contrast, 1T phases follow the stack order like AB@e most common M¥ 2H
phaseisthermodynamically stableyhile the 1T phase is metastable. Other phases also bxisarenot stable
thermodynamicallyDimerization of 1T phases of TMD from grougl€imentsresultsin the 1 T'phase§s1].

Forexample tetramerization of rhenium dichalcogenides (RES) offers propertieslike charge density wave.
The nost common and thermodynamically stable 2H phase TNIBSS, WS, MoSe, and WSe) are
semiconductos, while the 1T phases arenetallig39, 90] Both MoS (n-type) and Wgare the only TMB
occuring in nature in the form of a layered crystal. Other TMDs are syntbdsit laboratory conditionf91].
Controlling the defect density &challenging progress in both CVD and MBE. CVD, MBE growth, and liquid phase
synthesis by ikion intercalation technique offer single layer THIE2-94]. Single layers from the liquid phase
synthesis overlap with other flakes and create considerablglane electrical resistan{@5]. To have gh
guality crystalsis essentialto study the fundamental physics in these TMDs. The flux method (at high
temperature and pessure) offers the lowest defect density crystals but at K8IX) in sizf96-98]. Very popular
micromechanicagxfoliation using the scotch tape method is a promising technigue to producgabeé quality
singlelayersfrom bulk crystdB7].

The omplex orbital character of TMDs proind valence andconduction band with rich physics are raised from
the mixture ofthe d orbital inthe metal atom M and p orbitals in chalcogen atomTKe edge of the valence
band is fromthe mixture of dx-y. and dxy orbital in M atom and px, py orbital from X atom.t@mnotherhand,
the edge of the conduction band is frotine d3z-r;orbital in M, anda minor contribution from px, g orbitals of

X atonj99]. TMDs witha lack of inversion symmetifhichbreaksat the evenmnumber oflayers)preserve tine-
reversal symmetryesulting inspin valley couplingwvhich in turncausesa robust spirtorbit coupling (SOGplit

at the valence band (~140 meV for Mo atomH)is evident that heavier atons show more significantSOC
splif100-104].

The electronic structure afMDs is firmly bound to their layer numbémn.other words, the position dhevalence
band edge and conduction band edge changéth layer numbersAs a result,TMDs offera direct bandgap
down to the monolayer limit compared to its counterpapegiodically stacketivo or more layes showindirect
bandgap[105]. Singlelayer limit valence banthaximaand conduction band minima locate at two inequivalent
high symmetry points, K and K', corresponding t Brillouin zone corngt04].

In addition to the optical contist, a spectral signature from the Raman scattering process (phonon modes) and
photoluminescenceR) are the main probing techniques to distinguish thger numbersand provide the crystal
quality of the studied TMDO4g1, 44, 106, 107]Like graphene, TMDs are also veepsitive to their environment
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(weak screening effect dlhe singlelayer limitin TMD3[108-112]. For example,ite room-temperature electron
mobility in singlelayer MoS ranges from 161000 cnm?/Vs, which increases threefold at the low temperature
depending on the impurity scattering, dielectric emviment, and other factorfl13-115]. The higher switching
ratio b/lorr (10°) from singlelayer MoS transistor boosted the research interest in TMD materials for electronic
applicatiorg[39]. In addition, the high mechanical strengtmake TMDs endure up to 10%longationbefore
failure, which igpromisingfor stretchable device applicaticfi16]. High excitorbinding energy(~0.3eV to ~0.7
eV)in TMDsresults for the strong lightmatter interactionandis amonghe exciting featurs of TMDrelevant

for optoelectronics applicatiorj$17-120]. Furthermore, TMDs offer mich exciting physicdle the Halleffect,
valley polarization, spin polarization, valegll effect, spirHall effect and the listcan beextended more with
heterostructure formation (with other 2D materialf§1, 62, 104, 12123].

2. Tailoring2D materials property by external perturbation

Strainengineered 2D materialscan have their properties bettexploited with precise tuing. %veral
engineering techniquesgxistto achieve the applicain goalsusing 2D materials inclirsy doping, bandgap
manipulation defectcreation/healing surfaceor strain engineeringrieldeffect and carrier doping are the kgy
widely used to tune the propertieof the 2D materialsDoping engineering can be classified into electrostatic
field-effect doping, substitutional dopingijntercalation doping and charge transfer dopingln both
micromechanical cleavagand CVD growththe transfer of 2D materialss more sensitive to its dustrate
environment where the charge transfer/electrostatic field effect can easitfect the 2D materials intrinsic
properties Graftinga chemical molecule leads to low(high) carrier mobility and quench(enhahedi¢ency.
The source ofexternal darge carrierscan beeither chemically or physically attached to the surface Df 2
materials therebycreatingthe work function differenceahat causeseither the injecton or withdrawal of the
carriers from 2D material&ither cationic or anionic replament by foreign atoms othe 2D materialeads to
the p or n-type conductancewhichis thereason for furtherchanges iroptical emission dynamics ofutral
excitors or trions (charged excitong)24-129].

In contrast to substitutional doping, charge dopiisgcaused byharge transfer between 2D and adjate
materials like surface adatoms, particles, supporting substrates, and molgtuld80] Theelectronegativity

and Fermileveldifferences between 2D materials and adjacent dopants determines the charge transfer
direction[131]. Exposue to the atoms or gas moleculdie Q, HO, inertmolecules and ambientconditions
causescarrier depletion andnon-radiative Auger recombinatigil, 132] Also, the adsorption of these
molecules at the grain boundas of 2D materialkeads to defect carrier transportatiomtercalation of foreign
ions, atomsand evenmolecules enablebreakingthe vdW interlayer coupling in 2D materials, whi@sbeen
used to exfoliate the 2D materials intosingle to fewlayersthicknes$124]. The dectrostatic doping strategy
helps to tune both polarity and doping concentration in 2D matefif@ls133135].

Through applying a gate voltagegarrier (electron or holeyill beinduced in 2D material$6, 136] The density
of states in 2D materials is finite atparticularFermi energy due to ta Pauli exclusion principle. Sog¢jection

of the excessive carriein 2D materials shifts the Fermi level. Week screening effect andiémsityof states

in single layer 2D materials easily enable this Fermi leve]&hift09] Bernal stadkg (AB) of bilayer graphene
sheet opers up a small bandgp with the gate voltage due to different screening potentitdeming the
"Mexicarthat" dispersion relationDirect observation of band gap openitmgn be performed througloptical
absorption measurements. With electric field presdnta quantumconfinedsystem, electron and hole wave
functions in bothvalence and conduction band would modulate, leadimgedshift inthe absorption edge due
to quantumconfined FranXeldysh effect.The absorption edge shifts to higher energy with large gate voltage
due to Pauli blocking resiig in the BursteilMoss effecfl37-139]. Several other techniqueallow further
tuning of the 2D materialproperty byelectron beaminduced defect engineering whegesingle atom can be
removed or replaced withthe foreign atonj140]. Hectronegativity difference leads the charge transfer to
enhance(suppress) Pécombinatiorfl131]. LASERduced doping anglasma induced doping andmojunction
formation lead tomore preciseand controlled tuning of the 2D material propee141-144]



Heterostructure formation is another novel approachtte engineeringof the optoelectric properties in 2D
materials.Hexagoml boron nitride BN isawell-known substratahat offersa sizeal# dielectricenvironment
with anegligible substrate strain effdd22, 145, 146]

A grongly correlated quantum state from the graphene at twist angle 1.1 degree l¢ads/o correlated
guantum states that offer unprecedented superconductivityf graphenecaused by their electroelectron
interaction77]. NanoscaleMoire pattern from the TMDiwisted lattice structure significantlymodifies the
electronic and optical properti¢s4]. Forexample,n the WSe/WS; superlatticea different twist angle showa
different interlayer vdW coupling, and at the strdpgoupling twist angle, the monolayer PL energy entirely
vanishes|t also providesa single resonance energiue to the lattice mismatch and increased exciton Bohr
radiug147-150]. Most 2D materials can withstand arbe elastic deformationhat returns in the controlled
modulation of the material's electronic structureBesides external strain, 2D materiaghibit intrinsic
deformation, such as distortion, lattice mismatch with substratesrrugationsand more Mechanical bending

of 2D material can control the Fermi level shift and conductewgnfurther[126-129, 151157].

2.1.Strainengineering ir2D materials

Strain engineerings widely used inthe semiconductor industryHfects like straininduced increased carrier
mobility or bandgap energy modulaticare anexcting fac{158-163]. Howeverconventional bulk materialare
not capableof withstandinglarge mechanical deformations. VdW 2D materédsilywithstandmore than10%
strain (graphene ~2094)16]. Traditional inplane epitaxial growth produces lefmn 1% residual strairstrain
induced changes play a vital role in 2D materials to achieve modulaitiarious physical properti¢s64-166].

Several techniquesaninduce external straim the 2Dmaterial For instancdattice mismatch witha supporting
substrate orwith a stacled 2D material, mismatch in elastic modulfvgrinkle formation) mismatch in thermal
expansion wi supporting substrate externally bendinghe 2D material adheng to a flexible substrate
patterning the substrateapplyingaforce inthe out-of-planedirection usingan Atomic Force MicroscoppfEM
tip, deforming the supportig piezoelectric substrate usiran external electric fieldcapillary pressure induced
bubble formation, naturally occurring blisterdhermally expanding the supportive polymer sttue and
more[161, 167175].

N\,
/ o \
a3 ) \
/,/ N} Piozosloctric Effect \
/ S
Eloctron )
i/ briee ’. s‘ Polarization \\
/ ) . \
/ A  \
[ Strain in 2D B
Nanomaterials

‘ Moo Thermal
Modification
Wrinkling Conductivity

19—Q /

\ @2\ A .. & P/
\ "?A‘"‘ . = /
\ Eaiing 1o Vs

+ %) Phonon

/
JORXGr | Vibration /
a bica b P

Figure2: Graphi@l abstract of strain engineering in 2D materia[3]

The phonon structure of 2D matats can be changedue to the lattice distortion caused by the strgiB, 176]
Raman spectroscopig an effective method to investigate the chasge phonon modeswhere the phonon
mode shift and splitting can be observetth respective strain and dopifig77-179]. Significant changes in the
electronic structure of 2D materials cére achieved by strainwhich can increase or decrease the materials'
bandgap energyPL spectroscopga potential method fomonitoring such energy band shsfbr separationsn
vdW 2Dsemiconductorfl3, 180, 181]Nonlinear optical responsemcluding folds of harmonic generations
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process described by secondder susceptibility tensousually observed ithe 2D materials with amdd layer
number (which preserve the broken inversion symmetigan alsde modulated by this strainThe intensityof
harmonic generation in 2D materials greatly influenced by strajnand its direction modifies its
polarizability182, 183]

In somecases,strain can significantly inease the carrier mobility in vdW2materia[184, 185] Electron
phonon couplingn 2D materials affected by this strainwhich is why the low or higher carrier scatteriing
electrical devices happens with strii86, 187] With the strain, sometimesa negativeimpact alschappens
For instance, lowering of carrier mobility is observed in the monolayer SnSe deesite strainf188-190]. In
addition,ananisotropic carrier mobility can also be obserwedhe strained 2D materig§l91, 192] The increase
or decrease of the carrier scattering in 2D material thuthe strainresultsin the change in resistangE3]. The
intrinsic piezoelectric character of 2D material can be changed thélstrain, which modifies the material
resistancgs7, 194] The pezoresistive effect in 2D materials isgs from the strairinduced bandgap
changefgl95]. Strain can induce magnetism in nonmagnetic 2D mat¢8@Js196198]. Straininduced phase
transitionis also actgévable ina 2D material. For instance, phagelto 1T wasattained in MoTe with tensile
strain198].

Strain engineering ikus an excellentstrategy to tune the electronic structure of 2D materjathich is further
affectingvarious properiesin 2D materials.

2.2.Uniaxial andbiaxial strairin 2D materials

The phonon bandgap in the sésondudor 2D materials segrates the optical and acoustic phonon modes in 2D
semicondictors. Due tothe large bandgap it is difficult for acoustic modes to be scattered by the optical
modeg199]. Two-dimensionakemiconductomaterials (Mog show thequalityfactor higherthan the graphene
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Figure3: (i) The lowestfrequency optical phonon spectrum for monolayer Mg8nder tension. The lowe:
frequency locates at the Brillouin zone center for monolayer Mo&thout tension. Left: uniaxial tensio
effect. The degeneracy betweeinequencies for M1 and M2 is removed, due to the anisotropic tension. Ri
biaxial tension effect. The degeneracy between frequencies for M1 and M2 is maintained due to the isc
tension. Note: the lowest frequency position changes from the G to dnps in the Brillouin zone at biaxi
tension, ¥, of 0.13. (ii) Tension effect on the phonon bandgap. (a) Uniaxial tension effect on the lo
frequency in the lowestfrequency optical branch and the highest frequency in the high@giquency acousti
branch. (b) Bandgap versus the uniaxial tension. The bandgap is closed at uniaxial tesf€dal¥5. (c) Biaxii
tension effect on the lowest frequency in the lowedtequency optical branch and the highest frequency
the highestfrequency acoustic branch(d) Bandgap versus the biaxial tension, where insets show
vibration morphology of the highesfrequency acoustic mode and the lowestequency optical modg13]



resonatorbecause of this preserving mechan[280-203]. The @uge factor of biaxial strain is 2tiBne large
than uniaxial straif204]. The tensile strain softens the phonon branchessulting in the redshift of its Raman
modes, whereas the compressive strain harddms phonon branches (blue shift in Raman modes) in the 2D
material§205]. Applyingstrain to the 2D meerials can be classified as uniaxial and biaxial, based on whether the
strainapplied to the crystal ignisotropicor isotropic Thebiaxialstrainhasamore effectivemodulation of lattice
dynamicghan theuniaxialstrain, making it more effectiveo manipulate theproperties(e.g, bandgapenergy)

of 2Dmaterial§204, 206] Applying uniaxial strain in one directioag, x-axis)relaxesthe 2D latticeon another

axis (i.e,y-axisJ177, 179] By contrastthe biaxial strain stretches the 2D lattice in both axial directj2@3g,
208]. The change in lattice dynamics affects thefgid symmetry present in 2D lattice. Uniaxial strain breaks
this sixfold symmetry and biaxial strain preserve418]. Releasing miaxially prestretched polymer substrates
induceswrinkling ofthe adhered 2D materials, where tensi formsat the ridgesand compressinin the valleys

of the wrinkled160]. In comparisonto the uniaxial strain, the biaxial strain induced by the piezoelectric
substrates can beontrolledprecisely by the voltag209].

Charge tunneling is increiag with biaxial strain ad decreases withuniaxial strain on islands off2material
filmg[210]. Photocurrent in photodetectors increaseith uniaxial straif211]. In the case of anisotropic crystals,
the uniaxial strain has different effects with different crystal orientat{@dg]. It is foundthat the biaxial strain
enhances the Hydrogen Evolution Reaction (HE&E effectivelythan the uniaxial straif213, 214] Uniaxial
strain is increasing the #imal conductancenore effectively than the biaxial straifl5]. Uniaxial and biaxial
strain can localize the optical exciton through funneling agtiginere the profile of strain gdient is created
across the stretched 2D semiconducfdss9, 216218].

Optical phonon changes in sindégyer graphene by uniaxial strain observed using Raman spectroscopy show the
redshifts of G and 2D phonon modes. Furthbe G peak (B phonon) degenerateinto G" and G phonon
branchreswith uniaxial strairand shift with different shift rates for higher straindt a significanf higher strain
graphenés 2D pealsplits into 2D and 2D and redshifts depenidg on the straindirection[219]. Beyond the
graphene other 2D materials(MoS) are also extensively studiednder the uniaxial strain, where the cof-
plane vibrational mode 'Elegenerates int® "@nd E due tothe crystal symmetrpeingbroken by the uniaxial
strain.lt is worthnotingthat the in-plane (E) phonon mode is more sensitite strainthan the outof-plane (A
phonon mod¢177]. Also, the shift of the oubf-plane vibration mode (Ain 2D semiconductors less sensitive
to uniaxial strain than biaxial straas per theoretical predictid@20]. For the bilayer WSethe uniaxial strain
enhances the PL intensity with a slightl shift in its positiofi81, 221] The transition from the direct to indirect
bandgap in 2D materials under the uniaxial strain is consistent with the expstahresult$176]. Under uniaval
strain, the bandgagnergyof monolayer 2D material (Mefis decreased by ~45 m@ér 1% of tensionand in
the case ofbilayerit decreases ~12meV perl% ofstrain177].

2.3.Graphenenrinkles

Graphene is the most robust material with high tensile strength (~1=2€) @nd high Young's modulus (~1Tpa).
The Poisson ratipn Of graphene is ~0.1§322). Graphene experiencedransition from positive to negative at
a higher strain value (>6%). The negativesuts fromthe interplay between stretching bond and bond angle
in graphene lattice under strgi223].

Wrinklesare found everywhere, like polymer thin film on water, curtains @mwindow, even human skins
Graphene wrinkles influence plentf properties, such as electremole puddles, carrier scattering, bandgap
energy the pseudomagnetic feld in bilayer graphene and including the suppression of weak localization of
carrier density which influences the graphene in the areaeploiting surface optical properties, chemical
activities, and energy storage, hiterfacing and morf85, 224226)]. Wrinkle wavelength varies with varying
film thicknessand substratemechanical propertiesFopplevon Karmarequations provide thescalingof the
wrinkles with film thickne4227]:



% Al AA A | A

Where t is 2D film thicknessA nis the inplane elastic modulus of the 2D film and’A-] is in the plane
elastionodulus of the substrate. Eis YoungQ enodulus ando is Poisson ratiolt is valid ifthere is no slippage
between the substrateand the 2D material.Since the graphene thicknessnmsnimd (~0.35nm), the wrinkle
wavelength must be small and varies with graphehiekness Wrinklons are also observable with wrinkle
formation in which the transition zoneetweentwo wrinkles mergsinto one wrinkle athe boundaries.

Wrinkle formation can le expressed witla power lawj228],

x o 2)
Where is wrinkle wavelengthXis thin film (2D material) thickness, andvalue is dependent on the supporting

substrate. This power law gonsistent with the suspended thin fi[@29]. Graphene wrinkleamplitudefollows
alinear relatiorshipwith its thicknessas for example polydimethylsiloxane (PDMS) thin finzioc (Figure 4).
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Figure4: (a) Typical 2D atomic force microscopy (AFM) images of the wrinkling patterns in the zinc/PIL
samples with small film thicknesses. The green tsiole arrow represents the direction of uniaxial loawj.
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> ¥. (b) Comparison of sectional profiles of wrinkles for different film thicknesses. (c) Dependences o
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Graphenewrinklesor ripples (continuous patterny can be created usingeveral mechanismsuch as edge
instability, negative thermal expansion (against the substrate), thermal vibration of the 2D lattice|axation
of prestretched elastomersubstrate, differential compressive forcesolvent surface tensionsubstrate
interaction, corrugations and mor&rinkle formation in thin films on shrinkableor flexiblesubstrateshas been
described in various settinfz30-240].

Therefore, winkles areeasily controthbleby varying the properties and patterning.g.,0f the PDMSubstrate
surfacein terms of both orientation and periodici{841]. Annealing of suspended graphene forms the wrinkles
perpendicular to the trench direction, whereas the wrinkle orientation, amplituded wavelengthare
influenced by the shape, structurand substrate temperaturg232]. Crumpled graphene can be formed with
the biaxial relaxation o& prestretchedsubstratg239].



2.4.Relationship between chemical reactivity and strain in 2D materials

Chemical functionalization is another way to effectively modify the properties of 2D mate@adphene
functionalization carbe affected by the supporting substratghere the ionized impurities electrostatically
create charge puddlespatially localized islands of different carrier concentrationjraphen§242]. Increased
reactivity of graphene surface towards functionalization veitill diazoniunsalts wa®bservedn graphene with
deformed lattice[12]. Graphene reactivity cabe dynamicallytuned by the mechanical strajneading to
enhancedcharge transfer chemistry, doping leyahd defect density in graphef#42, 243] In other words, the
mechanical strain on graphenacts asa quastcatalyst to enhancethe kinetics of chemical reactioa of
graphen® & & dZbidinktad&, the rate of covalently attaching aryl diazonium molecule to the graphene is
increased withincreasingstrain in the graphene latticeThe gaphenefunctionalization with aryl diazonium
compoundsresulted in a 16fold increase ofeactivity for appliedstrain12]. Also in the case adssessing the
degree of chemical functionalization of grapheR&man spectscopyisthe ideal tool. Theintensity ratio of the
graphene Ramab and G barslis the key parameter to characterize the graphene crystal defect demsity,
Also, the intensityatio of the 2D and G basdrom graphené Raman spectra helps quantify the doping level
in graphenelncreag of the lp/l¢ intensity ratioof graphene ndicatesthe reduction of the doping levig42,
244, 245]
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Figure5: Schematic compasion of the functionalization for relaxed graphene (a and b) and graphene whic
strained to 15% andthen relaxed before functionalization (). (g) Plot comparing the reactivity o#-
nitrobenzene diazonium4-NBD on unstrained graphene (seen in (a) and (b))dsstrained/relaxed graphene
(seen in (€f)). The slope is withirthe standard error for both samples, indicating that the increased reactivit
not attributed to damage but instead distortion of the graphene lattice. The dashed line is added to guid
eye[12]

In TMDssubstitutingthe oxygen atom for a chalcogen atom (Mplgads to alirect bandgap transitioimto the
indirect bandgaf246]. Oxygen doping ilfMDsweakersthe covalent bond between the metal dithe chalcogen
atom, thereby shortening it¢ KS ¢ a53aQ St SibséoNaty Sndreadehnd Affeds the optical
properties of the TMD§L31, 247, 248]The dielectric constant further tuned by the the applied strednies
blue shift of the aborption peak$249]. The deformation of the 2H phaseof MoS with S atom vacancies
increases the efficiency diie hydrogen evolution reaction (HER)0]. TheHER can banprovedwith a large
degreeof basal plane strain in TMDs (1T phase)Mitheeds thepresence okulfur vacanes along with a lower
degree ofstrain (2H phase Mae$251, 252] In TMDsstrain can increase or decrease the hydrogen adsorption
free energy @G+, which isvital to optimizng the HER reaction with TMDs) with compressive or tensile strain
respectively. However, the technique requieprecise controbf the strairj213, 214, 253]



In other cass, the adsorption of NO gas molecule on TMDs (Ma8rface can further increase with the applied
strain. However this is not the case in all TMDs. It is observed that straMo$S causesselective adsorptiomf
the gas moleculesvhichcan be exploitedn gassensingapplication.The charge transfer between the adsorbed
NO molecule and Me$s increamgat the 10% mechanical strdtb4].

The mlarity of the adsorbed molecule othe TMDs surface strongly affects the PL dynammid$viDsdue to the
electronegativity differene, leadng to charge transfer and@doulombicscreening effect from the physisorbed
molecules that act asa dielectric environmenbf the TMDs) whichin turn affects the phonon scattering of the
excitons in TME131, 132]

2.5.Effect of biaxial strain in Mg&hd WS

In general preserving the broken inversion symmetry in TMDs under the biaxial straixpectedin both
compresan and tensbn. Thus, biaxial strain is axcellenttool for the enhancenent of broadbandoptical
absorption further improvingthe applicationpotnetial of TMDs. There are numerous technigues available to
induce haxial strainwith varying degree of controfour-point mechanical bending and stretchirigansferring
of TMDBs on nanapillars, apiezo resonatorpver/underpressuréubble formation witha suspendedrMDcavity,
microheater actuators, AFM tipducedmechanical bendingndentation et¢159, 161, 162, 200, 218, 25%7].

The effect of biaxial stramasstudied up to 3% tensnin TMD$258, 259] With tensile biaxial strairthe optical
bandgapenergyof the 1LMoS is reducedat the rate of~100meV/%161]. This shift's consistency variesth
the efficiency of theinterfacial shear stress transfer mechanibetween TMDs and supporting substrd260-
262]. In WS, the shift rate (theoretical valueof ~150meV/%) is higher tham MoS[173]. The maximum strain
isexpected to occur at the center diie¢ 2D flakeand slippage occurs at thikake's edg, attributed to the shear
lag effecf260, 261] Such a strain gradient may further influence the optoelectronapprties of the deformed
TMDs.The drift length of the exciton@hotoexcited electrorhole pair driverby the energyfunneling effect)is
proportional to the induced strain gradient in tidDsIn MoS and WS, in addition to thebiaxial strairinduced
charge transfereffect, the choice of substrate materialsalso influencesthe degree of nonradiative
recombination(PL quenchin)26, 175, 177, 216]

Since thestrain induces phonon softening(tension)and hardening(compressionjn TMDs, Ramanspectral
signaturealsoeffectively probeghe strairrinduced phonon mode shift$3, 107] The two characteristic peaks
arein-plane (B and theout-of-plane (A) vibrational Ramamodes inMoS and theyred shift linearly at the rate
of 1.7/% (A) and 5.2 cr¥/% (E) for thetensile biaxial strainElectronphonon coupling islsostrongly affected
by the strain. Griineisen parameter)(is proportional to the electrohonon coupling in TMDs. The extracted
Grlneisen parameteaifor biaxially strained MoSare 0.68 forthe E mode and 0.21 fothe A' modg161].

(3)

Where istheinitial Ramarfrequency at zero straiand is Ramarfrequencyshift{263].

The A’ mode shift is less sensitivéo in-plane strainthan E mode, and, in contrast,the A' mode ismore

susceptibé to carrier concentrationThe Raman peak intenss are related to the resonant conditins ofthe

electronics transition with laser excitationdue to excitomphonon couplingWith biaxial strainit is possible to
alter the optical transition energy thereby changinghe Ramanresonant conditios and thusinfluence the
Raman peakntensitie§264, 265]

In recent works, the biaxial strainduced funneling effeatvasdescribed usinghe drift-diffusionmodel, in which
the exciton to tron transition and thefunneling effecs areattributed to the biaxial strainHowever it was
observed thatonly 4% percentage of the photoexcited exciton is funneling through the strain gradient
potentials, which is contrary to the theoreticaxpectatios. The dominating diffusion lengtf~180nm) ighe

10



reason for the inefficient funneling in strained WHowever the strain induced locally converted exciton into
trion is upto 100% observed iheir calculation and experimentt00% conversion efficiency tife exciton to
trion wasobservedfor singlelayer WS by applyingiaxial strain through aAFMtip[266]. TimeResoled Photo
LumirescencgTRPL) is one of the povielrtoolsto probesuch areffect{267, 268]
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Biaxial strain in TM&can opemumerousopportunitiesin many fields, for instanceelated tooptoelectronic.
However,from Hgure 6, it is notable thatthere are substantially fewebiaxial strairrelated fundamental
research works omfMDscompared to graphendhe resultinggaps of detailed knowledge, e.g. étucidate the
exciton dynamics in TMDs, such as the exciton funneling characteinsticsed by strain engineeringiill 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 density3, 269272). The characteristic Raman bands of graphene, including the G, D,
and 2D peaks, provide insights into its structural and electronic attrilf2d®s 269] The application of Raman
spectroscopy has huge poteal when dealing with different substrate environments, particularly in industrial
contexts where native or minimal oxide layers are present to produce the commercigl2zhigs] Substrée

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) ancetbhallenges in detecting thickness on highly reflective substrates with confocal
laser scanning microscopy (CLSM) remain significant obstacles for achievingsbigtion characterization in

both quantitative and qualitative analys¢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@ay (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
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automate the classification and quality prediction of graphene materials, thestleamlining the analysis
proces§276-278]

Supervised learning models, such as randorest, knearest 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, wheptifeatures are the Raman
spectral data and the outputs are categorical data representing different quality classes of graphene (e.g.,
monolayer, bilayer, fewayer graphene, or defective graphe{iz}6-278]

Random Forest is an ensemble learning method that constructs multiple decision trees during training and
outputs the mode of thelasses (classification) or mean prediction (regression) of the individual trees. It is robust
to overfitting and can handle complex, ntinear relationship279-281]. KNN is an instandeased éarning
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 arelefieied282]. SVM is a powerful
classifier that finds the hyperplane that best separates the classes in the feature space. It is effective in high
dimensional paces and when the number of dimensions exceeds the number of sd@fe284] 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 overfittif@85]. It has demonstrated superior performance in various
classification tasks, making itiable 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 distinguishivegh 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 singlereator. The voting classifier aggregates the predictions from
different models and makes a final prediction based on a predefined voting mecHaBgmn had 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 gphene 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, ando¥& Blassifiers can enhance the robustness

of the predictions, especially in datasets affected by substrate variations and experiment§P83i289].

While achieving high accuracy is essential, understanding the factors that influence the modettqreds

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 importancevalue for a particular predictid@90, 291] SHAP analysis helps in elucidating the
O2YiUNROGdzGAZ2Y A 2F ALISOAFAO wlYly ALISOGNIt FSIFddaNBa
intensity ratios, peak positions, and bandwidths of Raman peaks) are most influential, reseaah&airc

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 presencef 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 integation 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 challenigi. 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 Mhased analysis enables hitiroughput screening of grapme materials,
facilitating largescale 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 scientic principle$§276, 277]

12



The application of supervised Mtodels, 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 classesagtgene, 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 votiffiectass

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 fefcts 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 piatesf graphene and other advanced
materials.

2.7. Ph.D. structure

The presentedtudyintended to exploit the strain engineeriraf graphene and TMDs to elucidate the hidden
scientific phenomen&rom fundamental and application perspectiv@he works hve begunwith standardizing
and developing the sample preparation techniquessitientificstudies whichwerefurther driven tothe studies

to identify the single monolayer graphene layen opaque materials andy imposng the biaxial strain using
simple supporting polymer swellin@ased on the obtainetksultsin progressthis thesis is classified inthe
followingfive objectives

U For the proof of concept studies, developing a modifeny transfer techniqueto produce both
suspended andupported heterostructureof a2D materialon any substrate

U Graphene thickness detection amoptically opaquesurface €.g. baresilicon surface) using thatio of
the graphene Rama peak andhe Ramanpeak fromthe silicon substrateand using the rachine
learning techniques for the detection and analysis

U Controlled brmation of graphene wrinkleand their exploitation for imprinting desirednanopatterrs
onto compliantsubstrates.

U To study the Raman signatures of graphene, progressively functiedalvith adiazoniumsalt in
conjuction with simultaneoubiaxial strairloading

U To ducidate the exdbn dynamicgexciton funneling)n biaxially strained TMDssing the supporting
polymer swelling technique
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3. Experimentainethods

3.1.Preparation ofraphene and TMD samples

2D material preparation can be classified into-@vn and bottomup approactes Inthe top-down approach,
bulk crystal is usetbr the exfoliation into individual singler few layersPreservingthe crystal quality and its
symmetry icrucial in the exfoliation procef]. The moststraightforwardmethod to producing the single and
few atomic layers materiafrom its bulk counterpartis the micromechanical cleavage exfaia method
introduced by Novoselov and Geim for the first timahich played a vital role in single atomic layer graphene
discoveryl16]. This method is edly employed and abléo producelarge singldayers fromhigh crystal quality
2D material. However, is not possible to industrializhis methiddue to the lack ofarge-scaleproduction.
Ultrasonic exfoliation ian effective strategyto delaminate the bulk into few layers using the mechanical force
to break the bulk crystal insideliquid solventto produce nanosheets of lateral size around 10(62)87] Low
purity with small flakesizeare a disadvantage in this technique. Alsorequiresanidealsolvent to stabilize the
nanosheetagainst the reaggigation93]. In recent yearsplasma thinningysingfemtosecond laser pulses) and
microwaveassisted chemical synthesis also develgmedong other techniqug292]. Shortening the reaction
time and higher energy efficiency is the advantage afrawaveassisted exfoliatioj293]. Intercalation ofthe
weak vdW gaps in theD materials with small radius ions liké, INa, or K' is afeasibletechnique for alarge
production of 2D material Following the intercalation of the 2D material, ultrasonicatisnsed to separate
the indvidual layes inside thesuspensionThe hteral size oafew hundred nnof the thus produce@D material
flakesis possiblgo achievewith this method294]. Electrochemical exfoliation follows the same intercalation
strategy, where the intercalation of ionds controlled by the appled external electrigpotentiald295]. Thee is
als ion-exchange exfoliation tbe used orionic solid{LiCoQ), wherethe 2D materiahasarobustionic bond
which is hard to separate using the diional method$296]. Liquid metalassisted exfoliation is novel
technique to delaminate thin 2D metal oxide nanosheets like;H&RO;, and mae, usinggalliumbasedalloys

as the reaction solvent.
Mechanical exfoliation

Liquid exfoliation

Figure7: Schematic of fabrication techniques of 2D materiglq.

In the bottomup approach, atoms or moleculesact and produce the 2@yers The most popular methodh
this field is the chemical vapor deposition (CVVD)sed to producehiglcrystalline, laterally largscale 2D
materials graphene, TMDsand more). Severafactorsplay a crucial role in producingigh quality crystas by
CVD methods, includirrgaction time, temperature, reactant ratgppressure, etcCrystal quality and cdrolled
morphology is the advantage of the CVD metf28F]. Other direct growth methods are molecular beamtagy
(MBE) or atomic layer epitaxy (ALE) used to produce planar -deworand heterolayer structurg®98, 299]
These methods can also be useddivectly synthesie vdW heterostructures, avoidingthe requirementof
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multiple transfersto form the heterostructuref800, 301] Among all micromechanical cleavage and CVD
techniques ag themostpreferred techniqueused by many researchers.

3.2. Mechanicadxfoliation

Micromechanical exfoliatiomsinga scotchtapeis the most primitive method commonly used over tdecades
to create 2D materials samplesown to the monolayer limit Tearing of the 2D materials fromits bulk
counterpartrelies on several factor®ue toone tofew atoms thickess 2D materials @uld be fragile while
peelingawayusing the scotch tape. Controlled exfoliation is a challenging @skof plane bending stiffnessd
singlelayer2D materials aréower thanof the bulkcounterpars. The nterface between the 2D material artlde
exfoliating substrate surface playsaucialrole; for instance, theriterface adhesive strengtbf the 2D material
is usually in the range of G0 N/m. The adhesive interface of the scotch tape is significatttynger(10*-10*
N/m) than the interfacl strength of the 2D material§ his can induce thigacturing of the 2D material while
exfoliating resuling in small lateral sizeHowever exfoliationis not only controlled bythe adhesion interface
energy.Other factorgncludethe bending stiffnessf the 2D materialthe peelingspeed of the tapethe surface
roughness of thesubstrate. Different 2D materialdhave different tensile strengtk and different adhesive
strengths. So the choice dhe scotch tape adhesivplays an essentiatole in prodwing laterally large scale
exfoliated 2D materia[52].

I um

Figure8: An illustrative procedure of thescotch-tape based micromechanical cleavage of HOB{

However, this micraexfoliation method is not reliable for indtrial mass productiorthe method is useghostly
throughout this thesiswhere the bulk P crystals (grown byhe flux method at high temperature and pressure
or naturally available (Mej are placedon the scotch tape witlthe right adhesive enerd91, 98] As shown in
Hg 8, the crystalis repeatedly peeleduntil it reachesthe fewto few tens oflayersthickness Then, vith gentle
pressurethe tapewith the peeled 2D materiak pressed against the surface of tterget substrate(Si/SiQ). A
cotton swab was used to flatten and remove thefedim the interface anda gentle pressureppliedto promote
the 2D material adhesion towards tlseibstrate. Prior oxygen plasma treatmenftthe substratecan enhance
the adhesion betweenhe 2D material ad the substrate.Heatingof the tape/2D material/substrate stackt
100°Cover 60 seconds will help the scotch tape release the peeled 2D matetgethe substrate surfacdnthe
case of golymer substratefolymethylmetacrylatePMMA), the temperatug is controlledbetween60° - 70°C
for the thermal release of 2D materidh the case ofa PDMSlike polymer the adhesion energy between 2D
materials andtheir surface $ enough togrip the single atomic 2D materialsot requiring additional thermal
support toreleas¢302].
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3.3.Directtransfermethod

To fabricate artificially stackednore complex heterostructures of different 2D matdsiand to release them
onto the target locationatransfer method is requirgin additionto the micromechanical cleavag&éhese can
be classified into wet transfar dry transfer method. Inthe wet transfermethod, the sacrifidal polymer layers
are used topick upthe alreadyexfoliatedvdW 2D materials from th&iQ substratd303].

ptical Microscope
ong distance lense)

Yo

Figure9: Scheme of a home built dry transfer setup

Heater & Vac. chuck Manipulator

The wedge métod, 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 spircoated onto a hydrophilic substrateoiether 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 temperailireenspincoated on the

glass slide, which would be used to pick up the 2D layetexidiated and selected on Siénd 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 sdii/&6t 233, 304] The capilley 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 tfig@¥. The precision of the
placement of the 2D material onto the target location can be contradiiethe scale of sulnicrometers

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 gladseslid

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 powerfubol for finding the layer of a desired thickness based on its optical contrast).
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Thetarget substrate will be fixed on the XYZ sample stage aitimverted position of this glass slide. Since the
stamp is transparent, with the help af microscope and XYZ manipulattite flake will be aligned onto the
targeted position on the acceptor substeatn order to transfer, the stamp will be brought close to the substrate
and pressed against the surface. Flakes will adhere to the substrate surface b#wauseoelastic materias

in an intimate contact with the flakesThe samp will slowly be peled off the substrate surface, so the
viscoelastic material detaches and releatesflake orio the substrate surface. Stage rotation can help to adjust
the twist angle of the releasing 2D material and the target substBaz].

One drawback of this dry transfer technique is forming an oligdnoen the PDM®n the 2D material surface ,
which can bepartially eliminated during the transfer process with the helphefating thestage. The heating of

the target substrate between ?P&85°C during the stamping process will push away the oligomer to the edge of
the 2D flak¢306-310]

(a) (b) (c)

. . . 1L-MoS ; 1L-Ws
SiN TEM grid PDMS stack with MoS, ﬂPDM: 2 PDMS stack with WS, mPDMSZ
Glass slide Glass slide
(d)
Scheme A Step 1 Step 2 Final sample
(e)
Scheme B Step 1 Step 2 Final sample

B .
s B

Figurel0: Schematic procedure of the dry transfer technigu@) Scheme A and (e) Schem

In the thesis work conventional andnodified dry transfer techniques are employedpmducesuspended2D
heterobilayers of Mo8W$S,.. The transfer efficiency and sample cleanlinesshave beggected using the High
Resolution TransmissioneEtron Microscope (HRTEM), Raman spectroscapy PL spectroscopyhe scheme
depicted inFAgure 10d uses the direct dry transfer to stack the 2D material to form heterostructure ar§aN
TEMgrid. The €hemein FHgure 10e is showing acombined transfetechnique to do the same task.
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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 silicad 100 nm thicloxide-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 reactiypéaema (CHF3/Ar/O2) to obtain a silicon
surface. The finished substrate has partitions of silica with native oxide and 100nm silica windows (@igure 1

si
B sio,

Photoresist

(c)

i bl o
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3.4.2. Graphene transfer

The final product of the fabricatesubstrate from sectio8.42 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 tviggentle 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 graphehe/@et Transfer

method was used in the graphene transfer, and the BaGlution 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 grapéne 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 impomrdact with the substrat811].
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3.43. Claracterization

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 pegratimg were used and
excitation power was maintained 1 mW throughdhe 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.

3.44. 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 S¥€prigearest
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). Valikes (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 ttigiite the likelihood of data and overfitting

of the datd287, 312]
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Figure12: Schematic of the experimental process flow: (a) Spatially resolved Raman spectra
collection, (bd) storage and processing of Raman data to extract features, (e) preprocessi
extracted variables, (f) training the model using a voting ensemble, égdprediction using the traine
model on new samples.

Subsequently, feature selection involved considering features with a threshold value of tidtf€hiure
univariate score employing both MinMaxScaler and MaxAbsScaler, while disregarding the remaining
variables.Featurengineered variables, such askb, Wi, Wi, A, and A, were used to increase the
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effectiveness of the training model. Thertavoting 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 (Figurg3)[313-315].
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Figure 13: Univariate feature importance scores using etguare and {value tests: (top) without
preprocessing, (bottom left) with MinMaxScaler, and (bottom right) with MaxAbsScaler
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3.4.Transferring Grapher@rinklePattern on Soft Polymers

Graphene wrinkles can be transferredtorconformal polymer substrategreating different aspect ratios of
periodical patterns orthe soft polymer dependingn the graphene film thicknesand elastic modulus of the
substratg225, 229, 235, 316]n this work, graphene wrinkgeareimprinted onto the soft polymers by thermal
treatment ofthe graphenepolymer vertical composite§he gheme fromHgure 14 depicts the genaal sample
preparation technique for this workThree graphengolymer combinatios were studied, (i) exfoliated
grapheneSU8, (ii) exfoliated graphefiRDMS, and (iii) CVD graphePBMS

Figurel4: Scheme for themprinting of graphene winkle patterns to the surface of a polymer. (A, B) grapht
exfoliation onto freshly deposited SU8 photoresist, (C) heating the composite t6C80causing biaxi
compression, (D) peeling off the tape, (E) optioraémoval of the graphene by a tape withhigher adhesiol

Combination (i) and (ii) follow the same scheme fréig 11; for comhbnation (i) the SU8 (SU8 2000.5
MicroChem) photoresist was spaoatedon the PMMA surface at ~4000 rpm forming ~20@ thick SU8 film.
Scotch tape with repeatedly peeled graphiteas placed onto the freshlydeposited SU8. Then, the
graphene/polymemwasheated over 30 minutes at 8Cto induce compressive stress after the scotch tazes
peeled off. U8 was not curedbeforethe transferof the graphene in order to achieve excellent wrinkle pattern
formation.

For the PDMSgraphene combinationPDMS thin film from GelpaKawused as the substrateBefore the
graphene transfer, PDMS fidwere treated with @ Plasma at 0.3%n bar, 150W power for 45second®r both
exfoliated and CVD graphend&hen, 6r combination (ii), the scotch tape with edifated graphene was placed
on the top and the whole stackvasheated for 30 minutes at 9@ Finally, graphene was peeled off using the
scotch tape with higher adhesidor the combination (i) and (ii) abke last step.

For combination (iij)the CVD gnahene is prepared and transferred as detailed elsewfg¥€]. Since the CVD
graphene transfer technique is different from the micromechanical cleaving (step A and B), sample preparation
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steps are the same excepor steps C and D for the combinatiofiii). The sacrificial transfer polymer
(nitrocellulose) waslissolred, and the stack (CVD grapheR®MS)vas heatedfor 30 minutes at 90C.At the
last step graphene was removed by O plasma etching for 20 sexond

AFMandRaman spectroscopy was used to idaerize the results.

3.5. Strain andeactivityexperiment

In this work,the swelling ofa polymer in aliquid is used to impose the strain inthe overlying2D materials.
Fluid penetration intathe polymer matrix resultsn polymer swellingThe svelling behavior ofthe polymer
follows two stepsdiffusion of fluid molecules into the polymer matrix and locakxationof polymer segments,
which determineswhether the polymer swellirg is a Fickian or non Fickian transpomiffusion resistance is
negligible inthe thin polymer film and increases wiits thicknessHowever, the polymer swellyis limited by
the fluid penetrationat the front. It is further controlled by the molecular weight difference betwete fluid
andthe polymer, and thermal condition818-321].

/ SCHEME OF EXPE NT PROCEDURE \

Soaking for 10 mins,
drying ,

Raman analysis,

A again

o soaking for 10 min:

Figurel5: Schematic representation of thewellingexperiment

Elastic modulus difference betwedhe swollen polymer andhe (adhered) 2D materialsand the interfacial
stress transfer mechanism between them decidesdbgree of themposed strain to the 2D materiaiowever
external dopinge.g., from the solventdhouldbe carefully manitored to quantify the strain componerduring
this procesfl66,260, 261, 322]in this thesisthis techniquewvas expldted to study two different cases

CaseA: Graphene functionalization along with tendiimxial strain.

In this work, graphenés functionalized by nitrobenzenediazonium salt under the simultaneous biaxial strain
loading (via the plymer swelling), where both processes (functionalization and deformation) are moniored
situ by Raman spectroscopyesample preparation was dorigy mechanical exfoliation dhe graphene layer
onto the PMMA slab covered with ~50@n thick spincoatedSU8. The sampleasthen soft baked at 65Cfor

30 minutes. Fothe swelling experiments, the prepared samples were immersed in methaatgr solution
(1:1)for a given timeFor functioralization tests withthe diazonium salt, the samples were immersedilOmM
solution of 4nitrobenzenediazonium tetrafloroborate in 1:1 methanol/water. Before thex-situ Raman
measuremens, thesamples were removed froiine reaction bath, washed witthe pure solvent miture, and
dried in air

CaseB: ImposingBiaxialSrain to TMDs (M0oS, WS) to elucidate the exiton dynamics
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In this work, the swelling beh&r of PMMA/SUS8 polymer in methanalasused to impose the straion 2D
layered materials First,the sample preparation followed as dediged in case A. PMM#labs were coated with
~500 nm thick SU8 and annealed at°&for 5 minutesto evaporate the solvat in SU8 Then,the 2D
semicondictor (MoS or WS) wasmechanically exfoliated orthe asprepared PMMA/SUS8 slab and soft baked
at 65°Cfor 30 minutesto induce conformal adhesion betweethe SU8 andhe 2D material Finally, the maxial
strain was imposed on the 2D material by soaking in methainbd minute intervals. Aétr every soaking period
(10 minutes), the samples were dried in air at room temperatoefore the Raman or PL spectral mapping.
Fruther case Bnodified tobe 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 8Dwhile soaked. The soaking time varied and dry time fixed to fifteen minutes
at the room temperature in ambient pressai

The experimental schemsef cases A and B are depictedrgure 12. In both cass, the optical microscopaas
used to find (based on optical contrast) the single atomic layer with desired lateral size and confirmed by Raman
spectroscopy and Plnhe caseof 2D semicondctors); also, AFMvasemployed to confirm its thickness.

4. Characterizatiobechniques
4.1.Opticalcharacterization

4.1.1.0pticalmicroscopy

Graphene reflects ~@7% ofthe light reaching it only~2.3% ofthe light is absorted. On the other hand,he 2D
seniconductoss (TMDs) absorb-5-10% light atthe single atomiclayer limit. Therefore, dentifying or
differentiating their thickness onthe different substrate is a challenging taslOptical microscog (OM)is a
simple, nondestuctive, and efficient method to identify the layer numbers of the exfoliated 2D ma{@23+
326]. The OM relies on the optical contrast between the 2D material and its subs@até&al contrast can be
improved by narrowing band illumination, choicetbé substrate, collection dundamentl color difference
from the reflection and more For example tiis possible to find the thickness froasingle layer to tedayers of
graphene on Si substrate with 285 nm thick3&9er, using the optical contrasteasuremengenerated from
the white light reflectiofdl, 273, 327, 328]The optical contrast can be calculated from the followielgtion,
which obeydresnek law:

A n n o in (4)
Wherer is areflection from the substrateandn a reflection spectrumfrom the grapheneTo obtain
the layer number, N, eq.¥reduced as

C = 0.0046 + 0.09925\D.00255M (5)

The ontrast value for single atomic layer graphene is ~Qviiich can be multiplied with layer numbers up to
10 layes due to the change itine refractive index othe thicker graphene The contrast difference of graphene
sheet is almost uncha@ed for the thickness of SiGubstrate between 280 nm to 320 nniigh contrast
obtainable from the 90nm and 285 nm thick S80bstrate due to multiple reflectiadtreatsinterferenceeffect.

Inthe case of TMDs, the optical contrastisrivedfrom the following relation

C= [fiake - I sub) / (I'fiake * I sub) (6)
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The optical contrast for single atomic laydiMoS is ~0.77810ptical contrast measuremeig also affected by
the incident light's angla@n-planeanisotropy of the substrateyr dielectric property othe substrate.ln addition,
with anordinary white light optical microscope, techniques like confocal laser scanning micrdstopkland
differential interferencecontrast (DIC) microscope also heigterminethe 2D materiathicknesg44, 327, 329,
330].

In this thesiswe used both ordinary white light optical microscofgl YMPUS BX5#3)d CLSNLEXIOLS4100)
to distinguish the layer thickness difference in 2D materials. However, the optinédastof 2D materials is
inferior without a right thickness otlielectric material interface (S#D In other words,assessinghe layer
numberon Si substratevith only anative oxidepresents a difficultjB29]. Therefore, his thesis tried to address
this problem usindgastmappingRaman spectroscopy.

4.1.2.Raman spectroscopy

Raman spectroscopy &fast characterizatiorand nondestructivetechnique withan adjustable spatial and
spectralresolutionthat helps laboratory and industrial applicatiod®aman spectral peaks from the 2D material
lattice vibratiors (phonors) have severalimportant characteristicsincluding the line shape, peak position,
intensity,andfull width halfmaximum FWHM). Theyreveal the informatiomeededto characterize the physical

and chemical properties of the 2D materialsch as electronic states, electrphonon couplingEPC)phonon
frequency, quantum interference, and mortralayer (chemical bondsyand interlayer (vdW interaction
between layers)modes are the two Raman mode types based on the atomic displacements of lattice
vibrationd72, 178, 264, 33B33]
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Figurel6: (A) Scheme of the confocal Raman spectroscopy setup (B) Raman scattering processes, in
incident photons with. i, frequency are scattered under the emission (or absorpt) of phonon with
frequency. ou. In a typical output spectrum, the Rayleigh, (elastic), Stokes and antiStokes lines are
observed, (C) The typical information of Raman peaks and corresponding material inform§2io3.

The intralayer Raman mod@rillouin zong(BZ)centered)provide information like structural phase, chemical
compositions, response to the external perturbations, temperature depecdon phonon anharmonicity, ERC
thermal expansion, electrostatic doping (effect of EPC), strain effect, defect demsitjtation energy
dependency, interlayer EPC, phonon dispersinod more.Ramanspectral analysisanbe further employed to
probe more fundamentaproperties ofthe 2D materials, including thickness, phase transition, correlated
electron, spinand charge density effedkirstorder Raman peaks originate from the lattice vibrations at the BZ
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center, classified based on the irreducible symmetry groficrystalfl79, 219, 245, 263, 334, 33%pr example,
the symmetry of pristinemonolayer graphene issPprovidingtwo prominent Raman peak& peak (~1580 cm
1y and 2D peak-2700cnt), wherethe G pealoriginates from gphonon modewith B4 symmetrylocatedat the
BZ centelnpoint) andthe 2D peak i@ doublyresonant transverse opticahode at the BZ edgewith a strong
EPCThus, theRaman peaks armsensitive tathe material electronic band structuf&?2].

In TMDs, & (bulk) space groupymmetryisreduced to By (for odd numberof layers) and B (even number of
layers).For example, &5, A,y Raman modes in bulk Mg8re notated as E A for odd layers and gand Aq for

even numbeedlayers. The f(in-plane lattice vibration mode) shovedlue shift and Ag(out of plane vbration)
showsaredshift from bulk to monolayer limits. In other words, it is possible to identify the layer number of TMDs
by the frequencydifference from these twdRamanpeaks which is ~20cmfor single atomic layer Me%nd
increases upo 25 cm' for bulk Mo%[336-339].

External perturbatiors like temperatureor strain affect the [gh symmetry ofthe 2H phase of TMD®ghis thesis
uses Raman spectroscopy intensively to confirm the layer number, crystal gtalisgbe strain anddoping
effects. Raman spectrometer LabRAM HHoriba) and Witec alpha30Gkere used to carry out all experiments.
For graphene experimenta 633 nm excitatiodaserwith 600 I/mm gratingvasused.For TMDs (MoSWS),
532 nm laser excitation with 60mm grating was used. Accumulation time and afal resolution varied
depending orthe 2D flakes involved in each differeaxperiment

4.1.3.Photduminescenceapectroscopy

The eternal lightinduced transition of electron(hole) frothe valenceandconduction band to fornanexciton
(electrorthole pair) is a common physical phenomerinmmany semiconductorthat depends on the excitm
energy.The brmation of thevalence band maximum (VBM)d conduction bandminimum (CBMf TMD
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Figurel?: (A) Scheme of theconfocalPLspectrascopy setup(B and CBinding energies of the trions in
monolayer W3 at different energy densities. The schematic for the energy lenaaid the model of exciton
and trion in 2D TMDs. Due to spatial confinement and reduced dielectric screening, an obvious exc
energy leveloccurs below the conduction band minimum. When an additional electron (hole) joins th
exciton, a trion energy level occurs just below the exciton le{#].5]

semiconductos was discussed alreadgt the beginningof this thesis.Bulk layered TMDshave anindirect
bandgapand their VBM is locatkat the npoint, and CBM isocatedeither at theK ory (between K-mpointsin
the BZ(depend on optical gapYVhen reducing the 2D material thickness from bulk to monolayer limit, the CBM
valley blueshil G [ I iédRhiftsl. (& m> | yR S @Sy ( dzkct Harkdgaptd girgcEbdiidgap ¥ N2 Y
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at K(K") point in BZn turn,the PL yield i€nhancel several hundred fold due TMDarge exciton binding
energy323, 340342]. Broken inversion crystalymmetrywith time-reversalsymmetryin a single atomic layer
further leads to exciting optical physjdacluding strong excitonic coulomb interaction, sjirbit coupling,
exciton to charged excitomansformation selective optical excitation of spiand valley degrees of freedom. PL
spectroscopy is powerful tool to probe all these effect®?L spectroscopy is effectively helping to probe the
external perturbation effectlike exciton or chargiexciton energy sift, change in PL line shape, intensapd
FWHM providngrich information to study the 2D materigd®1, 102, 104, 180, 343, 344]

MoS is the primary TMD material employed in this thesiBhe external photosinducedA exciton formation
produces the Ppeakfor MoS at ~ 1.8 eYandfor WS at ~2.02eVPL energy position redshifts with tensile strain
and FWHM changgsrogressivéy with doping or during the conversion die neutral exciton tothe charged
exciton (trion) andcan be explained using the exciton dynamitis spectrunof these materials is more sensitive
to the environment likehe change in dielectric screeniifgffecting the pealposition and FWHRW119, 267, 323,
345].

LabRAM HR (Horiba) and Witec alpha300R are used to perform the PL spectroscopy measurements at 532 nm
laser excitation and 600 I/mm gratingThe accumulation timearieddepending on thearticular experiment

Forthe MoS case the excitation energ$00>W, 200>W was usedResultsare fitted usingthe Gaussiaffiunction

to extract the information from the PL spectrum

4.2. Atomicforcemicroscopy(AFM)

AFM involves scanning sipgsrobes across a sample surface while capturing the surface properties. AFM probe
isa sharp tip with nominal tip radii afeveralnm, thus providing a highresolution topographical image due to
piezoelectric actuatiomsed to precisely drive the tip acmthe sampleThe feedback system helps to achieve
such high resolutiorDuring the topographic imaging, the {§urface interaction bends the AFM cantilever with
the tip and changes the signals like deflection, amplitude, frequemcyhase detailsof which arefed into the

@ 1
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Figurel8: (a) Schematic force curve illustrating how the nanomechanical parame

are extracted. Inset shows the height data from a semi supported graphene

membrane. (b§(e) Peak Force images of same membrane showing variety of P
Force channels: (b) error, (deformation, (d) adhesion, and (e) dissipatidal]
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feedback systemrThus, i providesfurther information about the prokd surface. The AFManalysisscheme is
shownin FHgure 18. Beyond the topographyAFMcanmapout quantitative nanomechanical (QNM) information
based on the contact mechanism, includicantact, tapping, peak force (PEhd interleave modesPFQNM
(Bruker) offers to probe the mechanical properties on the samples extidobm the realtime force cuves.
The resuling channelsof error, deformation, adhesion, and dissipation provide the QNM information of the
probed sample surfacgkl].

AFM imagedn this thesisvere obtained using thédimensiondon (Brukermicroscopeoperating inPeak Brce
tapping mode using th&canasyst Aprobes (stiffness 0-R.8N/m, frequency ~80kHz). The contact potential
difference wasmeasured at ambient atmosphere (@&nsion Icon) used in Kelviforceconfiguration. Bruker
PFQNEAL probes (silicon pyramidal tip on a silicon nitride cantilever) witlssonant frequency of ~300 kHz
wereused141, 346]
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5.Results
5.1.Heterostructures of 2D vdW materials

5.11{ dza LIS ¥ R S R hetedddtriictureoh 5iN TENrid ¢ sample A

Dry transfer technique has been widely employed in numerous research stude®rtheless, theuestions

remain regarding its capability to form ideal heterostructures through loyelayer transfer, its cleanliness,
freestandng and its suitability for (S)TEM sample preparati®10, 347350] These issues are partially
addressed in this work. Here, the direct targeted dry transfer method (Scheme A) is compared with a slightly
Y2ZRAFASR RNEB (NI yYyaFSNI G§GSOKyYyAIl dzS o { ¢oK Eosté&d (~5F0nm)Si®R T 2 Ny
TEM gridSample A was prepared using the lapg#layer scheme A (Figur®d) technique, while Sample B was
prepared using the Scheme B (Figude)lmethod, where improved cleanliness and stronger interlayer stacking
(coupling) are anticipated compared to the diteargeted dry transfer techniquelo enhance the reader's
experience and provide cleareconciseinsights into the results, only the most important figures have been
included.

2LA+ E,_ (~ 355¢cm™?)

FigurelwS adzZf Ga 2F 2 {i k a 2aSiN gfidSa@, B)BRgBEA {SIf RS MB | AYva 2 F
FYR 2{i O6M[OT 600 hLIGAOIE AYF3S 27F KSISNR)RAMahBa
2F 2 {ix%aip bOYRWI My ROYe 0T O0FZ 3I0,-3880YIey yolyilhsp! 20F

Heterobilayers formed using Scheme A are showRigure 1 ¢ KS 2 {i ka2{i KSGSNROACf I
SiN membrane spots. A few of these spots, labeled alphabetically from ARigue 18), were selected for

HRTEM analysiRaman spectroscopy and photoluminescence (PL) were recorded for the entire sample. Figures
199dand ®S RA AL & GKS &AL GAFT wl Y of a¥dlOgkhawithe Rénian rap of i dzZNB
az2z{i ® wlYlyYy YSIFad2NBYSy(a ¢S NdverNErg2aNR® Rnestnimigikating. P4 11 n
measurements were conducted with a reduced laser power of 60 uW (to avoid detector saturation and limit
photon-doped trion signals in the PL spectrum), using a 600 g/mm grating.
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For a straightforward analogy, &L spectra were treated with a maximum of three p§a8s351] From the
FAGGSR t[ LSF14a4aX GKS FANRG LISI] 61a FaarxdaySR G2 |y
AYGSNI @SN SEOAG2Y 6AYRANBOG o0 yRO I [352y383] ShitSin barfd A NR
position, width, and area correspond directly to interlayer coupling and doping effééeis

{LRG ! O2yaraia 2F 2yt e Y2 ypaf20BeyNhelsigleDeak Kolvevés, dil hos |
adequately fit the PL spectrum. To improve the fit, two peaks were used. Thigealofit suggests that a trion

is dominating, likely influenced by either the laser power or contamination from polymer essi@ligomers

from the tape or PDM$55]. The same was confirmed by the Raman spectrum.
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Figure20:¢ 9a> I wé¢9aX RAFFNIOGAZ2Y I 2A{yiR KT i OKR N G (185
grid at spots A and C from Figure 1c: (a, €) TEM images of spots A and C, respectively; (b, f) HRTE
within (a) and (e); (c) SAHWiIffraction) from (b); (g) FFT from (f); (d, h) PL spectra from spots A (d)&fi)
with Gaussian fits for two emission peaks, trion and exciton .

{LRG / O2yairaida =Figurel2d shenvg d HREEMNDage®f Spak §. Frdm this image, it is clear
GKFEG GKS GN}IyYAFSNNBR Y2y2f -48% poynar 2ontamindtdrydin tha fdcat. Thel JLINE |
fitted PL inFigure 26K F dzNJI KSNJ O2y FANXa G KI G { L (Figure 201 sftiibutady & 2 Y
to a trion at 1.& eV, while the second peak corresponds to the A exciton at 1.88 eV. The correspeadiag

spectrum two prominent peakspf@and Az A GK | LISF{ aASLI NI GA2Yy 2F mpdp

A % L oA X

SELISOGSR @ tdzS 27F [BIIIINREAYIGSte& myop OYeéeu

SpotBconsistsofahalf2y 2t @ SNJ 2F 2 {i I YR | Fiue2h FiguR @Snedsiion f | & SN
Fyg Y2ANB LI G0S Ny Fighe RENISglayXhe/mdikéypaterid gartidly 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 layeg.MoS

The FFT frorRigure 2t confirms the presents of a heterobilayers with an averaged twist angle of 10.4°. The

twist angle was calculated from both th&TF and the selected area electron diffraction (SAED) pattern in a
subsequent resultthe straight forwardapproach outlined irelsewhere[335].
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Figure2: ¢ 9a> |l w¢9aX CC¢X YR t[ OKINY¥OGSNRATIGAZY 3
TEM image showing heterobilayers (cross) and 1L &tar) marked regions; (b, €) HRTEM images of the «
and star regios; (c, f) FFT patterns corresponding to (b) and (e); (d, g) PL spectra with Gaussian fits for t
(d) and star (g) regions.

The fitted PL spectrum iRigure 28 confirms the presence of the heterobilayers. However, the interlayer

coupling appearsa be compromised, possibly due to the sandwiched residue, an air gap, or buckling of the
heterobilayers, which is visible in the TEMglre 2b). This conclusion is supported by the peak positions of

the individual components in the fitted spectrum, whereK S 2 { i | yR a2{i LISIFI 14 R2 VY;
shifts associated with heterobilayers formation. Therefore, the second peak in the fitted spectrum is likely a
response to trionsFigure 28> aK2ga (GKS t[ FNRBY (GKS AyReagithaz f 2 {i
FRRAGAZ2Y T FAGGSR LISF{ o0LISF] MO &adzZ33sad GKFG GKS t]
crossover due to the spatial resolution of PL map).

{LRG 5 O2yairada 2F | (N} yaFSNNBR KefSareSdhtackefs coasBtl 2 F
polymer residues are well visiblefigure 22 and 4b. From the HRTEM imagé&igure 2B, 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 pos$ie 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 Wsand MoS. Figure 22 provides the diffraction pattern.

In Spot G, the dirt pockets with a formation pipeline structure are visibféguare 28. Figure22h and22i are
enlarged fromFigure 2B are HRTEM imagEigure 22 showing the moiré pattern with an averaged moire
lattice periodicity of 1.765mm. Thecalculated twist angle is 182°, whichcloselymatches the measured twist
angle of 10.40° from the diffraction pattern igure 22. The twist angle of the heterobilayers was calculated
using the HRTEM image of moire pattern mentioned elsew[&56].
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The following expressions used to calculate the twist angle and the moire pattern length,

Whereash A d a2 A NB
lattice mismatch.

4

Figure22¢ 9a> I w¢9axX {195 ORAFFNIOGAZ2YD l YR tspots
D and G from Figure 1c:-@ Results from spot D; (a) TEM image, (b) HRTEM, (c, d) SAED (diffr
patterns with twist angle shown in (e); (f) PL spectra from spots D and &); Results from spot G; (
TEM, (h) HRTEM, (i) Moiré pattern withperiodicity of 175 nm.
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The PL spectrum igure2F £ G KS Ay idiSyairide 2F (GKS 2{i SEOA(l2Yy &K?2
redshift of around 50 meV. However, the PL does not quench much and showing randomness while comparing
the multiple spectrunrecorded from the same spot. Moreover, it is evident freigure 22, 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 thetseesdre.

v A W

512.{ dz& LISy R S R hete@ddtriicture $niSiN TElyid ¢ sample B

{AYAET NI G2 {IFYLXS 'S GKS KSGSNRPOAfI&@SNRBR 2F az2{i k2 {i
in Scheme B (Figur®4d). Figure 28 shows the fabricated Samplewith alphabetically marked spots selected

F2N) Fylfearad {LIGAFT YILLAY3 2 FiguiekRd) andiAyoge FagurdS O i N1z
23F0 2F 2{i I ¥ modes@dure 28) and & Kbde @igure 280 2F a2{i ¥ Of SI NI
characteristic signatures of the individual layers on the substrate and off the substrate (at the spots). The overall
PL mappingHRigure 28) of the heterobilayers highlights significant intensity variations, especially around the
spots and substrate, sitar to multiple pockets.
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Figure23: h LJGA OF £ = wl YIFy>S FyR t[ OKIFNIOGSNRT FGAZ2
grid: (a,b)BrighfF A St R AYlF3Sa 2F Y2y2fF&SNJaz2{i o6mM[0
with labeled regions 85 F2 NJ wl YIy FyR t[ FylFf@aAaT 6yR35"
OYeéeyt,ddmRuyl OYeéeuo Y2RSAT 6S3 o dwolyWr yO YyélaLdan b
Y2RSAT o0KO t[ AyidSyairitesYlLl 2F 2{ikaz2{i KSI{

Results from Spot C in Sample B are showhignre 24 The TEM image of Spot Eigure 24) displays a
torn/ruptured region, which resulted from the bursting of a dirt pocket bubble under pressure in the TEM
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chamber during imaging. The HRTEM imaigga® region of interest (ROI) in Spot C is presenteegure 24,

and the enlarged area Higure 24 provides clear evidence of the moiré lattice pattern with enhanced contrast.

A second ROI from Spot C, showirigure 24, along with its enlarged wiein Figure 24, also displays a moiré

pattern. The averaged moiré periodicity was calculated to b8 Bné, with a corresponding twist angle ¢3.23°.
Theaveragedwist angle calculated from the FFTs (Figuit4d and24q) is 5.9°. The PL spectrurfigure 24)

FNRY {LRG / &aK2é6a I AaAIYATFTAOFIYd NBRAKATO Ay 2{i Iy
0K2dzZaK GKS 1ljdzSyOKAYy3a 2F 2{i t[ A& YAYAYIfX adAaA3sSaiar
compared to otheresults from Sample B, the PL signatures provide strong indications that Spot C in Sample B
exhibits good coupling.

Cumulative
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10004

T T T
17 18 1.9 20 21

Figure24 T9 aX |l w¢9asX CC¢X FyR t[ OKFNIOGSNRT I GAZ2
5c¢: (a) EM image with two distinct areas; d) HRTEM and FFT from the first spot in (a), showing at:
arrangement and corresponding diffraction pattern; {g HRTEM and FFT from a second spot in (a
PL spectrum with Gaussian fits for emission peaks

Resuls from Spot D in Sample Bigure 2% show similar findings to those from SpotRig(re 24. The TEM

image inFigure 2a reveals weltlefined dirt pockets without the pipeline formations observed in Sample A
(Figure 28). This indicates that Scheme B lftaties the formation of wetdefined dirt pockets, which enhances
coupling between the layers in the heterobilayers. The PL spectkhigurge 28) follows similar trends as
20aSNBSR Ay {LRG /X 6AGK &A3yArTAOimhghetprdtfagebsicduglisy. 2 T
Similarly, slight blueshift in MeSgure 25 presents the PL spectra collected from all spots marké&dgare 238.

¢KS [jdSYOKAYy3a 2F 2{i t[ YR Adla NBRAKATFO FdzNI KSN
heterobilayers couplingg52, 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 varialility.
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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 methgScheme 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 constantsS¢heme B yielded lzetter cleaner
interface(comparativelyand better facet quality of the heterobilayers, leading to stronger cougividenced

from PL spectrumsThis suggests that Scheme B is a more effective approach for fabricating heterohiitlyers
enhanced interlayer interactions compared to the direct transfer method (Schemia fbricating such a
suspended heterobilayers.
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Figure25: a> | w¢9axX CC¢X FyR t[ OKFNYOGSNAI loid
Figure 5c: (a) TEM image;-@) HRTEM and FFT from the same spot, with (d) showing the enl;
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/Md®terostructureon SiN gd

CdzNII KSNXY2NBxX (KA& &aiddzRe gt a SEGSYRSR (G2 FILoNROFGS
dzaAy3d ¢9a YSIFadaNBYSydaod Ly (GKAEA Ay@SadAidalrarzys GK
az2{i KANI LIKSYyS KSi Sch@ed SiN lgrii Svbistiana®y/zédFigre ZB2HotR supported and
suspended regions were compared to assess the impact of substrate interactions on excitonic properties.
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The trion emission energy levefigure 2R 0 NB Y| AY SR dzy OKl y3ISR 06SG6SSy (GKS
monolayer. However, the trion peak intensity almost vanished in the heterobilayitneut 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-ramhative decay359]. In contrast, the exciton

emission was redshifted in the heterobilayefigure 2@) cor LJr NBR G2 az2{i Ift2ySod ¢I
attributed to interlayer coupling in the heterobilayers and stronger excppbonon coupling, leading to
increased energy transfer to phondB44, 360] The phonon movement is restricted by additional scattering

from the substrate compared to the suspertiezgion. 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 hetgmaisilasupported

region Eigure 26), suggesting enhanced noadiative recombination due to charge transfer to graphene. The
exciton linewidth was narrower in the heterobilayedure 2@), likely due to faster phonon transfer to the
graphene laydB61, 362] These findings reveal how substrate interactions and interlayer lomupn
KSGSNRAGNUZOGdzZNBE aAIYyAFAOLyGte | tGSNI GKS SEOAG2YAO
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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 neadgptliears in the heterobilayers regidrigure 24d),
ddz33SadAay3a adNRBy3d AyiSNIFe@SNI O2dzLX Ay3a FyR OKINBS i
signal. In contrast, the exciton linewid(Rigure 2@)is slightly increased in the heterobilagemwhich contrasts

with the previously observed result; this may be due to strain built up during fabrication. However, the linewidth
RSONBIFasSa Ay (GKS &dzaLISYyRSR NBIA2Yy 2F (GKS KSGSNROACTI
previous resiis.

3.016E5 CCD cts

0 CCD cts 0 CCD cts

X1 Trion shift (e %0 T el "Raman peak shift:
d) ' .. ‘Trion Shift (eV) f Raman eeak.sblft. 1an pe

L U T R © » ol d5em)
= . e = L=t

20 ol L]

* 3

R

15 —-. ;‘:-.I 1 i ;
eeh R

10 .__:_. |

’ kn'!_'L g - l._-_

[ T |

18 1.82 1.84 186 0.02 0.025 0.03 0.035 0.04

Figure27h LIGA OF £ £ wl YFy X FyYyR t[ OKIFNIOGSNRTFGAZ2Y-
FASER AYF3AS 2F GKS KSUSNROAfF@SNAT 060060 wl Yl
Photoluminescence P0 Y I LI 2 F a 2 {g) Spaiidl maps/from geak ditfhg: ¢(dRTrion peak st

In Raman spectra, the2fE mode shows negligible shiffFigure 27f) between supported and suspended
KSGSNROAT I @ SNE NB3IA 2-ghly Eegiah dxhibits &Kr&shiit drilicdtng RtEcR relaxationi due

to the absence of substrate interactions. Thg rhode is blue shifteqFigure 29) in the heterobilayes region

NB f I G A @énly iegionsy reffedting the stiffening of eaf-plane vibrations due to graphene coupling. The
adzaLJISYRSR a2{i NB3IA2Yy | faz2 aKz2g¢ga Iy FRRAGAZ2YIf o0f dzS
substrateinduced effets. These results highlight the significant influence of both interlayer coupling and
adzoa0NI G0S AYyGSNI OlAazya 2y (GKS St SOGNRYAO YR @AONI
in the trion, exciton, and Raman mode shifts.

5.1.4. Sspended hBN/Ma#hBN heterostructuren SiN grid

¢CKS adadGdzRe ¢l & O2yUAYydzsSR o6& FFIONROFGAY3a K.bka2{i«kK.
cavity.Figure 2& and28b provide the optical image and PL map of sample 1,Fagdre 28 and28d provide
the optical image and PL map of sample 2 fabricated within the context of heterostruzdgel cavities.
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Figure28& wSa dzf G& FTNRBY K. bkaz2{i kK. bfieldimagéesofSaniple & and Sad
2, respecively. (b, d) Photoluminescence (PL) spectral spatial maps of Sample 1 and Sample 2, respe

In the results from sample 1hé observed increase in exciton intensity in RGIgure 29) can be attributed to

GKS Fdz £ Sy Ol LJa dzthe GBN Zayers Whichprdvides a didattic®@igal cavity in which cavity
LIK2d2ya 02dzZLX S 6AGK GKS t] Sadiatisiedracambinafof path@ays. This y R
configuration enhances exciton confinement, leading to stronger excitonic efissio 2 Y LI} NBR (2 wh L
K.b0O YR whLo ¢daz2{i 2y (G(KS 3F2fR adzoadN} (iSI FO@edSNBR
29b), nearly halved compared to ROI1 and ROI3, indicates enhanced exciton stability and reduced phonon
scattering in theencapsulated structurggroviding a better Q fact¢863-365].

LY whLoX ¢gKSNB az2{i A& Ay RANBOO O2yidl O 6AGK (KS
decreases compared to ROI1, likely due to the partial protection provided by the top hBNfdayéng a
dielectricmetallic combined cavity. However, the decrease in linewidth is less pronounced than in ROI2,
suggesting that direct contact with the gold substrate introduces additionalradiative recombination
channels.

The trion peak blueshifFigure 28) is observed in ROI2 within the fully encapsulated region. This observation
needs more studies to understand it further in terms of tApolariton formations and their dynamics in cavity
modes. The increased trion linewidtlrigure 28@) in FOI2 may result from enhanced scattering due to
interactions with the encapsulating hBN lay[886].

The Raman results furthesupportsthese observations. The blueshift in thdgdmode EFigure 2@) in ROI2
compared to ROI1 and ROI3 suggests that the full encapsulation induces a stiffeninggbplame vibrations

Ay az2{i ® ¢KA& O2 ddistRiteindbicedstizén afid2he didfaRaDsHURtural integrity provided
by the hBN layers. In ROI3, théginode also shows a slight blueshift compared to ROI1, likely due to partial
strain relaxation afforded by the top hBN layer. However, this effeesis pronounced than in ROI2, where the
full encapsulation provides more uniform strain reduction and phonon hardening.
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Exciton area, (b) Exciton width, (c) Trion shift, and (d) Trion width, on photoluminescence
measurements. (e, f) Raman maps showing thg peak shift and Ay peak width, respectively. (g, h) |
spatial maps of the heterostructure, with (g) obtained at 60 yywump power and (h) at 1 pVv
highlighting nonlinearity indicative of cavity formation.

The decreased linewidth of thelgpeak fFigure 29 in ROI2 indicates reduced phonon scattering, consistent
with exciton stability in the encapsulated region. In casty the increased linewidth in ROI3 compared to ROI1
and ROI2 suggests that interactions with the gold substrate contribute to increased scattering, likely through
plasmonic interaction867]. These findings raise additional questions, such as ttieatrrole of cavity formation

by hBN and substrate effects in modifying the optical properties of 2D materials.

For the poweRSLISY RSy i t[ VYSFadaNBYSyidas LISNF2NY¥YSR 6A0K
trends were observed. At high excitatiad2 ¢ S NJ oFgure 2920 G KS Fdz €t & Sy Ol LJa dz
region (ROI2) exhibits the highest PL intensity, indicating strong cavity mode locking and significant enhancement
due to plasmonic effects from the underlying galolated SiN substrate. Thalganced 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
LJ2 6 SNJ Bigare 3® &> ¢gKSNB whLmX GKS NBIAZ2Y gAGK az2{i
highest PL intensity. In this caseaghonic interactions with the substrate dominate, leading to greater exciton

F

NBO2YOoAYlI A2y SFTFFTFAOASYOe G f2¢ LIAigraided ddiibnalig@estiong S R 7

and route to new study about the polariton formations within cavitg, interaction with excitons, and their

dynamican hBN/Mo%/hBN heterostructure$363].
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5.2.Grapheneghickness detection using Ramabrational modes

The brightfield microscopy image and contour Raman map illustrate the G peak (~1587afnthe CVD
graphene transferred onto a partition substrate (PS). The CVD graphene forms a stacked structure on the
substrate, exhibitingignificant difficulty in differentiation across two distinct oxide thickneskesute 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, ensuringhaimum 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 setgitet 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 (~19&hdr8i peak

from silica (=521 crf which wereall considered for further investigations of the intensitgsed rapid ML
application. Due to multiple phonon components in the 2D band in and more thastayes graphene, the 2D

peak (~2680 cf) was excluded from the analysis. A total set of twemty feature variables was utilized in the
study, including six engineered features (Ir, Iro, Wr, Wro, Ar, and Aro) derived from the extracted features.

VS
N
000 CCD cts. . s ‘ v o » 20CCDcts

- . Lo i

50CCDcts

(b)

800 CCD cts

Figure 30: (a) Optical microscope brigHield image of transferred CVD graphenon the prepare:
substrates. (b, c) Raman contour maps of thed@ YR Ay dSyaiite 2y yI (A
adjusted CCD cts scale for clarity

The scatter plot irFigure 31visually demonstrates how the segregation of graphene thicknessr (Gyt)

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 derscored irFigure 31
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Figure31: Pairwise feature distribution and scatter plots of singlayer (SLG), bilayer (BLG), and trila
graphene (TLG) showing the separation of classes based on extracted features.

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 method368],

©)
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Whereaswis the voting classifier prediction label for the data éetis an input (s the class labelQ {SLG,
BLG, TLGYs the classifier model in the ensembi@. {RF, SVC, KNN, NUSVC, BAG, NC, XGBC, ¥GSRE}.
weight assigned to each classifier model in the ensemble. Here, we used equal weidhtfor all modelsw
is a row of feature vectors from the whole data set X in the real space.

X gl O (10)
(ol
Oy

o é heyn i 11
O g

N is the number of features present in the datagetis the number of rows: is the number of classifier models
in the ensemble. Here, n is&.is predicted class label by a classifier mdQel

F ey HIHO

12)

In the hard voting confidence level () is trivial and directly provides the maityr 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 clariBigare 3® andFigure 34. When
choosing the extraction region for investigation from Raman spectral mapping, it has been considered to avoid
strain and other contributiongrigure 38 presents a bright field optical image of the transferred sample on PS
from mechanically exfoltad graphene, with optical oversaturation from the native oxide surface being
compensated by the merging of two bright field images with adjusted brightnesBiginme 38 shows the
enhancement factor (EF), which was by normalizing the Raman peak signalthé 100 nm SiO2 region to
those from the native oxide. Following relation was used to calculate it,

né i g 4 0o o By (13
Ni e B+ < oom P

Whereas, | is the intensity ¢fie 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.
Regardinghie 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 iRigure 38, shown m Figures 74n. Relatively due to low signal from native oxide
region, the levels of the CCD contourFigure 38 ¢ 1h were each modified separately to enhance visibility, as

the oversaturated signals from 100 nm silica were obstructing the signals remattive oxide areas. From the
contour map, it is understandable that thréayer 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 visisatiged
confocal laser scanning microscopy and listeigure 32
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Figure32: Confocal laser scanning microscope images of mechanically cleaved graphene sam
prepared substrates used in experiments.

Raman spectra of C\iPaphene 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 decreasémwever, 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 thelGrigea 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 Jeading to decreased electrgshonon coupling caused by unintentional coupling with oxide from the
substrate, as well as the absence of the Fabeyot effecf330]. This is visually depictedkigure 34. It is evident

that the intensity of the Ramapeak is of utmost importance when comparing the 100nm silica with native oxide

(in the absence of the FabBerot effect).
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Figure33: (a-b) Schematic of transferred graphene on a fabricated substrate: (a) Top view anddis¥
sectional view. (c) Brighfield optical image showingsingle layer(1L), bilayer (2L), and trilayer (:
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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 worka Figure 34, 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 tatio 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. Thasragern
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 ogida neassaturation 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 graphentwkad this prediction, the data

were presented as a function of the anticipated graphene thicknessHigeee 34). We deliberately refrained

from analyzing higher thickness graphene samples.
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Figure34(a-b) Normalized RamansS OG NI 2F 3ANI LIKSyS 2y wmnn yY-
sectional illustration showing internal light reflection, (@) correlation ofls/l 4 ratio with graphene
layer count for CVD (d) and exfoliated (e) graphene, where exfoliated thickwess predicted by th
voting classifier model.

Nevertheless, the final decision regarding graphene thickness was made using the hard voting method employed
by the trained voting ensemble moddligure 34 shows that the Isi/Igr tradeff follows a simér 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 otdirex graphene data from

the exfoliated graphenas threelayer graphene, owing to limited labels in the training data. Theazurrence

of median data of thredayer graphene from both regions of the polydimethylsiloxane (PDMS) substrate is
observable irFigure 38. Furthermore, the crystal quality @D 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 taayteep
significant error bars in the exfoliated one and tayer graphene samples. Similarly, the presence of this
remnants caused the atomic force microscopy (AFM) data inadequate in providing information about graphene
thickness [tigure 3%. The stepmg landscape found in the PS contributes to the challenge of cleaning residue,
as the layers crump during the annealing process.
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