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Abstract

Pristine Goldtape Exfoliation of Transition Metal Dichalcogenide Monolayers

Nicholas Michael Olsen

Transition metal dichalcogenides (TMBD)jponolayerdave proven to be a premier class
of two-dimensionakemiconductor due to their chemical simplicity, suitable carrier mobilities,
and cesirable band gapblowever, popular fabrication methods fail to produce TMD monolayers
with bothsuitable sizes and qualityhe metalassistedigoldt a pretbodenablesthe
deterministicexfoliation ofmacroscopid MD monolayers from bulk singlerystals
overcominghesizel i mi t ati ons of tthep eMd drAmdvéybroodcearnts A Scot c
regardingthe quality of gold-exfoliated TMD monolayerkavelimited thetechniqué s ad.opt i on
This thesigliscusses the quality and cleanlinesgalt-tape exfoliatd TMD monolayerdrom
furnace to deviceA substantial population of free charge®bservedor photoexcitedrMD
monolayersunlessexfoliated fromstateof-the-art flux grown crystalshighlighting the
importance oparentcrystalquality. Furthermore, e discovery of a previously unknown
irreversibly adsorbegolyvinylpyrrolidone(PVP) residue layer ishronicled anda critical
Ar/Oz reactive ion etch (RIE) stapintroduced tceliminate it. Gold-tapeexfoliaton is shownto
producepristine millimeter-scale TMD monolayersvhich exhibit defect density, charge carrier
mobility, and excitonic properties intrinsic to the parent crysiaklly, postprocess patterning

and stackingreexplored
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Chapter 1: Transition Metal Dichalcogenide Monolayers

1.1: Two-Dimensional Materials

Reduced dimensionality in materials systénmsanifesting ageradimensional quantum
dots onedimensional nanowires, amdo-dimensional2D) mondayer® has revealed a diverse
landscape of emergent physical phenomented in quantum confinement, enhanced sufface
to-volume ratios, and altered symmetry constraitftémong the most compelling platforare
thetwo-dimensionamonolayers ofan der Waals (vdW) materiaBulk vdW crystal are
comprised of stacks of individual 2iheetdound together with vdW forceshicharise from
the polarizability of the electron distribution in neighboring monolay&¥sen compared to the
covalent intralayer bonding between atomithin each2D sheet the interlayer vdW forces are
weakerby approximatelytwo orders of magnitud®!® The weak interlayer forces of vdwW
materials allow these materials to be cleaved at the interface bdayeepatrait thatwas
leveraged iranearly application of 2D materials as dry lubricaiitsh 2004 physicists Andre
Geim and Konstantin Novoselaemonstrated thafraphite, asdW materia) could be
successively cleavesith commercially availabladhesivaapeto produce a singiayer 2D
materia) dubbedgraphené? Thisii S ¢ et t acptefadiation technique introduced by Novoselov
andGeimremains a popular method for isolating monolayers,sdscussed in more detail in
Chapter2.2 Thediscovery ofgrgohene opened the door to the studiymonolayers isolated
from otherbulk vdW crystalg®'4Since 2004a versatile family oexfoliatable 2D materials has

been discovered with a wide range of physical propéfties.
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Figure 1: Diagram of the relative conduction and valence band energies for metals,
semiconductors, and insulators. Adapted from ref. 16 Accessed 22/7/2025.

Two-dimensionamaterialscan be broadly categorized by their band ghpsystens
with periodic potential energies, such as that of a crystasdluions to th&chidinger
Equation aresimilarly periodic.Whenthese stateare plotted in reciprocal spaeciprocal
space is th&ourier transfornof fi r e a | wisigh has @nibs opFwy wherewis a unit of
distancé that periodicityresults in energfiband®. Whether a particular band idl&d, partially
filled, or emptyat equilibriumdepends on the potential energy of that batral particular
momentumand the temperaterA band gap is the energy difference between the valence band
and the conduction band@he valence band is the highest energy lvemere electrons are
presentt absolute zero temperatyaed the conduction band is the lowest enemyptyband
Notably, only partially filled bands allow chargarders to move freely and conduct electricity.
In semiconductors and insulatorse 8ize of the bandap determinetheenergy needed to excite
charge carrierandallow the flow ofelectriccurrent. Materials with large band gaare

classified asnsulators, while those wittmall band gapare semiconductordletalson the
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Figure 2: Summary of bandgap energies of common families of 2D materials, and

their crystal structures. Adapted from ref. 15. Copyright 2016, Springer Nature.
other hand, have overlappisgnduction andalencebands and no band gape overlap of
these bands causes them to be partially falémiving charge carrierto flow freely!’Fig. 1.1
depicts the energies tife relative conduction and vales@nergies for metals, semiconductors,
and insulators.

Graphenas semimetallic. It has a band gap pérowhere itsconduction and valence
bands meetbut do not overlamt points known as Dirac poinfBhis electronic structureiges
rise to extraordinary electrical conductivignd exotic properties such as the quantum

anomalous hall effe¢ Conversely, hexagonal boron nitride (hBN), whickasposed of

alternating boron and nitrogen atoms arranged in a honeycomb lattice, is structurally analogous



to graphene, but is an insulator with a wide band gap of approximat&lg8.¥Beyond
graphene and hexagormiron nitride (hBN), the landscape of van der Waals (vdW) materials
includes a fascinating array 2D systemswith a wide range ohtermediatdband gaps,

providing asuitablechoice for most applicatiortS The band gaps of several 2D materials are
compared irFig. 1.2. Additionally, many 2D materials exhibinteresting phenomenBlack
phosphorus exhibits anisotroibarge carrier transpomvith impressivehole mobilities on the
order of 10,00 | 6 O .2°Magneticlayeredmaterialss u ¢ h a sCr&Brhave and
introduced magnetism into ti® regime?:22SnSe is a layered thermoelectric that holds the
record for thermoelectric efficien& Furthermore, 2D materials can t@mbined into

multilayer structuresyhich provides additional tunability giving rise to novel phenomena such
as moiré superlattices, interlayer excitons, and correlated éfegfsanding the reach of 2D
materialsback towards three dimensions deyondthe limits of any singlenonolayer*
Stacking methods for 2D materials are described in more detail in Cbaeeprominent

class of 2D material left conspicuously absamtil now is thefamily of materialsdubbed
transition metal dichalcogenides (TMDYhich round ougraphene and hexagonal boron nitride
as the predominant class of 2D semiconductor and will be the material of interest for this

dissertation.

1.2 Transition Metal Dichalcogenides
Transition metal dichalcogenides (TMDs) are a diverse class of layered materials with the
gener al f or mMikatraddiKon metalv(buehras Mo, W, or Nb) &nd a chalcogen

(S, Se, or Te). Structurally, each monolayer consists of a plane of metal atoms sandwiched
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Figure 3: Transition metal dichalcogenide (TMD) structure and polytypes. Panel (a)
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energy difference between the 1T and 2H phases for various TMDs. The 1H phase is more
stable for group 6 TMDs. Panel (a) is adapted from ref. 25, Copyright 2017, Springer Nature.
Panel (b) is adapted from ref. 26, Copyright 2023, American Chemical Society.

between two planes of chalcogen atomgDs exhibit a breadth alectronic behavig which

spans from insulating (e.g., tdm&aligandesens emi con
superconducting (e.g., , NtuSurgandtetheemerd®Thag on co
most common polytypes are the 1T, 2H, and 3R phases, distinguished by their metal

coordination and stacking ord@rin the 1T phase, the metal atoms adopt an octahedral



coordination, leading to a metallic character in many TMRg tothis metallic character,
applications of 1T TMDs include device contacts and energy harvésfiing. 2H phase features
trigonal prismatic coordination and is often semiconducting. The 3R phase, a rhombohedral
variant of the 2H structure, also exhibits trigonal prismatic coordination but with a different
stacking sequence, affecting interlayer coupind symmetryRegardless of polytype, TMD
monolayers break inversion symmetry, which directly affects their electronic structure and
optical response, discussed lafidre 2H phase is thenost energetically stabfmlytypefor

TMDs containing group 6 mas suchas molybdenum and tungst&oOf the group 6 TMDs

MoS, WS, MoSe, andWSegar e particularly well studied,

relatively stable in ambient conditions.i$kardinal group 6 TMDs and will be the focus of the
remainder of this dissertation.

MoS,, the only TMD to be found naturally as the minemallybdenite is the most
studied TMD. The structure of molybdenite was first describeldrys Paulingn 1923
While monolayer Mogwas isolated, first bintercalation with lithiunt®31then by the Scotch
tapeexfoliationmethod, it was the discovery ofetindirectto-direct band gap transition in
exfoliatedmonolayer Mo%in 2010 that reignited interest in TMB%33In bulk MoS the
valenceband maximum lies at thiepoint and the conduction band minimum leegweerthe K

and points. As the layer numbeatecreasethevalence band maximum at tigoint decreases

b €

in energywhile the conduction band minimum betweeniihe and K points i ncrea

At the monolayer limitthe energy of the valence band atihe poi nt hbebwtdee cr eas e c

energy at the K point, similarly the conduction band minimum is now located atgbmté®
This indirectto-direct band gapransition is depicted iRkig. 4b. With thevalence band

maximum and the conduction band minimum at the same point in momentum space the
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Figure 4: Indirect to direct band gap transition in monolayer MoS 2. Panel (a) is the PL
spectra of monolayer MoS 2 and bilayer MoS 2, the inset is the quantum yield of MoS 2 flakes
with increasing layer number. Panel (b) is the calculated band structure of MoS 2 with
different layer numbers including bulk, 4 layer, 2 layer, and 1 layer MoS 2. Panel (a) is
adapted from ref. 32 Copyright 2010, The American Physical Society. Panel (b) is adapted
from ref. 33. Copyright 2010, American Chemical Society.

transition becomes optically allowed, which is reflected in the emergence of strong
photoluminescence in monolayer Mo8epicted irFig. 4a3? All cardinal TMDs share this layer
dependent transition to a direct band gap at the monolayer limit. Furthermore, because of the
broken inversion symmetry in TMD monolayers, the optical band gap is located at two
degenerate high symmetry points in momentum spaceyshesfthe K point the second is the
K6 point

A defining feature of TMDs is the strong spambit coupling (SOC), particularly in the
valence band, which arises from the heavy transition metal §ddm3V, etc.) This SOC leads
to a significant spin splittindy on the order of hundreds of mé\in the valence band at the K
points, and a smaller but norgligible splitting in the conduction band. Combined with the lack
of inversion symmetry in monolayetbie spin splittingcouples thespin and valley degrees of
freedomat t he K &% The ¢oopling loetwaen spin and valley degrees of freedom

enabeésvalley-selective optical excitation using circularly polarized lighg. 5 depicts the spin

7



valley locking in TMDs.The coupling of the spin and valley degrees of freedwmkes TMDs
promising platforms for valleytronic§,where information can be encoded in the valley index,
and for exploring novel quantum phenomena such as exciton condensation awvallsgitall
effects3"3°

The exciting and optically accessible band gaps of monolayer TMDs, along with their
high absorption coefficients, mechanical flexibility, and compatibility with other 2D materials
make them idedbr engineering devices from 2D materials. Two exciipglications of TMDs

are discussed in modetailin the following sections.

a - B V b m=-3/2 m=+3/2
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Figure 5: Spin-valley splitting in TMDs. Panel (a) highlights the broken inversion
symmetry of TMD monolayers and shows their hexagonal Brillouin zone . Panel (b) shows
how resonant excitation with circularly polarized light can be used to selectively excite the

*WEOEwW* zwx OPOUUGS w/ EOI OU wpBEAQoiydyE 2aif Spuirigdd | w
Nature.

1.3TMD Field Effect Transistors
Field-effect transistors (FETs) are fundamental building blocks of modern electronics,

enabling amplification and switching in integrated circuits. At their core, FETs operate by



modulating the conductivity of a semiconductor channel via an external electric field applied

through a gate electrodehe conventional FET architecture comprises a source and drain

contact bridged by a semiconducting channel, with a gate electrode separated by a dielectric

layer. When a gate voltage is appliednduceseither electron or hole accumulation depending

on the device polarity (type or ptype).The accumulation of chargéhen allows for the flow

of current across the channéhisgateind uced modul ati on governs the
characteristics, such as threshold voltage, transconductance, and on/off curréht ratio.

The transistor is arguably the most reproduced invention in history, outnumbering the
grains of sand on earth, and like sand transistors are primarily made of Jieorelentless
scaling of silicorbased metabxide-semiconductor fielgffect transistors (MOSFETS) has been
the cornerstone of modern microelectronics, enabling exponential improvements in
computational power and energy efficientie number of transistors per microchip has
doubled approximately every two years for decades, only faltezoently as the we reach the
fundamentaphysical limits of silicon aa channel materidt*“?As device dimensions approach
the deep submicron regime, classical electrostatic assumptions begin to breakftietine
controlof the channel by the galtecomes more difficuind a suite of nordeal behaviord
collectively termed shorthannel effects (SCE$)emerges. These effeatst only degrade
device performance but also impose fundamental limits on further sé28hgrt channel
effects are exacerbated by disorder at the surface of the cihaaieela)] 3D semiconductors
have imperfect surfaces with dangling bonds and thickness variabi@emiconductors
promise better gate control at slewthannel lengths because of thegasnglingbond free
surfaces and uniform thickne¥<Jnlike 3D semiconductors like silicon, 2D materials retain

their mobility even at the monolayer limitMD monolayersare anong themostpromising2D



semiconductochannel material for next generation transistéfé However, TMD FETs
struggle due to a lack of a deposition compatible complementary diedectitact issues, and
poor material quality>4’ Solving these problems is essential for the adoptidiMiDs in next

generation hardware.
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Figure 6: Advantages of 2D semiconductors for short channel length FETs. Panel (a)
diagrams the several inherent advantages of vdW materials as a channel material for FETSs.
Panel (b) plots the mobility of several channel materials against the body thickness of the

transistor. 2D semiconductors maintain their mobility to the monolayer limit. Panel (c)
demonstrates where 2D semiconductor transistors might be implemented to continue
increasing transistor density and computer performance. Panel (a) is adapted from ref. 44,
Copyright 20 24 American Chemical Society. Panel (b) and panel (c) are adapted from ref. 47,
Copyright 2021Springer Nature.
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1.4TMD Moiré Devices

When two periodic patterns are superimposed, they can produce a combined pattern with
a larger periodicityy known as a moiré pattern. Moiré patterns are commonly encountered in
everyday life, such as when looking through two ctiak fences or photogrdypng a computer
screenwith a digital cameraAn analogous effedanoccurwith theatomic latticeof vdW
systemssuch agyraphite, where misaligned layaranform moiré pattern& Following the
isolation of graphene, bilayer samples with controlled twist angles emerged as a powerful tool
for tuning material properties. The atomic overlap generates a potential energy superlattice with
anenlarged periodicity and correspondingly smaller reciprocal lattice vectors. Interlayer
coupling and band backfolding lead to avoided crossings and saddle points in the electronic
structure’®*In graphene twisted to the-salledfimagic anglé of 1.1°, the bands flatten,
increasing the density of states and producing a van Hove singaladitprrelated phenomena
such as superconductivity>?

Moiré samples can also be engineered with graphite gates separated by hBN spacers to
enable electrostatic doping. Due to the low area density of moiré sites, gating allows access to a
rich landscape of correlated states across various filling faet®exemplified fothe
WSe/WS; moirésuperlattice in Fig7.%® The remarkable tunability of moiré systemis twist
angle and electrostatic controlakes them a compelling platform for exploring exotic physical

propertiegt®>°
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Figure 7: Correlated stated in a WS 2/WSe2 TMD moiré device. Panel (a) shows a moiré
superlattice formed by two hexagonal lattices with a slight twist . Panel (b) diagrams how a
the periodic TMD moiré potential is a platform for Hubbard Model physics, with an on -
site potential ( U) and a hopping term ( t). Panel (c) shows the reflection contrast of a WSe 2
sensor layer due the gate voltage dependent formation of correlated states in a WS 2/WSe:
heterobilayer moiré. Panel (b) is adapted from ref. 50 Copyright 202 2 Springer Nature .
Panel (c) is adapted from ref. 53, Copyright 2020Springer Nature.

When transition metal dichalcogenides (TMDs) are stacked with a lattice mismiagch
to a relative twist between likiayers or a periodicity mismatch between undigers similar
moiré band formation occurs. However, several key differences distinguish twisted bilayer
graphene from twisted TMD bilayet$First, TMDs are semiconductors. Their intrinsic band
gap enables the formation of moiré flat bands across a continuum of twist angles, not just at
discrete magic angles. Second, the conduction and valence bands in TMDs are primarily
composed of localizeddnsition metalér bi t al s, i n cont r a-srbitald o

in graphene. This localized orbital character makesight-binding models a suitable
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Figure 8: Sources of disorder and irreproducibility in moiré devices. Angle sensitivity
exacerbates small errors in stacking, angle domains can form preventing uniform
properties over the sample area, strain can deform the moiré superlattice, small twist
angles can relax, and labor -intensive sample fabrication results in studies of single

devices. Figure 8 is adapted from ref. 54 Copyright 2022Springer Nature.

approximation and positions TMD moiré systems as an excellent platform for exploring Hubbard
model physics.

Gated TMD moiré devices have proven versatile for investigating a wide range of
quantum phase$°>>**However, progress is often hindered by the challenges of device

fabrication and sample irreproducibility due to disordiégramedn Fig. 8.4 Improving

13



reproducibility and streamlining fabrication processes is increasingly important, especially as
vdW device architectures grow more compléa.that end, this dissertation will focus on a

promising method for the fabrication of largeea highquality TMD monolayers.

14



Chapter 2. Monolayer TMD Fabrication Methods

Various fabrication methods exist for TMD monolayers with differing quality and
scalability. These methods can be broadly categorized as boft@nd topdown methods.
Bottomup methods involve the direct growth of singdger TMD films, while topdown
methods involve the exfoliation of bulk TMD crystals into monolayBogular TMD monolayer
fabrication methods inclug chemical vapor deposition (CVD), Scottdpe exfoliation, and

metatassisted exfoliatioare discussed in this chapter.

2.1 Chemical Vapor Deposition

Chemical vapor deposition (CVD) offers scalability by directly growing langa TMD
monolayers,*8making it the preferred method for some device applications, such as field effect
transistors (FETSY In this techniqueprecursors are heatsdch that they vaporizand react at
the surface of a growth substrate, nucleaitimg monolayer crystal®® Fig. 9adiagrams an
example of a CVD proces&rain boundaries can form when monolayer crystals nucleate with
various orientations and grow into each ofiéfFig. 9b shows how TMD monolayers can
nucleate with various orientations during the CVD procebde Fig9c shows examplesf how
grain boundaries interrupt the hexagonal TMD atomic latGoethermore,tie growth
conditionsmust becarefully controlled to avoid the nucleation of additional layers wbash
resultin crystals withhigher vacancy defect densities than might otherwise be possible with bulk
crystal growth Additionally, contamination from the precursmaterialscan also cause
substitutiondefects in the final CVD TMD monolay&t®*0Opt i mi zati on of CVD
conditions, substrates, precursor s, carrier

and cr y’%tPalrl iexiatmp.l e, swintgh earc raywserad g eMorSo o m
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mobility?w4<$'ca@m7b6é6 emitaxially grown by |l evera
s a p p®HDespige.impressive improvemefif$?, the charge carrier mobility of CVD TMD

monolayers is still well below the theoretical phodionited mobility 6768

a C

Temperature gradient ateubeuncacies
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Figure 9: CVD growth of TMD monolayers. Panel (a) diagrams the CVD process.
Precursors are heated in a furnace with a temperature gradient such that they react and
nucleate monolayer crystals on a growth substrate. Panel (b) shows an optical microscope
image of MoS 2 monolayers grown on a SiO 2/Si substrate, various crystal orientations are
observed. Panel (c) depicts two examples of the atomic -scale structure of grain boundaries
in TMDs. Panel (a) is adapted from ref. . Copyright 2020 Elsevier. Panel (b) is adapted
from ref. 2. Copyright 2019 10P Publishing Ltd. Panel (c) is adapted from ref. 1. Copyright
2020 American Chemical Society.

2.2 Scotchtape Exfoliation

The prototypical toglown exfoliation technique is mechanical exfoliation with adhesive
polymer taps. Graphene was first isolated in 2004 by Andre Geim and Konstantin Novoselov,
who famously used adhesive tape to peel single atomic layers from gdaplptecess now

known as mechanical exfoliatidh3This breakthrough defied lorgfanding assumptions about

16



the instability oftwed i mensi onal mat erials and revealed
including exceptional conductivity, strength, and flexibility. Their work earned them the 2010
Nobel Prize in Physics and launched a new era in materials sciensedoon atomically thin
systemsTheii Sc ot c h t a pmdessamxoifvas suiccassive@leaving of a bulk TMD

crystal with adhesive tape, after which the tape is brought into contact with/8iSiO

exfoliation substrate. Often the whole assembly is heated to improve exfoliation yield. Then the
adhesive tape is removed and the debris is searched with an optical microscope until a monolayer

is found via optical contrasthe scotch tape exfoliation process is shown in FigSt0tchtape
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8
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breaklngatany L
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Figure 10: Scotch-tape exfoliation of TMD monolayers. Panel (a) shows images of the
Scotch-tape exfoliation process, where a bulk crystal is successively cleaved with adhesive
tape and then placed onto an exfoliation substrate. Panel (b) illustrates how due
to the uniformity of the vdW interfaces in a bulk TMD crystal, there is an equal chance of
cleaving the bulk crystal between any two layers. Panel (c) graphs the inverse relationship
between total exfoliated monolayer area and the average monolayer flake s ize for Scotch-
tape exfoliation. This figure is adapted from ref. . Copyright 2021 Elsevier Ltd.
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exfoliationremains the method of choice for experiments that requireduglity monolayers,
because the parent crystitermines the quality of the resulting monolay#owever, the

stochastic nature of Scotch tape exfoliation results in low yields and small lateral dimensions

( ~ 1 0,5 Bmitihg their application to fundamental research and podafoncept device¥:

Fig. 10c plots the total monolayer yield against the average monolayer flake size with increasing
exfoliation steps. Additional exfoliation steps thin the crystals, but also risk breaking apart

flakes.

2.3 Gold-tape Exfoliation

Recently, metal assisted exfoliation was developed to deterministically exfoliate large
area TMD monolayers from bulk cryst&f%’* Metals, especially goldnteract strongly with the
chalcogens atoms of TMDs forming pseumvalent bond$? This alhesion tdhe metainduces
biaxial strain in the topmost TMD layer, thus, reducing interlayer coupling between the first and
the second layer, leading to the deterministic exfoliation of monolayers with lateral dimensions
commensurate with the parent cry<tsl® Early iterations of this process utilized direct metal
deposition onto bulk crystl® but the high kinetic energy of metal atoms during deposition
would result in damaged monolayersu et al’?improved on earlier iterations by usiag
templ ate sttape@etdo igwdidd damage to the TMD fr
deposition’>’’Fig. 11ashowsa diagram of the gokthpe exfoliation process. In this process,
gold is deposited onto a template wafer with a thickness e2Q00hm. A polymer protection
layer ofpolyvinylpyrrolidone (PVP)s spun onto the gold wafer before thermal releaseisape
used to delaminate the templated gold film from the wafer. Thetgpklis then pressed gently

onto the surface of a bulk TMD crystal deterministically exfoliating the top monolayer. Tée tap

18



assemblyincluding the monolayers placed onto a final substrate, and then heated to remove
the thermal release tape. A water bath is used to remove the PVP protection layer, then the gold

is etched with an aqueous Klfolution. The monolayer sample is rinse in another water bath to

a
(1) Evaporatlon (2) TR (3) TRT/PVP/Au
\/ v Pee%
4) (56) Peel off (6)
-l e
s —— TRT
Press Monolayer /\ -
9 ° _ Substrate
vdW Crystal b o0 s o
(7) H.O (8) Au (9) 2D monolayer
el . o ®fchant (Size: mm — cm)
" ‘ p'ﬁ&.""
PVP Au

Figure 11: Gold -tape exfoliation of TMD monolayers. Panel (a) shows the Scotch -tape
exfoliation process: (1) Gold is deposited onto an ultra -flat silicon template substrate. (2) A
PVP polymer protection layer is spun onto the top surface of the metal and thermal relea se

tape (TRT) is adhered to the polymer protection layer. (3) The tape assembly is

delaminated from the template wafer revealing a clean ultra -flat metal surface. (4) The
gold -tape is pressed onto the surface of a bulk vdW crystal. (5) The gold -tape is removed
from the bulk vdW crystal deterministically exfoliating the top monolayer. (6) The gold -
tape with the exfoliated monolayer is placed onto a target substrate and heated to remove
the TRT. (7) The PVP polymer is dissolved in water. (8) An aqueous | /Kl etchant solution
is used to remove the gold film. (9) The exfoliated monolayer is rinsed in water to remove

residue from the 12/KI etchant solution. Panel (b) is an image of flat bulk WSe 2 crystals
grown with the 2 -step flux method. Panel (c) is an image of a macroscopic gold -exfoliated
WSe2 monolayer adhered to the surface of agold-tape. Panel (d) is an optical microscope

image of the gold -exfoliated WSe > monolayer from panel (c) after the full exfoliation
process. Panel (a) is adapted from ref. 72. Copyright © 2020, The American Association for

the Advancement of Science .
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remove the etchant solution, and then dri&dce goldtape exfoliation was demonstrated by Liu
et al., it has been utilized for many experiments that require-tasgesinglecrystal TMD
monolayers® & Additionally, the process of golhpe exfoliation works witlmanynonTMD

vdW materialsincluding those with halogen capping laysueh as NbQland PdAll 2 T
althoughthese materials do not survive the Kibld etch stepAnother recent extension of the
gold-exfoliationtechnique utilize hybrid gold mesh tapes to deterministically exfoliate TMD
monolayers on otherwise less adhesive substrates such.#8i8i0hese methods are an
exciting new direction for #atechnique due to their ability to avoid cleaning and etching

procedures, and integrate device architecture directly into theegfaltiation surfacé?

2.4 Note onBulk Crystal Growth

As remarked above for Scotthpe exfoliation, and as will be shown in following
chapterdor gold-tape exfoliationa primary advantage of tbetop-down exfoliation
techniques is that they maintain the quality of their bulk paser#tals. Therefore, the
growth of highquality crystals is incredibly important to the performance of exfoliated
monolayers. Furthermore, geldpe exfoliation is espally sensitive to the macroscopic
crystal quality as it determines the dimensions of the final monolayex gaseral rule,
the best goleexfoliated TMD monolayers come from largand most importantly flat
bulk crystals. Debris, cracks, crystal clusters, and large steps in the surface all impede
high quality goldtape exfoliation Furthermoreexcessive damage caused by poor
exfoliation can be worsened when the monolayer passes through the water/air interface

after the aqueous gold etch stepaveconsistently found that bulk crystals grown via

20



the selfflux methodto producehe best gold exfoliated TMD monolayers

microscopically and macroscopically. Flux groenystals carapproach the

thermodynamic limit with respect to defect dené#§t As an example, highuality flux-

grown WSe has been shown to produce monolayers exhibiting room temperature Hall
mobilities exceeding 1000 éwis?.8% Additionally, crystals grown with a 5:1
chalcogen:metal flux ratio caeachseveral millimeters in size, even approaching 1 cm

in rare cases. Other growth methods such as chemical vapor transport (CVT) can achieve
larger crystal sizes, but are plagued by uneven surfaces and dislgoatiann result in
discontinuous golexfoliated crystals. In short, tegown exfoliation is only good as the

starting crystal. Garbage in, garbage out.

Figure 12 Large flat flux -grown TMD parent crystals produce high -quality, high -coverage,
gold -exfoliated monolayers. Treasure in, treasure out.
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Chapter 3. Spontaneous Exciton Dissociation in Goldxfoliated

TMD Monolayers
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3.1 Excitons vs. Carrier Puzzle in Photoexcited TMD Monolayers
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show in the present study, the fate of excito

density.

3.2 THz Photoconductivity of Gold-Exfoliated TMD Monolayers
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3.3 Distinct Photoconductivity Below the Mott Threshold in WS Monolayers
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Figure 13: Observation of charge carriers in photoexcited monolayer WS 2. Panel (ai) shows
an optical image of representative macroscopic MoSe 2 monolayer on SiO 2/Si substrate for
enhanced optical contrast. Panel (a-ii) is a schematic of experimental setup. An optical
pump excites a monolayer TMD on z -cut quartz, while atime -E1 OEal Ewm, UKu
pulse transmits through the sample and is directed to the electro -optical sampling (EOS)
system. The real-time THz waveform E th:(psbs) is measured by scanning another gate pulse
PPDUT wUT 1 wsUM@E&i) displays the frequency -domain spectrum of the THz
probe obtained via Fourier transform. Panel (b) displays the absorption spectra of TMD
monolayers. The arrows indicate the excitation photon energies. Panel (c) shows the THz
transient (dash ed) and its photoinduced change (solid) for CVT WS 2 monolayer at
absorbed photon density of 8.5 x 10 ** cm-2 under above -gap excitation. Panel (d) shows the
x| OUOEOOEUEUDPYDPUA wE a OE OB kot cofedpdmiidgidthe Enandivuinu df T
-Emz/Emhz under above -gap excitation. Panel (e) shows the complex photoconductivity
spectra together with the fitting result with the Drude  -Smith model (see text). Panel (f)
displays the excitation -density dependence of the maximum THz photoconductivity
amplitude ( red squares, right axis) and corresponding charge -carrier fraction (green circles,
left axis). The solid line is the carrier fraction estimated for a perfect monolayer with the
thermodynamic Saha equation at 293 K. All experiments carried out at sample tem perature
of 293 K, unless otherwise noted . Figure 13 is adapted from ref. 8. Copyright 2024 The
Authors, some rights reserved .
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Figure 14: Non-thermal origin for exciton dissociation in CVT WS
excitation density dependence of THz photoconductivity amplitude at 293 and 79 K under
the above-gap excitation, showing almost temperature -independent conductivity response.
the 1s-resonant excitation. Panel

(c) compares the complex conductivity spectra at different pump probe delays,
demonstrating that at all delays real part dominates, testifying to the presence of free
charges. Figure 14 is adapted from ref. 8. Copyright 2024 The Authors, some rights

Panel (b) shows the THz conductivity dynamics following
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3.4 Exciton Dissociation andMid-Gap states in MoSeM onolayers
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Figure 15 Mid -gap state induced exciton dissociation in CVT MoSe 2 and trion -induced
negative photoconductivity in flux MoSe 2. Panel (a)displays a STM topographic image for
CVT MoSe 2, showing bright defects. Panel (b) shows a close -up image of the bright defect
in panel (a). The STM images in (a) and (b) were obtained at a sample bias of -1.3V and -
1.5V, respectively. Panel (c) compares the STS spectra collected on (red) and off (bl ue) the

bright defect in CVT MoSe », identifying the existence of mid -gap states on the bright
defect. The black curve is the STS scan for flux grown MoSe 2. Panels (d,e) show the
photoinduced THz transients (solid lines) for CVT and flux MoSe  2monolayers,
Ul UxT EUPYT OaOwEOw, Owé why wx Uwp b U igapyand dersity & D
4.5 x 102cm2. The dotted lines show the E . waveform. Panel (f) displays the THz
xI OUOEOOEUEUDPYPUaAWEAOEOPEUWEVUWE wi UOE UDONDtal
that the trace for flux MoSe :2is multiplied by 10. The solid lines show the fitting curves.
Figure 15 is adapted from ref. 8. Copyright 2024 The Authors, some rights reserved.
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Figure 16: Intrinsic exciton formation in flux WSe 2. Panels (a,b) display the photoinduced

THz transients (solid lines) for CVT and flux WSe 2000 OOEail UUOwUI Ux1 E|

with the excitation energy of 2.30 eV and density of 5.0 x 10 *2cm-2 The dotted lines show

the Emvz waveform. Panel (c) shows the THz conductivity dynamics for CVT (dotted) and

flux (solid) WSe 2 monolayers, showing a faster conductivity decay in flux WSe 2due to the

formation of charge -neutral excitons. The grey curves are fitting results. Panel (d) shows

the TA bleaching dynamics monitored at the 1s A -exciton resonance of the same CVT and

flux monolayer WSe 2 as THz photoconductivity was measured under the same excitation
condition. Figure 16 is adapted from ref. 6. Copyright 2024 The Authors, some rights

reserved.
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Figure 17: Diagrams of defect -mediated exciton dissociation. Panel (a) is drawn on the
energy scale of ionization potential, the energy of hole trapping to a mid -gap state can
satisfy the energy requirement for dissociating the exciton and releasing a free electro nto

the conduction band. Panel (b) displays a similar diagram for electron trapping and hole
releasing on an electron affinity scale. CB (VB): conduction (valence) band. Ex: exciton
level. Figure 17 is adapted from ref. 8. Copyright 2024 The Authors, some rights reserved.
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Chapter 4. Adsorbed Polymer Residueon Gold-Tape Exfoliated

TMD Monolayers

Portions of this chapter are adapted from the supplementary informatiomef. 3¢,
AMacroscopic Transition Met al -Tdpe ExfolatiorcRetgie ni d e
| nt ri nsi cN.®lseq §.&aon, MeHslbrook, M. Thinel, L. HoltzmalY. Liu, V.

Hsieh, Y. Li, D. Xu, E. Roja$>atjens, D. Gavilanes, T. Handa, E. Arsenaully CHuang, Y.

Guo, C. Dean, K. Barmak, A. Pasupathy, J. Hone, X. Z0R5

Despite the potential of metaksisted exfoliation, concerns exist regarding the quality and
cl eanl i ness o fextfhoel iraetseud it pamiogtamfd gaytieemical etchant is
required to remove the gold filfA},2and itwasunclear whether this wet etch step causes
damage, introduces contamination, or dopes the mond&§#indeed, many works tout their
Aaddyo met hods. A vadngthdwaetretchnsp ekfdiationfproceduies that
utilize hybrid gold meshess mentioned briefly in Chaptef22138133yhich may enable metal
assisted exfoliation of aiand watetsensitive materials, but limit continuous monolayer size to
t he or de However, Mafy agplinations require large area TMD monolayers, including
experimental techniques such as, tirasolved angleesolved photoemission spectroscépy,
ultrafast electron diffractiot'° and THz time domain spectroscoffyAdditionally, industrial
applications of TMD monolayers prefer to utilize existing lithographic patterning processes
rather than rely on hybrid gold meshes due to unreliable patterning of small features.

The purpose of this chapter isdioronicleour discovery and subsequent investigations of an
absorbegolyvinylpyrrolidone (PVP)polymer residue layer on the surface of gade
exfoliated TMD monolayetsncluding the various experiments that first indicated the existence

of a residue layer, the development of a cleaning recipe that effectively removes that ttesidue,
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confirmation of the identity of the residue layer, and the mechanism and factors that contribute to

the observed structure of the residue layer on various substrates with various treatments.

4.1 The Discovery of Residue on Goleéxfoliated TMD Monolayers

Initial evidence otheadsorbedPVP polymer residue was noticed when using gold
exfoliated TMD monolayers to construct bilayer samples. We had recently started using surface
passivation of SigSi substrates with selfassembled monolayer (SAMj the long chain
alcohol tdodecanol, a technique we borrowed from our colleagues exfoliating the magnetic 2D
semiconductor CrSBf! The tdodecanol encapsulation of MeSeas eventually shown to
improve the optical quality of gold exfoliated MaS#& however our purpose was primarily to
improve exfoliation yield. The hydrophobic selésembled monolayer improved the yield of
gold-tape exfoliation in two ways. First, it helped prevent the delamination of the gold tape upon
heating to remove the thernralease tape (TRT). Second, it protected the monolayer from
damage when it passed through the watemterface after the gold etch step. Surface
passivation with dodecanol was especially important when preparing arga bilayer
samples through soessive goldape exfoliation steps. The exfoliation of the second TMD
monolayer was plagued with issues. Increased debris from the first monolayer exfoliation
resulted inpoor adhesiobetween the golthpe and the substratdich causedielamination
upon TRT removahandsample damageauring theaqueous etch stephe implementation of the
1-dodecanol passivation improved these issues dramatigalyever, twisted bilayers made
from gold-exfoliated monolayers on hydrophobigl@decanol passivated substsconsistently

showed no evidence of the formation of a moiré superlattices. At first this
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Figure 18 Interlayer PL quenching in gold -exfoliated MoSe 2/WSe: heterobilayers. Panel (a)
shows an optical microscope image of a large -area MoSez/\WSe: heterobilayer on a SiO 2/Si
substrate. Panel (b) compares the low temperature (4 K) PL spectra of the heterobilayer
from panel (a) to hBN encapsulated Scotch -tape exfoliated monolayers of MoSe 2 and WSeo.
Panel (c) shows an optical microscope image of large -area MoSez/WSe:z on a 1-DDL
passivated quartz substrate. Panel (d) compares the PL quenching of the heterobilayer
from panel (c) to the monolayer regions from that same sample. No quenching is observed.

Panels (a) and (b) are adapted from ref.72. Copyright 20 20, Springer Nature.

was thought to be due pmor control overelativetwist angle odisorder from theubstrate.
Eventuallyaf t er appr oxi mat el y,twaexpeementdaerted asrtathe o f

presence of interlayer residue.
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First, alargearea MoSgWSe heterobilayer was prepared on-dddecanol passivated
guartz substratentendedor use ina THz TDS experiment. Mogand WSe form a type 2
band alignment. In the heterobilagaultrafast charge transfer along with the momentum
mismatch of the conduction band minimum and valence band quenches the photoluminescence
of theconstituenfTMD monolayers#3144The degree of quenching is an indicator of the quality
of thevdW interface. Shockingly, this monolayer showedjnenchingsee Fig.18.

Second, we prepared large area twisted )iSimg the goledo-polymer exfoliation and
transfer techniquéAu-to-poly) described in more detail @hapter6. Using this technique, we
were able to more accurately control the relative twigfobd-exfoliatedWSe monolayers.
Once fabricated we would upézoresponse force microscofl3M) in an attempt to visualize

amoiré superlattice formed by the two monolayéPsifter several attempts with no evidence of

WSe;, Twisted Bilayer Height
.

WSe; Twisted Bilayer Phase

Figure 19: Piezo-response Force Microscopy (PFM) of a WSez2 homobilayer with a ~1.5 -
degree twist angle constructed from gold -tape exfoliated monolayers (a) The height
channel of the PFM measurement depicts a 1 nm reduction in height compared to the
surrounding regions. (b) The phase channel of the PFM measurement shows indication of
a moiré superlattice within the lower regions of the height map, indicating that the
monolayers make contact only in isolated regio ns of the twisted bilayer.
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a moiré superlattice, we measured a sample with a small area that showed evidence of moiré
superlattice formation. Interestingly, comparing tiigography to the PFM measurement

showed the moiré superlattice only at localdlegightregiors of the topography, approximately

1 nm below the rest of thezan area; Fidl9. Thisindicated the existence of interlayer residue.
This interlayer residue was uniform over the majority of the sample, which is unusual for
interlayer contamination of vdW structures. Tl forces between the adjacent monolayers
areexpected to cause residue to form bubbles several nanometers tall, with the remaining regions
forming clean vdW interfacé$® These interlayer bubbles are very apparent in AFM, and can be
moved using contact mode AFM technigd&PFM s inherentlya contact mode technique, yet
we saw no evidence that our observed interlayer residue was npvdfiidd suggests that the
contamination is different frowhat isusually observed in 2D material vdW interfaces. Once

the interlayer residue was discovered, focus shifted to its identification and removal.

4.2 Development of a Residue Removal Recipe for Geltiape Exfoliation

We attempted to remove the residue with organic solvent baths and anr@ediagc
solvents such as acetone ampropanol, andacuum annealing &50C T if usedafterthe
agueous gold etch stépan change the morphology of the residue layer, enabling detection via
AFM. Fig. 20depicts thenorphology of the residue layer 3D monolayerprepared ori-
dodecanol passivated substrates with different cleaning recipes. No recipe removes the residue
layer, including those that include the @lasma step from the original recipe introduced by Liu
et al/? We note that organic solverafterthe aqueous gold etch step served onbggregate

and distribute contamination over the surface.
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Treatments (T#s)
1 Water — Before Au Etch
2 Water, Acetone, and O2 plasma — Before Au Etch
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Figure 20: Summary of cleaning recipe efficacy for gold -exfoliated TMD monolayers on 1 -
dodecanol passivated SiO 2/Si substrates before and after annealing. Panel (a) summarizes
the treatments. Panel (b) depicts the topography of residue on gold -exfoliated TMD
monolayers prepared with different combinations of cleaning treatments before and after
the aqueous gold etch. Panel (c) depicts the topography of the gold -exfoliated TMD
monolayers from panel (b) after vacuum annealing.

At this point, wewereconcerredthat our *dodecanol passivation layer was degrading
and contaminating the surface of our TMD monolayer samptegvestigate this, weeturned
to un-passivate®iO,/Si substrates, analsointroducel a more robushydrophobic
octadecyltrichlorosilane (OTSHAM surface functionalizatiarior the purposes of this section,
it is important to note that OTS msorehydrophobic than-tiodecanol, likely due to a more

complete coverage of the SAM. The introduction of the OTS functionalization of opfSEIO
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a After Water Cleaning Step: Si0,/Si - “S” oTS - “0O”
None (Water Only) S1 01
Ethanol (30 min Soak + Rinse) S2 02
Reactive lon Etch (5min, 80% 02, 20% Ar) S3 03

Height Sensor 1.0 um Height Sensor 1.0 um Height Sensor 1.0 um

Height Sensor A Height Sensor Heigh Sensor l 1.0 um

Figure 21: Summary of cleaning recipes implemented before the aqueous gold etch step for
gold -tape exfoliation onto SiO 2/Si substrates and OTS functionalized SiO 2/Si substrates.
Panel (a) summarizes the additional cleaning step implemented after the aqueous
dissolution of the majority of the PVP polymer. Panel (b) depicts the AFM topography of
gold -exfoliated TMD monolayers on SiO 2/Si substrates prepared with the cleaning steps
summarized in panel (a). Panel (c) depicts the AFM topography of gold -exfoliated TMD
monolayers on OTS functionalized SiO 2/Si substrates prepared with the cleaning steps
summarized in panel (a).

substratesausethe residued agglomerat®n the substrate surface, which provides an easy way
to investigate the existencetbk residue. Fig. 21 depicts the morphology of the residue layer on
WSe monolayers prepared on-passivated SigdSi andOTS functionalized SiglSi substrates

with different cleaning recipamplementedeforethe aqueous etch stdp this experiment, a
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new cleaning recipe was introduced, which involved an improz&ctive ion etch (RIE) step
involving high poweloxygen and argon plasmBhe residue is not easily observed the un
passivated Si€)Si substrates with any of the cleaning recipes, except for a sdbila

reduction in the monolayer step height seen for the RIE treatifteeNVSe monolayer step
height without the implementation of RIEIs$ £+ 0.1 nmThe addition of the RIE step recovers
the expectedlVSe monolayer step height 6f7 £ 0.1 nminterestingly for the samples
prepared on OTS functionalized SISi substrateghe residue isnly visible on the substrate
regions, not the TMD monolayefBMD monolayers screaihe hydrophobicity of th©TS
surface such that the residue once again forms a uniformitesyead of agglomeratin@nly

the newly implemented RIE step elimies the agglomerated residue observed on the OTS
functionalized substrate surface. This experiment was the first demonstration that aRI&r/O
step can effectively eliminate adsorbed residue for-gafdliated TMD monolayers.

The Ar/O2 RIE step is effective aemoving theadsorbed polymer residue because it ablates the
surface, physically removing materiaf Fig. 22adiagramsthe implementation of the RIE step
in the goldtape exfoliation procesafter the removal of the thermal release tape (TRT), the
sample assempls washed with water asual. We find that two oAleour baths in room
temperature water are more than sufficient for bulk PVP dissolution. The sample chips are taken
out of the water baths and dried with nitrogen. The sample chips undergo two-axggarRIE
processes, once dime back of the chips, and once on the figide with the gold film. The
addition ofa backside treatmergt not essential, butas found tgroduce slightly cleaner gold
exfoliated TMD monolayerslhe TMD monolayer is protected from direct contaith the
plasma by the gold filmhoweverwe still pulse the RIE cleaning &void thermal damage. We

use 20 second plasma etches followed by 20 second-gusnpyn Ar est so. Thi s
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samples have been treated for a total plasma etch time of 8 minutes (24 cycles) The process was
found to remove approximately 10 nm of the top surface of the gold, and approximately 25nm
from the exposed S¥IBi substrateegions; Fig. 2B. TheAr plasma is more effective at etching

the substrate than the gold because gold atoms are more massive. We note that the etch rate can

vary significantly due to chamber pressure and the number of samples being processed.
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Figure 22 Depiction of the oxygen and argon reactive ion etch (RIE) process. Panel (a) is a
cartoon that diagrams the implementation of the RIE step in the gold -tape exfoliation
process. Panel (b) shows the AFM step heights of the gold film before and after the RIE
process and the SiO: substrate exposed during the RIE process. We set zero to be the
surface of the SiO 2 substrate before the RIE process. Panel (c) is an image of a macroscopic
MoSe:2 monolayer prepared with gold -tape exfoliation including the RIE step. The color

change near the border of the substrate is caused by a reduction of the SiO 2 thickness
caused by exposure during the RIE process.
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4.3 Identifying Adsorbed Residue on GoldExfoliated TMD Monolayers

AFM, PFM, and PL quenching provide strong
on exlfdl i ated TMD monol ayer s. Further mor e, AF
expectanmbnwWleyer step with the i mplementation

composition of this resiXdueyl pfetroebesti bh sp

( XPtSQ i nterrogate the el ement alapceo nepxasoiltiiaan oonf
confirm its removal after the i mplementation
XPS is a powerful tool to interaygapg®t ssuirde
our instremmemahiggél@-6gdbbdi ated TMD monol ayer s
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SiaS8i substrates cl| daamped ewiftoh iditfifoenr ernetc i gopoelsd T
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region -50 oenV.450he Si 2s and Si 2p peaks are ot
sampl e, which is attributed TheSchdembrcat foom
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Table 1: Summary of binding energies interrogated by XPS of gold

399. 2

eV,

rat her

inter aambnohsywirth t
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than the
he MoS

peak 1is
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expected

-exfoliated MoS :

monolayers. Binding energies are listed in descending order. The listed binding energies are
taken from the corresponding references. If no reference is given, the peak was assigned via
the CasaXPS element library.

El emer Bindi Refer Peak Assign
Transi Ener gy
C KLL 1225 PVP and other
O KLL 980 Si2@ubstrat
F KLL 834 Fluorine cor
F 1s 687. ¢ 152 Fluorine cor
| 53 @) 619. ¢ 153 Absent
| s3@EKI 619 154 Absent
O 1s 533 150 Si@ubstrat
Mo 13p 412. ¢ 149 Mo Smonol aye
N 1s 399. ¢ 151 PVP
Mo 33p 395 149 Mo Smonol aye
K 2pl1 293 154 Absent
C 1s ( 285 151 PVP and other
C 1s ( 283. ¢ 155 Si C from Ar
Mo 3d 232. ¢ 149 MoSmonol aye
Mo s3d 229. 1 149 Mo Smonol aye
S 2s 226. ¢ 149 MoSmonol aye
S 2p 163 149 Mo Smonol aye
Si 2s 154. 1 156 Hydroxylat e
Si 2s 150. ¢ 156 I ntrinsic ¢
Al 2« 120 157 Al cont ami faatf
Si 2p 103. ¢ 150 Hydroxyl,at e
Si 2p 99.7 150 Il ntrinsic ¢
Au sAof 87. 71 158 Absent
Au 74 84.0¢ 158 Absent
Al  2¢ 75. 1 157 Al cont ami fatg
Mo 4p 38 149 MoSmonol aye
O 2s 25. 8 Sio@ubstrat
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4.4 Irreverible Adsorption of PVP Residue

In the previous secti@l havedetailed the early experiments that lead to the discovery of
the polymer residue layer in getdpe exfoliation| have shown that the residue can be effectively
removed by the introduction of a RIE stepd| have confirmedthe identity of that residueith
XPS. In this section | will discuss the mechanism of irreversible absorption, and how it manifests

in our previous measurements.
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Figure 24: Irreversible polymer adsorption and the layer dependent wetting behavior of
WSsz. Panel (a) is an illustration to aid in the description of irreversible adsorption.
Adsorbed monomers are represented by green arrows, and desorbed monomers are

represented by red arrows. Panel (b) illustrates the layer dependent water contact angle of

WS.. TMD monolayers are somewhat transparent to the surface potential of the substrate.

Panel (a) is adapted from ref. 15 Copyright 2020, The Royal Society of Chemistry. Panel (b)
is adapted from ref. 160, Copyright 2015, American Chemical Society.

The irreversible adsorption of an ultrathin polymer residue layer is a general phenomenon
resulting from the kinetics of polymer chains at fmepulsive surface®?®161:16259.161,162
Importantly, polymers can adsorb irreversibly even when the monomer/substrate interaction is less

than lkT.2*° While each monomer is free to reversibly adsorb and desorb, they are kept in
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proximity to the surface by the rest of the polymer chain. The probability that the entire polymer
chain desorbs simultaneously is very IoAn illustration of this concepis shown in Fig24a.
Assumea polymer is adsorbed to a weakly attractive surface, where each monomer has a 99%
probability of desorbing within a given time. If the polymer consists of 1000 monomers, the
probability of simultaneous desorption falls to less than 0.005%,f09Nhile crude, this

simple model illustrates why dissolution alone is insufficient for the removal of polymer residue
during the goletape exfoliation process. Even if the monomer/substrate interaction is very weak,
desorption of polymer chains is inhibitelt. is important to note that irreversible polymer
adsorption is expected to occur on the substrate as well as the monolayer, which is why we perform
the reactive ion etch (RIE) on the back side of the sample substrate in addition to the front.
Furthermorethe final adsorbed polymer thickness depends on the interaction potential at the
surface, which in turn depends on the solvent/polymer, solvent/surface, and polymer/surface
interactionst®31%4 Therefore, if the interaction potential of for a given polymer and solvent is
similar on the monolayer and on the substrate, the observed step height would be the correct
monolayer thickness due to a uniform adsorbed polymer layer. We observe a stegitieighce

for TMD monolayers prepared on SiSi substrates without the RIE stéq@cause TMD
monolayers are slightlglydrophobic compared to Si¢f° illustrated by the water contact angle

by layer number plot in Fig4b, which causes a difference in the interaction poteiitiahd
therefore the final adsorbed polymer thiclé§e note that the final thickness of the kinetically
trapped polyvinylpyrrolidone (PVP) residue after dissolution with water seems to increase on more
hydrophobic surfacespossibly due to a water depletion layer that forms near hydrophobic
interfaces-%>1%6\We alsonote that the use of hydrophobic substrates was an essential step in the

discovery of the polymer residue because of the increased thickness of the residue.
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The inclusion of a cleaning step with a different solvent will not eliminate the polymer
residue, but it could normalize the thickness of the polymer layer making it more difficult to
observe. Furthermore, the surface roughness of the kinetically trappede on our TMD
monolayers is similar to pristine monolayers oniA) and in agreement with literature values
for kinetically trapped polymer residu&$,which may explain why it has gone unnoticed in
previous studies. The RIE step using 4:1 Ar@moves the kinetically trapped polymer residue
by ablating the surface and decomposing the polyffi&e note that simply using lower power
O. plasma treatments without Ar did not effectively remove the kinetically trapped polymer
residue possibly due to charging of the gold surfasbijch suggests that thphysicalremoval of
material from the top surface of the gold is important for the elimination of PVP. Different gold
tape constructions or cleaning methods could address the kinetically trapped polymer residue

problem without the need for an RIE step.

4.5 Improved Interlayer Coupling After PVP Residue Removal

With the PVP polymer discovered, identified, andceffective removal process
established, we return to the problem of interlayer coupfsghown in sectiod.l, PVP
residue on TMD monolayers prepared on a hydrophobliocdecanol substrate completely
prevented interlayer coupling and the formation of moiré superlattices. With the introduction of
the Ar/Q RIE step, we achieve good vdW interfaces.

First, we explore interfacial cleanliness with large area MUF8e heterobilayers. We
prepare largarea goletape exfoliated WSamonolayers on SiglSi substrates with different
PVP cleaning recipes; dissolution with water only, and dissolution with water followed by an

Ar/O2 RIE step. Next, using the ge&kfoliated WSemonolayer samples as thgfoliation
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substratea secondjold-tape exfoliatioris usedo prepare a largarea MoSgmonolayersand

complete the heterobilayers. | implement the Rip for all the MoSemonolayers, therefore

the only difference is thimterfacialcleaning procedure. Fig5a depictghe residue morphology

of the heterobilayer with a vdW interface prepared using an RIE clest@pgThe residue

aggregates into bubbles between the monolayers due to interlayer vdW-foFégs25b

depicts the residue morphology of the heterobilayer where the interface PVP residue was cleaned
only with aqueous dissolution. Significant interlayer residue is observed. The: o$&/Se

monolayers onlyouch atlocal low height regions of the height map..R2§c shows a larger

area AFM height map of the sample with the RIE cleaned inteffaicelig. 25a. The bubbles

in the center im?r egi on have been removed with-an AFM
s q u e e Theelficacy of the nansqueegee technique suggests that the interlayer residue is

fairly mobile, which indicates that the bubbles are filled with small molecules such as water and

low molecularweight hydrocarbons. Contaminates of these types are well documented in vdW
devices mde from Scotcth ape exf ol i ated TMD monol ayers, an
process where airborne contaminates accumulate on the surface of the mofSt&fers

Techniques such as vacuum annealing, or more careful stacking procedures should be able to

reduce the size and densityintierlayer bubbles. The narsgueegee technique was not found to

be effective for the heterobilayer interface cleaned only with aqueous dissolution, indicating that

the interlayer residue was immobile, which is consistent with our identification of PyiRgro

as the primargontaminatespeciesPolymers have a much larger molecular weight, making

them more difficult to squeeze out ottlidW interfaceThe PL quenching of the two
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Figure 25 PL quenching from MoSe 2/WSe: heterobilayers with the implementation of an
Ar/O 2 RIE cleaning step. Panel (a) shows an atomic force microscope (AFM) height map of
a MoSe2/WSe: heterobilayer constructed with sequential gold -tape exfoliation steps. Both
gold tape exfoliations include the RIE step. Few nm tall bubbles are formed at the vdW
interface. Panel (b) shows an AFM height map of a MoSe 2/\WSe: heterobilayer constructed
with sequential gold -tape exfoliation steps. The first gold -tape exfoliation usesonly
dissolution with water to remove the PVP |, the second exfoliation includes the RIE step.
Significant residue is observed at the vdW interface. The lowest regions of the heigh map
the MoSe2/WSe2i 1 Ul UOEPOEAa]l Uwi UOOwmE AwWE T Ulsquaelde b O
Ul ET OBr@rd bott®m of the height map is the WSe: monolayer, while the top of the
height map is the MoSe 2/WSe21T | U1 UOEDOEal UwUI T POOwbBUT WE L
the center. The cleaning of the bilayer interface in this way is not possible on bilayers
constructed from gold -exfoliated monolayers not cleaned with an RIE step. (d)
Photoluminescence (PL) spectra of MoSe »/\WWSe: heterobilayers with different cleaning
procedures for the first monolayer. The PL of the heterobilayer regions is compared to the
monolayer regions for each sample. The quenching is more complete in the sample cleaned
with the RIE step indicating a cleaner vdW interface.
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heterobilayer samples t®@mpared in Fig25d. Both samples swoevidence of PL quenching,
with emission intensities far lower than that of their constituent Maf& WWSe monolayers
(dashed and dotted spectra, respectivélpwever, thePL emissiorfrom the heterobilayewith
the interfacecleaned via the inclusion of an AF/®IE stepis significantly reduced compared to
that of the heterobilayer where the interface was cleaned only with water. Our observed
heterobilayer quenching oportional tahe relative area of clean vdW interface observed in
the AFM heigh maps. Our data also explains why PL quenching was observed by Liu et al.
when they prepared a largeeca MoSgWSe heterobilayer on SiQ8i; Fig. 18a&h.”> The low
height regions still allow for PL quenching. Only heterobilayprspared without the inclusion
of an RIE stepon hydrophobic substrates have a thick enough irreversibly adsorbed PVP
polymer residue layer teliminateinterlayer coupling.

Second, we demonstrate the cleanliness of the vdW interface by constructing a moiré
superlattice fronalargearea goletape exfoliated WSemonolayer. The WSeanonolayer was
exfoliated onto a SiglSi substrate and cleaned using an AIRIE step before the aqueous gold
etch step. Afterwards a Scottdpe exfoliated hBN flake on a polycarbonate (PC) polymer
stamp was used to subsequently pick up portions of the dmegemonolayer. A relative twist
angle of 3.5 degrees between was imddsetween the two amolayer pickup steps to form a
twisted bilayer sample. The resulting moiré superlattice was imaged with torsional force
microscopy (TFM). TFM was developed Bgndharkaet al. as an improved method for
imaging moiré superlattices. The mechanism that allowed PFM to image moiré lattices was
found to be an artifact of the unintentional driving of a torsional resonance in the AFM

cantilever. TFM improves the sensitivity of this process by intentionally driving the torsional

55



a Comparison of TFM vs PFM modes on a Bruker Icon with NanoScope V
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Figure 26: Torsional force microscopy (TFM) of a twisted WSe 2moiré superlattice. Panel
(a) compares the torsional amplitude of PFM driven with 1000 meV due to electrical cross -
talk and TFM intentionally driven at 20 meV. Panel (b) shows a TFM image of the moiré
lattice of a WSe2 homo-bilayer on hBN. Panel (c) shows the Fourier transform of the moiré
lattice in panel (a). The moiré lattice and the atomic lattice of the top WSe 2 monolayer,
indicated by the white rectangle and circles, respectively. Panel (c) shows a small area (10
nm?) TFM image of the twisted WSe 2 moiré superlattice superimposed on the atomic
chalcogen lattice of the top WSe 2 monolayer. Panel (a) is adapted from ref. 169, Copyright
2024 National Academy of Sciences.

resonancesee Fig. 26a. &h methods rely on changes in the dynamic friction to visualize
moiré1®° Fig. 26bdisplays the moiré superlattice observed from the twistec,\MBger on
hBN prepared from a larggrea goldexfoliated WSemonolayerThe moiré lattice is uniform
across the scan area, and the Fourier transform of the TFM6&ighowsa periodicity

consistent with a twist angle df= 3.5 + 0.2. In addition to the moiré periodicity, we resolve the
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periodicity of the top chalcogens of the first W8&®nolayer. Fig26dis a higher resolution
TFM image where the chalcogen lattice is clearly resolved superimposed over the moiré

superlattice.
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Chapter 5: Intrinsic TMD Monolayers from Gold Tape Exfoliation

This chapter isdaptedromref i Macr oscopi c Transition Met
Monolayers fromGold ape Exf ol i ati on ReN @semS. Yoort, Mi nsi ¢c Pr
Holbrook, M. Thinel, L. Holtzman, Y. Liu, V. Hsieh, Y. Li, D. Xu, E. Roj@stjens, D.

Gavilanes, T. Handa, E. Arsenault;C.Huang, Y. Guo, C. Dean, K. Barmak, A. Pasupathy, J.

Hone, X. Zhu2025

Asdiscussed ilChapter2,i g etladpe 06 exf ol i ation technique <ca
macroscopic transition metal dichalcogenides (TMD) monolayers from bulk single crystals,
overcoming | imitati ontsapdo tHos¢vaydodtarnoyertbesed @A Sc
quality of the largearea monolayers remailm this chaptewe summarizesvidencepresented in
Chapter 4whichidentifiesapreviously unknowrrreversibly adsorbedgbyvinylpyrrolidone
(PVP)residueon the surface of goldxfoliated monolayers prepared with the method introduced
by Liu et al”> Once identified, we show thtteimplementation ofn Ar/O; plasma reactive ion
etch(RIE) step removes the PVP residugareful attention to monolayer cleanliness enables the
deterministic production of pristine millimetecale TMD monolayers.

Theimprovedfi g eel xdf ol i at edd TMD monol amnagng,drangpore c har
and spectroscopy on length scales spanning six orders of magkteairectly comparstate
of-the-art Scotch tape exfoliated and gedafoliated WSgmonolayers via scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy (STS), revealing near identical point
defect densities and electronic structures. We construct FETs frorexfolcated MoS
monolayers which demonstrate phosionited room temperate mobilities. Finally,

hyperspectral mapping reveals the uniform quality over an entire millisedd® monolayer.
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These tiered characterizations, spanning from nanorsetde to millimetesscale, establish that
gold-tape exfoliation can reliably produce clean, homogeneous, millirated, singlecrystal
monolayers, with the same point defect densities, dopinggeltarrier mobilities, and excitonic

properties as those from Scotidpe exfoliation.

5.1 Producing Clean TMD Monolayers

We adapt the golthpe exfoliation method of Liu et &by adding an improved plasma
etch step to ensure monolayer cleanliness. Thefidirgold-tape is obtained with a template
stripping technique: a thin gold film is thermally evaporated onto a polished silicon wafer and
subsequently delaminated by thetmedease tape (TRT). A polyvinylpyrrolidone (PVP)
interfacial layer protects the gold film from direct contact to the TRT. The freshly delaminated
goldtape is gently pressed onto the flat surface of a TMD crystal to exfoliate a monolayer. The
whole assetnly is then placed onto a target substrate and heated to remove the TRT, after which
a water bath washes away the soluble PVP protection layer. In the previously reportedogrocess
Liu et al,”?the gold is etched with an aqueous Kéblution to expose the TMD monolayer.
However,as described i€hapter 4we find that thd®VP removal is incompletd thin layerof
PVP hasrreversibly adsorbed onto the gold surfat&Vhen the gold is etched, the residue can
re-adsorb onto the newly exposed TMD monolayer and cannot be removed through dissolution
or annealing. To eliminate this contamination, we insert a reactive ion etch (RIE) step (4:1
mixture of @ and Ar)beforethe wet etch. During the RIE process, the TMD monolayer is
protected by the gold film. Ar plasma ablates the gold removing several nanometers of material

including the adsorbed PVP residd®0, plasma alone is insufficient. Following the aqueous
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Figure 27: The identification and removal of PVP residue on gold -exfoliated TMD
monolayers. Panel (a) diagrams the implementation of the RIE step for gold -tape
exfoliation. Panel (b) shows an optical image of a macroscopic MoSe 2 monolayer (arrow)
on SiO2/Si substrate. Exposure during the RIE step reduces the oxide thickness on the
perimeter of the chip causing a color change. Panel (c) compares the AFM step heights of
WSe2 monolayers prepared on SiO 2/Si comparing different exfoliation methods extracted
from panels (d-f). Panels (d-f) show AFM height maps of WSe 2 monolayers on SiO 2/Si
prepared by Scotch-tape exfoliation, gold -tape exfoliation without the RIE step, and gold -
tape exfoliation with the RIE cleaning step, respectively. Panel (g) shows high -resolution
XPS spectra of gold-exfoliated MoS 2 monolayers with and without the RIE step. The inset
of panel (g) shows a chemical structure drawing of the PVP monomer. Panel (h) shows a
torsional force microscopy (TFM) image of the moiré lattice of a WSe 2 homo-bilayer on
hBN. Panel (i) shows the Fourier transform of panel (h). The moiré lattice and the atomic
lattice of the top WSe 2 monolayer are observed, indicated by the white rectangle and
circles, respectively.
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Kl/I 2 etch of the remaining golave obtain a clean TMD monolayer. FRya schematically
shows the addition of the RIE step and Righ shows amptical image of a macroscopic MaSe
monolayer on an SiZBi substrate.

Atomic force microscopy (AFM) of gotexfoliated WSemonolayers prepared on SiSi
substrates indicate the effective removal of adsorégidue. Fig27c compareshe AFM line
profiles across the step edges of monolayers prepared with different exfoliation recipes. The
WSe monolayer obtained via Scotthape exfoliationshown in Fig27d, exhibts a step height
of 0.7 £ 0.1 nm, as is expected for a clean YWenolayer:’° For goldexfoliated monolayers
obtained without the RIE step, we find that the step height of the monolayer (confirmed by
photoluminescence) is often higher than expected, as shown in thénded in Fig27e for a
WSe monolayer with stejmeight of 1.6 £ 0.1 nm. We attribute the increased step height to a
greater accumulation giolymer residue on the TMD monolayer, which is less hydrophilic than
the SiQ substrateé®®In contrast, Fig27f. showsthat the addition of the RIE step recovers the
expected 0.7 = 0.1 nm step height for the macroscopieegdtdiated WSemonolayer.

We confirm the identity and removal of the adsorbed PVP polymer residue et X
photoelectron spectroscopy®®). Fig.27g shows a highesolution XPS spectra containing the
N 1s peak of PVE3'and the Mo 3§, peak of the Mosmonolayert*® The Mo 3p/. peak is
observed for both monolayers at the expected 395.0 eV binding energy. The N 1s peak is
observed only for the golexfoliated MoS monolayer prepared without the RIE step at a
reduced binding energy of 399.2 eV, rather than the expected 399.9 eV for bulk PVP; we
attribute the shift to surface interactions with the Mof®nolayer. The N 1s peak is absent for
the monolayer prepared withe RIE step, indicating the elimination of adsorbed PVP residue.

Furthermore, XPS spectra of both gelfoliated MoS monolayers show no evidence of K, |, or
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Au, which might otherwise be expected from the Kibld etch processee Fig23for the
completeXPS spectra and analysis. In the rest ofcthepter we always include the RIE
cleaning step in the gol@dpe exfoliation process.

We confirm the cleanliness of geékfoliated TMD monolayers with a stringent test:
forming a moiré interface in atwistedhotha | ayer ;:andfhackioeamet hod i s u
construct the hombilayer!’* wherein an hBN flake oa polycarbonate (PC) polymer stamp
sequentially picks up two different regions of a geldoliated WSemonolayer with an
interlayer twist angle off = 35°. Fig. 27h displg/s the uniform moiré superlattice of the twisted
WSe homobilayer imaged with torsional force microscopy (TFMJ.The hexagonal pattern is
clearly observed in the Fourier transform of the TiRMge, Fig27i. In additionto the moiré
lattice, TFM also resolves the lattice of the top \AMi8enolayer, i.e., the outer hexagonal pattern
in the Fourieimage in Fig27. Analysis of the Fourier image confirms the twist angld ©f3.5

+ 0.2. We note that TFM relies on dynamic-8pmple friction, causing the signal amplitude to

depend on scan direction and the torsional resonance mode of the cafffilever.

5.2 Atomic and Electronic Structure of Gold-Exfoliated WSe Monolayers

We directly compare the electronic structure and defect density ckgfitiated and
Scotchtape exfoliated monolayeusing scanning tunneling microscopy (STMjSe
monolayeravere transferred to graphite substrates for characteriaagiog a PC polymer
stamp, which is flipped onto a SifSi substrate and contacted wittidium. Fig. 28a showsa
representative STM image of a gdlipe exfoliated WSemonolayer with atomic resolution (see
inset), demonstrating a contaminate fseeface. Fig. & showsa corresponding STM image of

a Scotchtape exfoliated WSanonolayer from the same parent crystal. STM is highly sensitive
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Figure 28 Defect density and electronic structure of gold -tape exfoliated WSe 2 compared
to Scotch -tape exfoliated WSe 2. Panel (a) shows a representative STM image of a gold -
exfoliated WSe 2 monolayer on graphite. The inset of panel (a) shows atomic resolution.

Panel (b) shows a representative STM image of a Scotch tape exfoliated WSe > monolayer
on graphite. Panel (c) shows an STM image of a larger area of the gold -exfoliated WSe 2

monolayer on graphite. Panel (d) sho ws STS comparing spatially averaged tunneling
spectra of WSe2 monolayers prepared via gold -tape exfoliation (blue) and Scotch tape
exfoliation (green). The width of each spectrum is the standard deviation of 13 and 19 local
STS spectra, respectively. The scan areas of panel (a) and panel (b) is 40 ni?, the inset in
panel (a) is 4 nm?, and panel (d) is 500 nmz2.

to surface adsorbates such as residual gold. Thes@baity images were obtained without
vacuum annealing, suggesting the same monolayer cleanliness from both methods. The surface

of the goldexfoliated monolayer is pristine across laageas, Fig. &.

Point defects represent another possible source of disorder. The bright features observed
in Fig. 28a and 8b correspondo isovalent point defecté?1”3Likewise, the bright and dark

spots (arrowsin Fig. 28¢c are knowrto be charged defect$l’3Within experimental uncertainty,
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we obtain equivalent isovalent defect densities of 1.7 + 0.4B3ch?), and 1.6 + 0.5 (x 18

cm?) for monolayers obtained from geldnd Scotckape exfoliations, respectively. These
defect densities agree with the area density of defects in bulk &&¢als fluxgrown with a

Se:W ratio of 5:F38*We conclude that golthpe exfoliation, including the wetch stepgoes
not introduce point defects.

We compare thelectronic structure of the Womonolayers using scanning tunneling
spectroscopy (STS). Residue, doping, and strain are all known to affect the tunneling spectra of
TMDs 24174Fig. 28d presents spatiallgveraged tunneling spectra for godgbe exfoliation
(blue) and Scotchape exfoliation (greeri) note the small standard deviations (width) indicating
excellent spatial uniformity. Remarkably, both monolayers show almost identical
semiconducting behavioT his confirmation is important, given that remaining ions from the
K1/ 2 wet etch step would be expected to dope the satfaded trapped solvent could cause
local doping as reported for other ligehased technique<® Furthermore, both samples display
identical band gaps, suggesting that the gaje exfoliation is comparable to Scotalpe
exfoliation in terms of induced strain. Our scanning probe measurements provide direct evidence
that goldexfoliated WSemonolayers are clean and retain the same defect density and electronic

structure as those produced by Scotch tape exfoliation.

5.3 Phonon-Limited Charge Carrier Mobility in Gold-Exfoliated MoS, Monolayers

The figureof-merit for electrical performance of a 2D semiconductor is the charge carrier
mobility. Here we determine the roetemperature sheet mobility of macroscopic gold
exfoliated MoS monolayers with the transfer length method (TLM), which isolates the sheet

resistance and contact resistance using FETSs of different channel féndtfiEheinset of Fig.
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2% shows amptical microscope image of the TLM device. We fabricated the,Ma®!
device following a conventional Si®ackgated structure with indium contacts. The 4.12 eV
work function of indium results in a small Schottky barrier to the 4.0 eV conduction band

minimum of MoS, and the low melting point of indium reduces damage to the monolayer during
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Figure 29: Transport properties of FETs made from gold -exfoliated MoS 2. Panel (a) shows
the gate voltage (Vg) dependent current (I) of the TLM device, normalized by the channel
PPEUT wophwsy O& pans (B)lisaDdticdl ithage of the TLM device. The scale bar is
kK Y w4Pénél () shows the source-drain voltage (Vd) dependent current (1) of the TLM
Eil YPEI OWOOUOEODAIT E WE a wPhnkl @fplots Be bta) resismuicd) (R)asph
function of channel length (Lch); gate voltages range from 80 -120V.Panel (d) compares the
carrier density dependent effective electron mobility of the gold  -exfoliated MoS 2
monolayer calculated from the sheet resistance. Literature values for CVD, Scotch tape
exfoliated (Exf.), and theoretical phonon -limited mobility of monolayer MoS 2 are included
for comparison.
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thermal depositioh’® The gate voltage (@ dependent current (1) is plotted in FA§a. Our
device exhibits slype behavior with a threshold voltage of 26eXtirapolated from the linear
region.The maxi mum current is 17 €A/ egm, normali ze
voltage W = 1V and gate voltageg~= 120V. The indium contacts to our MoSETs are ohmic
with low Schottky barrierdemonstrated by the linear trend in the relationship between drain
voltage (M) and current (1) shown in Fi@9%. We measur¢he resistance (R) of the MpBETS
with channel lengthsd=2-5 ¢ mex&rattdhe sheet resistancedRind contact resistance
(Rc) by linearfit, Fig. 29c. The sheetesistance () i s cal cul at egwittao be 8. (
contact resistance of 22.0 N 0.7 kaq. Ef fectiv
the sheet restance’Y p¥ & Qwheree is mobility, nis carrier density, andis the
elemental charge&arrier density is calculated through the parallel plate capacitor model, where
the dielectric constant of Sis 3.9 and the Sigthickness is 285 nm.
We plot the electron mobility against carrier density in Efygl, displayingmobility of
250 + 20 criV-is? at a carrier density of 1x30cm2. Our effective mobilityis among the
highest mobility recorded from a Si@ackgated structuré®® andexhibits a Sfold increase
compared to CVD grown MaS$8! We fit carrier density dependent mobility'to 6 £
whereA andUare fitting constants; is mobility, andn is carrier density. We extract valuesfof
= 246 andJ= 0.4. The quality of the fit is evidence that the mobility of our device is limited by a
single scattering mechanisi#t.We compare our calculated sheet mobility to values reported in
literature; Table. Our measuredhobility agrees with theoretical values for the surface optical
phononlimited mobility in monolayer Mo%°’:%8 This demonstration shows that macroscopic

monolayers from gokdiape exfoliation can possess photiomted transport properties.
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Table 2: MoS2 monolayer electron mobility values from literature with varying fabrication
processes including metal -assisted exfoliation (gold exfoliation), chemical vapor deposition

(CVD), and Scotch tape exfoliation (exfoliated). The listed mobility values are field effect
mobilities (FE), or sheet mobilities from the transfer length method (TLM). Theory
calculations of the intrinsic phonon -limited mobility are  also included.
Mobili Exf [/ ThickrMet hoCont aGat e Ref .
( cAris?
253 Gol d Monol ¢TLM I n/ Au285nm Si O Thi
Exfoli Wor |
32.7 Gol d Monol ¢FE Au 300 nm Si O 10
Exf ol
60 CvVvD Monol ¢4P FEAuU h BN 183
39. 7 CvVvD Monol ¢4P FETIi / AuSr Tzi O 184
20 CVvD Monol ¢TLM A u 90 nm Si O 185
21 CVvD 3.13 1TLM Au 55 nm Si O 186
46 CVvD Monol ¢TLM Ni / Au50 n Al 181
40 CvVvD Monol ¢TLM Au 50 nmy Si@d L8’
encapsul at €
17 CVvD Monol ¢TLM Ni / Au50 n Al 188
102.6 CVD Monol ¢FE Au 30 n: Al 66
(Epita
7 Exfoli Monol ¢FE Au 270 nm S3OCieo 1
Hf A op gate
46 Exfoli Monol ¢FE 17Au 100 nm Si O 19!
41 Exfoli Monol ¢FE Au 30 nf Al 192
8 4 Exfoli Monol ¢FE GraphhBN encapsutl®sd
148 Exfoli Monol ¢4P FETi/ Pddouble side!8®
10 nm HfO
81 Exfoli Monol ¢4P FETi/ Pddouble sidet®
300 nam Si O
30 Exfoli 4.5 nitTLM Au 90 nm Si O 195
410 N/ A Monol ¢éTheor N/ A N/ A 196
320 N/ A Monol ¢éTheor N/ A N/ A o7
182 N/ A Monol ¢éTheor N/ A N/ A 68
158 N/ A Monol ¢éTheor N/ A N/ A 1os
47 N/ A Monol ¢Theor N/ A Si.0 199
168 N/ A Monol a Theor N/ A N/ A 200
290 N/ A Monol a Theor N/ A Si.0 67
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5.4 Intrinsic Excitonic Propertiesin hBN EncapsulatedGold-Exfoliated MoSe

While STM and transport measurements clearly demonstrate the electronic properties of
gold-exfoliated monolayers, they probe small sample areas, on the order of (0 &TM
and Zfor ELM. To extend the characterization to larger areas, we use photoluminescence
(PL) hyperspectral mapping because the PL of TMD monolayers is sensitive to strain and defect
density?°1292First, we encapsulate a portion of a macroscopic-gefdliated MoSemonolayer
in hBN and compare its low temperature (10 K)dpectrum to that of a similarly prepared
Scotchtape exfoliated monolayer from the same parent crystal3Bigwefind that the PL
spectra are nearly identical, with average linewidths of 6.4 + 0.2 meV and 5.6 + 0.6 meV for the
exciton peaks from golthpe and Scotctape exfoliated monolayers, respectivélyrthermore,
a similar ratio of the neutral exciton to trion emisspeaks reaffirms that goldpe exfoliation
does not dope the resulting monolayer.

The homogdédheBN tegnwdpsul ated TMD monol ayer s i
including monol ayer quality, hBN quality, and
in the PL emission ofexfléi damobhyoMefea mss walra tseeds
from bubbles formed during the stackWegupeoce
an hBN flake on a polycarbonate (PGmopol amer s
then a second fl ake of keBN.olT haecedasheeS dalr ee aP @ a:
to pick -aarpea rleagigemr of the TMD monol ayer than
t hat are unencapsul ated or paretxifaollliyadwasds avposSuel
prepared on an octadecyl trixshubosrtorsaitlea n eT h(eO ThSy)
OTS surface pyetrasctis otmhelamagel as it goes thro

the wet etch step, and it makes pickup easier.
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Figure 30: Comparison of low temperature (10 K) photoluminescence (PL) mapping of hBN
encapsulated MoSe2 monolayers. Panels (a-d) display the PL maps of a Scotch tape
exfoliated MoSe 2 monolayer. Panel (a) is a representative PL spectrum. Panel (b) shows an
optical microscope image indicating the location of the representative spectra. Panel (c)
maps the window averaged intensity the trion peak. Panel (d) maps the window averaged
inten sity the exciton peak. Panels (e-h) display the PL mapping of a gold -tape exfoliated
MoSe:z monolayer. Panel (e) shows representative PL spectra of the region fully
encapsulated by hBN, with the bottom hBN only, and the top hBN only. Panel (f) shows an
optical microscope image indicating the locations of the representative spectra. Panel (g)
maps the window averaged intensity the trion peak. Panel (h) maps the window averaged
intensity the exciton peak. Panels (i -I) display the PL mapping of a gold -tape exfoliated
MoSe:z monolayer. Panel (i) shows representative PL spectra of the region fully
encapsulated by hBN, with the bottom hBN only, and the top hBN only. Panel (j) shows an
optical microscope image indicating the locations of the representative spectra. Panel (k)
maps the window averaged intensity the trion peak. Panel (I) maps the window averaged
intensity the exciton peak. The window average of the trion peak is 1.6115 - 1.626 eV, and
the exciton peak is 1.637 - 1.657 eV. The monolayer in panels (a-d) and panels (e-h) are from
the same parent MoSe: crystal. The parent MoSe 2 crystal for panels (i -I) is from a more
recent batch with slightly different doping, which manifests in a larger exciton/trion ratio.
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5.5 Large Monolayer Homogeneity

We confirmed that hBN encapsulatgald-exfoliatedandScotchtape exfoliatedMoSe
monolayes have near identicdbw temperature (10 K) P&pectrumn section 5.4. For
completeness we plot the encapsulated 10K MoSegpbBttra oftop of each other ifig. 3la
Next, we collect spectra at more than 29,000 points over a macroscopexfmldted MoSe
monolayer on an octadecyltrichlorosilane (OTS) functionalized/SiGubstrate with a spatial
resolution of 25 em and a asgivptiorelaydr protegtetheat ur e
monolayer from mechanical damage when passing through the water/air interface during
fabrication. We note that substrate functionalization withastembled monolayers has been
used in previous studies to improve the yigldold-tape exfoliatiorf®® Three peaks are
observed in the unencapsulated MpBE spectra. Fig31b depictdwo representative spectra
from the center and edge of the macroscopic monolayer. The peak at 1.64) edr{&sponds
primarily to exciton emission, with some trion contribution at the low energ$t&lux grown
MoSe was found to be slightly-type in a previous stud{,and OTS is known to-dope TMD
monolayerg?’ which results in a decreased contribution of the negdtioe emission when
compared to the hBN encapsulated samples. The peak at 1.54)eAfif¢s from defeet

localized excitong® We attribute the broad, leanergy peak (X to adsorbed small molecules
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Figure 31: Large-areaphotoluminescence (PL) mapping of a gold -exfoliated MoSe 2
monolayer. Panel (a) shows PL spectra from hBN encapsulated MoSe 2 monolayers
prepared by gold -tape exfoliation and Scotch tape exfoliation at 10 K . Panel (b) shows
representative PL spectra from the center and edge of a macroscopic gold-exfoliated MoSe 2
monolayer at 77 K. Three peaks are observed. Xo corresponds to exciton emission, X s
corresponds to bound exciton emission, and X L is attributed to adsorbed species on the

surface of the monolayer. The shaded regions indicate the bounds of the window averages
for each peak. Panel (c) shows a false-color optical microscope image of the macroscopic
gold -exfoliated MoSe 2 monolayer. Panels (d-f) display normalized photoluminescence (PL)
maps of the MoSe 2 monolayer . Panel (d) is window averaged from 1.61-1.665 eVfor the Xo
peak. Panel (e) is window averaged from 1.501.58 eVfor the Xepeak. Panel (f) is window
averaged over 1.27-1.38 eVthe X. peak.

on the surface of the exposed Me8wnolayer at cryogeniemperature$?® Fig. 31c isan

optical microscope image of the macroscopic gottbliated MoSe monolayer, with the
corresponding intensity of thep¥eak (average over 141665 eV) showm Fig. 31d.

Comparing the two images reveals that tlhg@&ak is uniform wherever the macroscopic

monolayer exists, but shows subtle reduction in peak intensity along stripes parallel to cracks and
edges. The stripes display a slight blue shift and sharpening of eaK,which is attributed to

compressive strain from the flexing of the gtdgbe duringhe exfoliationprocesg®! Fig. 32
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highlights these strain featuresd is discussed in more detail beldNwotably, the intensity of

the Xs emission (averaged over 1:3(b8 eV) arises only near the cracks and edges visible in the
optical microscopénage, Fig. 31c. The Xintensity (1.271.38 eV) is uniform over the

monolayer area, as expected from adsodpetties, Fig. 31f.

The spatial homogeneity of the Keak is interrogated in more detail by fitting the
photoluminescence spectra at each pixel. The spectra are composed of 3 peaks, Fig. 31b, and is
fit with the sum of two Lorentzian line shapes and a Gaussian line shape; forgbak<>s
peak, and X peak respectively. To avoid fitting errors, pixels were considered background
pixels if they did not meet an intensity threshold in theg&ak region, which is shown to be
uniform and primarily depend on the amount of monolayer area within the excitation spot at that
pixel. All fitting parameters for background pixels are set to 0. The histogram and map ef the X
peak intensities at each pixel reveals that the majority of the monolayer area has uniform
guantum yield, Fig. 32a and 32b. The low intensiiels are located next to cracks and edges
and are attributed to reduced monolayer area within the excitation spot. The high intensity pixels
are found along lines that appear to correspond to crystallographic axes, which suggests that the
increased photolinescence intensity in these regions is likely due to crystal growth conditions.
Fig. 32c displays a histogram of the peak linewidths and spatial distribution at each pixel. The
histogram shows that theyYeak linewidths are 15 + 3 meV. Fig. 32d mipsX peak
linewidths over the monolayer area, and shows that ghpek linewidth decreases near cracks
and edges of the monolayer which is consistent with sitaffig. 32e displays a histogram of
the X peak energies at each pixel in the monolayer region. The peak energy is 1.64 + 0.01 eV.
Fig. 32f maps the ¥peak energies over the monolayer area, and clearly displays that the peak

energies are blughifted at cracks, edges, and the stripes with a slight reduction in intensity

72



Intensity

Pixels

.0 0.2 0.4 0.6
Intensity (a. u.)

Pixels

12 14 16 18 2
Linewidth (meV)

1000

800

600

Pixels

400

200

0 1.63 1.64 1.65
Photon Energy (eV)

Figure 32 Analysis of strain and exciton peak (X o) homogeneity from the monolayer region
of a large-area photoluminescence (PL) map of a gold -exfoliated MoSe 2 monolayer on an
octadecyltrichlorosilane (OTS) functionalized SiO  2/Si substrate at 77 K. Panel (a) shows a

histogram of the intensities of each pixel. Panel (b) displays the map of the X opeak
intensities in the monolayer region. Panel (c) shows a histogram of the X o peak linewidth
at each pixel. Panel (d) displays the map of the X o peak linewidths in the monolayer region.
Panel (e) shows a histogram of the Xo peak energy at each pixel. Panel (f) displays the map
of the Xo peak energies in the monolayer region.
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observed in Fig. 31d and Fig. 32b. Considering the correlated reduction in pleak
linewidth, the shift in the Xpeak energy clearly shows that there exists stripes of compressive
strain throughout the large monolaye.

The spatial distribution of features in the PL spectra suggest that disorder arises primarily
from two sources: macroscopic inhomogeneities in crystal condition, such as cracks and edges;
and from strain induced during the mechanical exfoliation proceblnpeovements in crystal
growth, rigid goldtape constructionyaferbonderassisted transfét? and autonomous
exfoliation could eliminate these sources of inhomogeneity. The uniformity displayed in our
hyperspectral map of macroscopic gekfoliated MoSesuggests that the monolayer quality
and electronic properties observed in STM/STS and TLM extend over the entirety-of gold

exfoliated monolayers.

Experi ment al dbetaani lbe ffomunBdhamt dppendi X
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Chapter 6: Patterning, Transfer, and Stacking

6.1 Polymer Transfer Methods for 2D Materials

A primary method for constructing van der Waals (vdl&Yicesnvolves using a
polymer stamp to pick up and transfer exfoliated monolayers and multilayeflaki&gwith
high spatial precisioAt* One arly implementation of this technique ralien viscoelastic
transfer, where the release speed of the polymer statyypically made of polydimethylsiloxane
(PDMSY!i wastuned to control adhesion forc&ow retraction favored release, allowing
exfoliated flakes to be deposited onto the target substrate without excessive deformation or

contaminationFig. 33ashows he mi croscope fistacking stageo u

Figure 33 Polymer -based techniques for the transfer of 2D materials. Panel (a) shows
diagram of a simple transfer stage used viscoelastic polymer transfer. Panel (b) depicts the
basic procedure for viscoelastic polymer transfer. Panel ( c) depicts the basic procedure for
the encapsulation of a 2D material in hBN. Panel (d) displays an optical microscope image

of a graphene flake encapsulated in hBN. Panel s (a) and (b) are adapted from ref. 211,
Copyright 2014 10P Publishing Ltd. Panel s (c) and (d) are adapted from ref. 212 Copyright
2013, American Association for the Advancement of Science.
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