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Abstract 

Pristine Gold-tape Exfoliation of Transition Metal Dichalcogenide Monolayers 

Nicholas Michael Olsen 

  

Transition metal dichalcogenides (TMD) monolayers have proven to be a premier class 

of two-dimensional semiconductor due to their chemical simplicity, suitable carrier mobilities, 

and desirable band gaps. However, popular fabrication methods fail to produce TMD monolayers 

with both suitable sizes and quality. The metal-assisted ñgold-tapeò method enables the 

deterministic exfoliation of macroscopic TMD monolayers from bulk single crystals, 

overcoming the size limitations of the widely used ñScotch-tapeò method. However, concerns 

regarding the quality of gold-exfoliated TMD monolayers have limited the techniqueôs adoption. 

This thesis discusses the quality and cleanliness of gold-tape exfoliated TMD monolayers from 

furnace to device. A substantial population of free charges is observed for photoexcited TMD 

monolayers, unless exfoliated from state-of-the-art flux grown crystals, highlighting the 

importance of parent crystal quality. Furthermore, the discovery of a previously unknown 

irreversibly adsorbed polyvinylpyrrolidone (PVP) residue layer is chronicled, and a critical 

Ar/O2 reactive ion etch (RIE) step is introduced to eliminate it. Gold-tape exfoliation is shown to 

produce pristine, millimeter-scale, TMD monolayers which exhibit defect density, charge carrier 

mobility, and excitonic properties intrinsic to the parent crystal. Finally, post-process patterning 

and stacking are explored.
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Chapter 1: Transition Metal Dichalcogenide Monolayers 

1.1: Two-Dimensional Materials 

Reduced dimensionality in materials systemsðmanifesting as zero-dimensional quantum 

dots, one-dimensional nanowires, and two-dimensional (2D) monolayersðhas revealed a diverse 

landscape of emergent physical phenomena rooted in quantum confinement, enhanced surface-

to-volume ratios, and altered symmetry constraints.1ï6 Among the most compelling platform are 

the two-dimensional monolayers of van der Waals (vdW) materials. Bulk vdW crystal are 

comprised of stacks of individual 2D sheets bound together with vdW forces, which arise from 

the polarizability of the electron distribution in neighboring monolayers.7 When compared to the 

covalent intralayer bonding between atoms within each 2D sheet, the interlayer vdW forces are 

weaker by approximately two orders of magnitude.8ï10 The weak interlayer forces of vdW 

materials allow these materials to be cleaved at the interface between layers, a trait that was 

leveraged in an early application of 2D materials as dry lubricants.11 In 2004 physicists Andre 

Geim and Konstantin Novoselov demonstrated that graphite, a vdW material, could be 

successively cleaved with commercially available adhesive tape to produce a single-layer 2D 

material, dubbed graphene.12 This ñScotch-tapeò exfoliation technique introduced by Novoselov 

and Geim remains a popular method for isolating monolayers, and is discussed in more detail in 

Chapter 2.2. The discovery of graphene, opened the door to the study of monolayers isolated 

from other bulk vdW crystals.13,14 Since 2004, a versatile family of exfoliatable 2D materials has 

been discovered with a wide range of physical properties.15 
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Two-dimensional materials can be broadly categorized by their band gaps. In systems 

with periodic potential energies, such as that of a crystal, the solutions to the Schrödinger 

Equation are similarly periodic. When these states are plotted in reciprocal space (reciprocal 

space is the Fourier transform of ñreal spaceò which has units of ρȾὼ, where ὼ is a unit of 

distance) that periodicity results in energy ñbandsò. Whether a particular band is filled, partially 

filled, or empty at equilibrium depends on the potential energy of that band at a particular 

momentum and the temperature. A band gap is the energy difference between the valence band 

and the conduction band. The valence band is the highest energy band where electrons are 

present at absolute zero temperature, and the conduction band is the lowest energy empty band. 

Notably, only partially filled bands allow charge carriers to move freely and conduct electricity. 

In semiconductors and insulators, the size of the band gap determines the energy needed to excite 

charge carriers and allow the flow of electric current. Materials with large band gaps are 

classified as insulators, while those with small band gaps are semiconductors. Metals on the 

 
 

Figure 1: Diagram of the relative conduction and valence band energies for metals, 

semiconductors, and insulators. Adapted from ref. 16 Accessed 22/7/2025. 
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other hand, have overlapping conduction and valence bands and no band gap; the overlap of 

these bands causes them to be partially filled allowing charge carriers to flow freely.17 Fig. 1.1 

depicts the energies of the relative conduction and valences energies for metals, semiconductors, 

and insulators.  

Graphene is semi-metallic. It has a band gap of zero where its conduction and valence 

bands meet, but do not overlap, at points known as Dirac points. This electronic structure gives 

rise to extraordinary electrical conductivity, and exotic properties such as the quantum 

anomalous hall effect.18 Conversely, hexagonal boron nitride (hBN), which is composed of 

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

 
 

Figure 2: Summary of bandgap energies of common families of 2D materials, and 

their crystal structures. Adapted from ref. 15. Copyright 2016, Springer Nature.  
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to graphene, but is an insulator with a wide band gap of approximately 5.97 eV.19 Beyond 

graphene and hexagonal boron nitride (h-BN), the landscape of van der Waals (vdW) materials 

includes a fascinating array of 2D systems with a wide range of intermediate band gaps, 

providing a suitable choice for most applications.15 The band gaps of several 2D materials are 

compared in Fig. 1.2. Additionally, many 2D materials exhibit interesting phenomena. Black 

phosphorus exhibits anisotropic charge carrier transport, with impressive hole mobilities on the 

order of 10,000 ÃÍ6 Ó .20 Magnetic layered materials such as CrI  and CrSBr have 

introduced magnetism into the 2D regime.21,22 SnSe is a layered thermoelectric that holds the 

record for thermoelectric efficiency.23 Furthermore, 2D materials can be combined into 

multilayer structures, which provides additional tunability, giving rise to novel phenomena such 

as moiré superlattices, interlayer excitons, and correlated effectsðexpanding the reach of 2D 

materials back towards three dimensions and beyond the limits of any single monolayer.24 

Stacking methods for 2D materials are described in more detail in Chapter 6. One prominent 

class of 2D material left conspicuously absent until now is the family of materials dubbed 

transition metal dichalcogenides (TMD), which round out graphene 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 

general formula MX , where M is a transition metal (such as Mo, W, or Nb) and X is a chalcogen 

(S, Se, or Te). Structurally, each monolayer consists of a plane of metal atoms sandwiched  
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between two planes of chalcogen atoms. TMDs exhibit a breadth of electronic behaviors, which 

spans from insulating (e.g., HfS ) to semiconducting (e.g., MoS , WS ), to metallic and even 

superconducting (e.g., NbS ), depending on composition, structure, and temperature.27ï29 The 

most common polytypes are the 1T, 2H, and 3R phases, distinguished by their metal 

coordination and stacking order.25 In the 1T phase, the metal atoms adopt an octahedral 

 
Figure 3: Transition metal dichalcogenide (TMD) structure and polytypes. Panel (a) 

ÊÖÔ×ÈÙÌÚɯÛÏÌɯÚÛÙÜÊÛÜÙÌɯÖÍɯÛÏÌɯƖ'Ȯɯƕ3ȮɯÈÕËɯƕ3ɀɯ×ÏÈÚÌÚɯÖÍɯ3,#ÚȮɯ/ÈÕÌÓɯȹÉȺɯËÐÚ×ÓÈàÚɯÛÏÌɯ

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.  
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coordination, leading to a metallic character in many TMDs. Due to this metallic character, 

applications of 1T TMDs include device contacts and energy harvesting.26 The 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 coupling and symmetry. Regardless of polytype, TMD 

monolayers break inversion symmetry, which directly affects their electronic structure and 

optical response, discussed later. The 2H phase is the most energetically stable polytype for 

TMDs containing group 6 metals such as molybdenum and tungsten.26 Of the group 6 TMDs 

MoS2, WS2, MoSe2, and WSe2 are particularly well studied, because these ñcardinalò TMDs are 

relatively stable in ambient conditions. This cardinal group 6 TMDs and will be the focus of the 

remainder of this dissertation. 

MoS2, the only TMD to be found naturally as the mineral molybdenite, is the most 

studied TMD. The structure of molybdenite was first described by Linus Pauling in 1923.30 

While monolayer MoS2 was isolated, first by intercalation with lithium,13,31 then by the Scotch 

tape exfoliation method, it was the discovery of the indirect-to-direct band gap transition in 

exfoliated monolayer MoS2 in 2010 that reignited interest in TMDs.32,33 In bulk MoS2 the 

valence band maximum lies at the ũ point and the conduction band minimum lies between the K 

and ũ points. As the layer number decreases the valence band maximum at the ũ point decreases 

in energy while the conduction band minimum between the ũ and K points increases in energy. 

At the monolayer limit, the energy of the valence band at the ũ point has decreased below the 

energy at the K point, similarly the conduction band minimum is now located at the K point.33 

This indirect-to-direct band gap transition is depicted in Fig. 4b. With the valence band 

maximum and the conduction band minimum at the same point in momentum space the 
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transition becomes optically allowed, which is reflected in the emergence of strong 

photoluminescence in monolayer MoS2, depicted in Fig. 4a.32 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 space, the first is the K point the second is the 

Kô point.  

A defining feature of TMDs is the strong spinïorbit coupling (SOC), particularly in the 

valence band, which arises from the heavy transition metal atoms (Mo, W, etc.). This SOC leads 

to a significant spin splittingðon the order of hundreds of meVðin the valence band at the K 

points, and a smaller but non-negligible splitting in the conduction band. Combined with the lack 

of inversion symmetry in monolayers, the spin splitting couples the spin and valley degrees of 

freedom at the K and Kô points.34,35 The coupling between spin and valley degrees of freedom 

enables valley-selective optical excitation using circularly polarized light. Fig. 5 depicts the spin-

 
 

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.  
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valley locking in TMDs. The coupling of the spin and valley degrees of freedom makes TMDs 

promising platforms for valleytronics,36 where information can be encoded in the valley index, 

and for exploring novel quantum phenomena such as exciton condensation and spinïvalley Hall 

effects.37ï39 

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 ideal for engineering devices from 2D materials. Two exciting applications of TMDs 

are discussed in more detail in the following sections. 

 

1.3 TMD 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 

 
 

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 

*ɯÈÕËɯ*ɀɯ×ÖÐÕÛÚȭɯ/ÈÕÌÓÚɯȹÈȺɯÈÕËɯȹÉȺɯÈÙÌɯÈËÈ×ÛÌËɯÍÙÖÔɯÙÌÍȭ38. Copyright  2016, Springer 

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

through a gate electrode. The 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 applied, it induces either electron or hole accumulation depending 

on the device polarity (n-type or p-type). The accumulation of charges then allows for the flow 

of current across the channel. This gate-induced modulation governs the deviceôs output 

characteristics, such as threshold voltage, transconductance, and on/off current ratio.40 

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 silicon. The relentless 

scaling of silicon-based metal-oxide-semiconductor field-effect transistors (MOSFETs) has been 

the cornerstone of modern microelectronics, enabling exponential improvements in 

computational power and energy efficiency. The number of transistors per microchip has 

doubled approximately every two years for decades, only faltering recently as the we reach the 

fundamental physical limits of silicon as a channel material.41,42 As device dimensions approach 

the deep submicron regime, classical electrostatic assumptions begin to break down. Effective 

control of the channel by the gate becomes more difficult and a suite of non-ideal behaviorsð

collectively termed short-channel effects (SCEs)ðemerges. These effects not only degrade 

device performance but also impose fundamental limits on further scaling.43 Short channel 

effects are exacerbated by disorder at the surface of the channel material; 3D semiconductors 

have imperfect surfaces with dangling bonds and thickness variation. 2D semiconductors 

promise better gate control at shorter channel lengths because of their dangling-bond free 

surfaces and uniform thickness.44 Unlike 3D semiconductors like silicon, 2D materials retain 

their mobility even at the monolayer limit. TMD monolayers are among the most promising 2D 
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semiconductor channel material for next generation transistors.45ï47 However, TMD FETs 

struggle due to a lack of a deposition compatible complementary dielectrics, contact issues, and 

poor material quality.43,47 Solving these problems is essential for the adoption of TMDs in next 

generation hardware. 

 

 
 

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 FETs. 

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 2021 Springer Nature.  
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1.4 TMD Moiré Devices 

When two periodic patterns are superimposed, they can produce a combined pattern with 

a larger periodicity ð known as a moiré pattern. Moiré patterns are commonly encountered in 

everyday life, such as when looking through two chain-link fences or photographing a computer 

screen with a digital camera. An analogous effect can occur with the atomic lattices of vdW 

systems such as graphite, where misaligned layers can form moiré patterns.48 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 

an enlarged periodicity and correspondingly smaller reciprocal lattice vectors. Interlayer 

coupling and band backfolding lead to avoided crossings and saddle points in the electronic 

structure.49,50 In graphene twisted to the so-called ñmagic angleò of 1.1°, the bands flatten, 

increasing the density of states and producing a van Hove singularity and correlated phenomena 

such as superconductivity.51,52 

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 factors, as exemplified for the 

WSe2/WS2 moiré superlattice in Fig. 7.53 The remarkable tunability of moiré systems, via twist 

angle and electrostatic control, makes them a compelling platform for exploring exotic physical 

properties.49,50 
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When transition metal dichalcogenides (TMDs) are stacked with a lattice mismatch, due 

to a relative twist between like-layers or a periodicity mismatch between unlike-layers, similar 

moiré band formation occurs. However, several key differences distinguish twisted bilayer 

graphene from twisted TMD bilayers.50 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 localized transition metal d-orbitals, in contrast to the delocalized carbon ˊ-orbitals 

in graphene. This localized orbital character makes the tight-binding models a suitable  

 
 

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/WSe2 

heterobilayer moiré.  Panel (b) is adapted from ref. 50. Copyright 202 2 Springer Nature . 

Panel (c) is adapted from ref. 53. Copyright 2020 Springer Nature.  
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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 phases.50,55,56 However, progress is often hindered by the challenges of device 

fabrication and sample irreproducibility due to disorder, diagramed in Fig. 8.54 Improving 

 
 

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 2022 Springer Nature.  
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reproducibility and streamlining fabrication processes is increasingly important, especially as 

vdW device architectures grow more complex. To that end, this dissertation will focus on a 

promising method for the fabrication of large-area high-quality TMD monolayers.  
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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 bottom-up and top-down methods. 

Bottom-up methods involve the direct growth of single-layer TMD films, while top-down 

methods involve the exfoliation of bulk TMD crystals into monolayers. Popular TMD monolayer 

fabrication methods including chemical vapor deposition (CVD), Scotch-tape exfoliation, and 

metal-assisted exfoliation are discussed in this chapter.  

 

2.1 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) offers scalability by directly growing large-area TMD 

monolayers,57,58 making it the preferred method for some device applications, such as field effect 

transistors (FETs).59 In this technique, precursors are heated such that they vaporize and react at 

the surface of a growth substrate, nucleating into monolayer crystals.60 Fig. 9a diagrams an 

example of a CVD process. Grain boundaries can form when monolayer crystals nucleate with 

various orientations and grow into each other.61,62 Fig. 9b shows how TMD monolayers can 

nucleate with various orientations during the CVD process, while Fig 9c shows examples of how 

grain boundaries interrupt the hexagonal TMD atomic lattice. Furthermore, the growth 

conditions must be carefully controlled to avoid the nucleation of additional layers which can 

result in crystals with higher vacancy defect densities than might otherwise be possible with bulk 

crystal growth. Additionally, contamination from the precursor materials can also cause 

substitution defects in the final CVD TMD monolayer.58,63 Optimization of CVD growth 

conditions, substrates, precursors, carrier gasses, and reactor design can improve defect density 

and crystallinity.64,65 For example, single crystal MoS2 with an average room temperature carrier 
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mobility of  77.6 cm2V-1s-1 can be epitaxially grown by leveraging the step edge of miscut C/A 

sapphire.66 Despite impressive improvements 64ï66, the charge carrier mobility of CVD TMD 

monolayers is still well below the theoretical phonon-limited mobility.67,68 

 
 

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. 60. Copyright 2020 Elsevier. Panel (b) is adapted  

from ref. 62. Copyright 2019 IOP Publishing Ltd. Panel (c) is adapted  from ref. 61. Copyright 

2020 American Chemical Society. 

 
 

2.2 Scotch-tape Exfoliation 

The prototypical top-down exfoliation technique is mechanical exfoliation with adhesive 

polymer tapes. Graphene was first isolated in 2004 by Andre Geim and Konstantin Novoselov, 

who famously used adhesive tape to peel single atomic layers from graphiteða process now 

known as mechanical exfoliation.12,13 This breakthrough defied long-standing assumptions about 
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the instability of two-dimensional materials and revealed grapheneôs remarkable properties, 

including exceptional conductivity, strength, and flexibility. Their work earned them the 2010 

Nobel Prize in Physics and launched a new era in materials science focused on atomically thin 

systems. The ñScotch tapeò exfoliation process involves successive cleaving of a bulk TMD 

crystal with adhesive tape, after which the tape is brought into contact with a SiO2/Si  

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 contrast. The scotch tape exfoliation process is shown in Fig. 10. Scotch-tape 

 
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. 69. Copyright 2021 Elsevier Ltd. 
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exfoliation remains the method of choice for experiments that require high-quality monolayers, 

because the parent crystal determines the quality of the resulting monolayer. However, the 

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

(~10 ɛm),69 limiting their application to fundamental research and proof-of-concept devices.54 

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 crystals.69ï74 Metals, especially gold, interact strongly with the 

chalcogens atoms of TMDs forming pseudo-covalent bonds.10 This adhesion to the metal induces 

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 crystal.75,76 Early iterations of this process utilized direct metal 

deposition onto bulk crystals,75 but the high kinetic energy of metal atoms during deposition 

would result in damaged monolayers. Liu et al.72 improved on earlier iterations by using a 

template stripped ñgold-tapeò to avoid damage to the TMD from evaporative metal 

deposition.70,77 Fig. 11a shows a diagram of the gold-tape exfoliation process. In this process, 

gold is deposited onto a template wafer with a thickness of 100-200 nm. A polymer protection 

layer of polyvinylpyrrolidone (PVP) is spun onto the gold wafer before thermal release tape is 

used to delaminate the templated gold film from the wafer. The gold-tape is then pressed gently 

onto the surface of a bulk TMD crystal deterministically exfoliating the top monolayer. The tape  
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assembly, including the monolayer, is 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 KI/I2 solution. The monolayer sample is rinse in another water bath to 

 
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 I 2/KI etchant solution 

is used to remove the gold film. (9) The exfoliated monolayer is rinsed in water to remove  

residue from the  I 2/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 a gold -tape. Panel (d) is an optical microscope 

image of the gold -exfoliated WSe 2 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 dried. Since gold-tape exfoliation was demonstrated by Liu 

et al., it has been utilized for many experiments that require large-area single-crystal TMD 

monolayers.78ï80 Additionally, the process of gold-tape exfoliation works with many non-TMD 

vdW materials, including those with halogen capping layers such as NbOI2 and Pd5AlI 2 ï 

although these materials do not survive the KI/I2 gold etch step. Another recent extension of the 

gold-exfoliation technique utilizes hybrid gold mesh tapes to deterministically exfoliate TMD 

monolayers on otherwise less adhesive substrates such as SiO2/Si.81 These methods are an 

exciting new direction for the technique due to their ability to avoid cleaning and etching 

procedures, and integrate device architecture directly into the gold exfoliation surface.82 

 

2.4 Note on Bulk Crystal Growth  

As remarked above for Scotch-tape exfoliation, and as will be shown in following 

chapters for gold-tape exfoliation; a primary advantage of these top-down exfoliation 

techniques is that they maintain the quality of their bulk parent-crystals. Therefore, the 

growth of high-quality crystals is incredibly important to the performance of exfoliated 

monolayers. Furthermore, gold-tape exfoliation is especially sensitive to the macroscopic 

crystal quality as it determines the dimensions of the final monolayer. As a general rule, 

the best gold-exfoliated TMD monolayers come from large, and most importantly flat, 

bulk crystals. Debris, cracks, crystal clusters, and large steps in the surface all impede 

high quality gold-tape exfoliation. Furthermore, excessive damage caused by poor 

exfoliation can be worsened when the monolayer passes through the water/air interface 

after the aqueous gold etch step. I have consistently found that bulk crystals grown via 
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the self-flux method to produce the best gold exfoliated TMD monolayers 

microscopically and macroscopically. Flux grown crystals can approach the 

thermodynamic limit with respect to defect density.83,84 As an example, high-quality flux-

grown WSe2 has been shown to produce monolayers exhibiting room temperature Hall 

mobilities exceeding 1000 cm2V-1s-1.85 Additionally, crystals grown with a 5:1 

chalcogen:metal flux ratio can reach several 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 dislocations, which result in 

discontinuous gold-exfoliated crystals. In short, top-down 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 Gold-exfoliated 

TMD Monolayers 

This chapter is adapted from ref.86. ñSpontaneous Exciton Dissociation in Transition Metal 

Dichalcogenide Monolayersò T. Handa, M. Holbrook, N. Olsen, L. N. Holtzman, L. Huber, H. I. 

Wang, M. Bonn, K. Barmak, J. C. Hone, A. N. Pasupathy, X. Zhu, Sci Adv 2024, 10, 31. 

 

 Gold-tape exfoliation enables experiments on single-crystal TMD monolayers that would 

be otherwise difficult with small Scotch-tape exfoliated monolayers. In my collaboration with 

Taketo Handa, I prepared several gold-tape exfoliated TMD monolayers from different bulk-

parent crystal. Our experiments re-examine a foundational assumption regarding the 

photoexcitation of TMD monolayers. Since the seminal work on MoS2, photoexcitation in 

atomically-thin transition metal dichalcogenides (TMDs) has been assumed to result in excitons, 

with binding energies order-of-magnitude larger than thermal energy at room temperature. 

Performing ultrafast terahertz (THz) spectroscopy on large-area, single crystal TMD monolayers, 

we find that up to ~10% of excitons spontaneously dissociate into charge carriers with lifetimes 

exceeding 0.2 ns. Scanning tunnelling microscopy reveals that photo-carrier generation is 

intimately related to mid-gap defects, likely via trap-mediated Auger scattering. Only in state-of-

the-art quality monolayers, with mid-gap trap densities as low as 109 cm-2, does intrinsic exciton 

physics start to dominate the THz response. Our findings reveal the necessity of knowing the 

defect density in understanding photophysics of TMDs, exemplifies the importance of bulk-

crystal quality in gold-exfoliated TMD monolayers, and suggests that gold-tape exfoliation can 

produce monolayers with high optical quality and intrinsic exciton physics. 
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3.1 Excitons vs. Carrier Puzzle in Photoexcited TMD Monolayers 

Excitons in atomically-thin two-dimensional (2D) semiconductors, particularly TMDs, are 

central to a broad range of problems in 2D materials research. Examples include light-matter 

interactions 87,88, optoelectronic processes 38,89, photocatalysis 90, quantum phases 91,92, and 

sensors for quantum phenomena 53,93,94. In all these examples, photophysical properties of TMD 

monolayers are ultimately dictated by whether optical excitation primarily creates excitons 34,56,89 

or free charge carriers95ð97. Since the seminal work on MoS2 monolayers32,33, photoexcitation in 

atomically-thin transition metal dichalcogenides (TMDs) has been assumed to result in excitons 

with large binding energies (~ 200-500 meV) 34,56. Because the exciton binding energies are an 

order-of-magnitude larger than thermal energy at room temperature, it is puzzling that 

photocurrent and photovoltage generation have been observed in TMD-based devices 95ð99, even 

in monolayers with applied electric fields far below the threshold for exciton dissociation 100.  

To solve the exciton-vs-carrier puzzle, we apply time-resolved terahertz spectroscopy (TRTS) 

to investigate the nature of the photoexcited species by providing a contact-free measurement of 

charge carrier properties 101,102. Previous studies have applied TRTS to investigate excited-state 

properties in monolayer TMDs, but the reported amplitudes, timescales, and even the sign of 

THz signal vary greatly from report to report 103ð107. One complication is that many of these 

experiments employed excitation densities beyond the Mott phase transition, causing excitons to 

dissociate into electron/hole plasmas 108ð110. Moreover, the long wavelength of THz radiation 

necessitates the use of large area samples that could previously only be obtained from chemical 

vapor deposition, which typically yields polycrystalline monolayers with reduced crystalline 

quality compared to mechanically exfoliated single crystal monolayers. The preparation of 

single-crystal TMD monolayers is crucial when investigating their photophysics because, as we 
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show in the present study, the fate of excitons in TMD monolayers depends critically on defect 

density. 

 

3.2 THz Photoconductivity of Gold-Exfoliated TMD Monolayers 

We use a gold-tape exfoliation technique72 to prepare single-crystal TMD monolayers 

with macroscopic dimensions (mm-cm). Fig. 13a-i shows optical image of a representative single 

crystal MoSe2 monolayer; here the photo is obtained on a Si wafer with 285 nm SiO2 for 

enhanced optical contrast. In all spectroscopic measurements, the monolayers are on quartz 

substrates. The large sizes of the single crystal monolayers, coupled with a high-sensitivity 

detection scheme111, allow us to carry out optical pump ï THz probe experiments at excitation 

densities as low as two-orders of magnitude below the Mott threshold. We compare TMD 

monolayers (WS2, WSe2, MoSe2) exfoliated from single crystals grown by chemical vapor 

transport (CVT) and the self-flux method. The latter is known to yield single crystals with defect 

densities order(s)-of-magnitude lower than those from the former 84. In this experiment, we 

photoexcite a macroscopic TMD monolayer and measure the change in optical conductivity with 

a time-delayed (ȹt) THz pulse by recording the real-time waveform ETHz via electro-optic 

sampling (EOS) as a function of timing ʐ  of the electric field, Fig. 13a-ii. The Fourier 

transform of the ʐ -dependent ETHz gives a frequency range of  ~0.5-3.5 THz (Fig. 13a-iii). We 

excite the TMD monolayers at photon energy either in resonance or above the 1s A-exciton 

transition, as shown by the arrows on the optical absorption spectra obtained for the macroscopic 

monolayer samples, in Fig. 13b. We keep the excitation densities below the Mott density of ~1013 

cm-2 for TMD monolayers109,110. The THz field predominantly detects charge carriers but not 

charge-neutral excitons as we discuss below.  
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3.3 Distinct Photoconductivity Below the Mott Threshold in WS2 Monolayers 

We first show that in monolayer WS2 exfoliated from a CVT-grown crystal, THz 

photoconductivity reveals the generation of charge carriers from photo-excitation at photon 

energies above (green arrow in Fig. 13b) and in resonance with (red arrow in Fig. 13b) the 1s-A 

exciton transition112. Fig. 13c shows the THz electric field trace, ETHz, transmitted through the 

WS2 monolayer (black dotted curve) and its pump-induced change, ȹETHz (red solid curve). The 

latter is obtained at absorbed photon density nabs = 8.5 x 10
11 cm-2 and at pump-probe delay ȹt = 

5 ps, with excitation photon energy hn = 2.40 eV (above-gap). The photoinduced transient ȹETHz 

tracks the original waveform of ETHz, but with flipped sign and with no detectable phase shift, a 

signature of the spectrally broad absorptive response102. The photo-induced THz field change at 

peak ȹETHz rises on ultrashort time scales (Dt Ò 1ps) following photoexcitation and extends 

beyond 200 ps, Fig. 13d, with decay time constants in the 20 ï 260 ps range (obtained with bi-

exponential fit to data at ȹt Ó 10 ps). The photoinduced complex conductivity spectrum ȹů (Fig. 

13e) obtained from ȹETHz is dominated by the real part, over the entire ȹt range102. The large 

exciton binding energy and associated high frequency for intra-exciton Rydberg transitions113, 

mean that excitons do not contribute to the real part of Ds in this frequency range. As such, the 

absorption of THz must be free-carrier-induced.  
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We quantify the absolute carrier density through analysis of the complex ȹů by fitting it 

to the Drude-Smith model114 at an effective carrier mass of meff ~ 0.35me (me is the bare electron 

 
Figure 13: Observation of charge carriers in photoexcited monolayer WS 2. Panel (a-i) 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 a time -ËÌÓÈàÌËɯȹͅÛȺɯ3'áɯ×ÙÖÉÌɯ

pulse transmits through the sample and is directed to the electro -optical sampling (EOS) 

system. The real-time THz waveform E THzȹϧEOS) is measured by scanning another gate pulse 

ÞÐÛÏɯÛÏÌɯÛÐÔÐÕÎɯϧEOS. Panel (a-iii) 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 11 cm-2 under above -gap excitation. Panel (d) shows the 

×ÏÖÛÖÊÖÕËÜÊÛÐÝÐÛàɯËàÕÈÔÐÊÚɯÔÖÕÐÛÖÙÌËɯÈÛɯÛÏÌɯÍÐßÌËɯϧEOS, corresponding to the maximum of 

-ETHz /ETHz  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. 86. Copyright 2024 The 

Authors, some rights reserved . 
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mass)115. The fitting (solid curves in Fig. 13e) gives a carrier density of nc = 7.2Ñ1.0 x 10
10 cm-2 

together with the Smith parameter of -0.58Ñ0.05 and scattering time of 49Ñ7 fs. The fraction of 

free carriers to the absorbed photon density nabs is calculated to be fc (= nc/nabs) 

= 0.085Ñ0.011. As we discuss below, the generation of free carriers likely originates from the 

trapping of one carrier and the release of a free carrier from an exciton. Thus, fc is also the 

fraction of dissociated excitons. Note that the fc value obtained at ȹt = 5 ps provides a lower limit 

estimate since ultrafast recombination may occur in this early time window116.  

The THz conductivity is observed in a broad range of excitation densities down to 1011 cm-2, 

red open squares (right axis) in Fig. 13f.  The magnitude of the Smith parameter is found to 

increase with increasing excitation density. As the Smith parameter is considered a measure of 

carrier localization 114, this trend suggests enhanced carrier localization through many-body 

interaction, which emerges in the vicinity of the Mott transition. From fitting, we obtain fc as a 

function of nabs (filled green circles, left axis in Fig. 13e). Also shown as solid green line is the 

 

 
Figure 14: Non -thermal origin for exciton dissociation in CVT WS 2. Panel (a) displays the 

excitation density dependence of THz photoconductivity amplitude at 293 and 79 K under 

the above-gap excitation, showing almost temperature -independent conductivity response. 

Panel (b) shows the THz conductivity dynamics following 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. 86. Copyright 2024 The Authors, some rights 

reserved. 
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calculated fraction of exciton dissociation for monolayer WS2 at room temperature from 

thermodynamic considerations101. The measured charge carrier fraction from THz measurement 

is two orders-of-magnitude larger (green shaded region) than the thermodynamic prediction for a 

perfect monolayer.  

We confirm the non-thermal origin of the observed THz photoconductivity by measuring 

-ȹETHz/ETHz (fixed ŰEOS) at two temperatures, 293 and 79 K, with above-gap excitation 

conditions in the CVT WS2 monolayer. The amplitudes of photoconductivity and their 

corresponding fc values (~0.1) are similar at these two temperatures. If one considers the 

thermodynamics of exciton ionization at T = 79 K101, the charge carrier fraction is predicted to be 

only 10-10 to 10-11 at the relevant excitation densities. Moreover, we observe clear 

photoconductivity under resonant excitation of the 1s-exciton, Fig 14b. The prompt rise in 

photoconductivity indicates spontaneous exciton dissociation without the need for excess energy. 

The real part again dominates the conductivity at different pump-probe delays (Fig. 14c). These 

results establish that the driving force for exciton dissociation into free charges is not thermal, 

but likely mediated by an extrinsic process. 

 

3.4 Exciton Dissociation and Mid-Gap states in MoSe2 Monolayers 

To understand the origins of carrier generation in photo-excited TMD monolayers, we 

investigate the potential role of mid-gap trap states in meeting the energetic requirements for 

exciton dissociation 117,118. Specifically, we compare MoSe2 and WSe2 monolayers exfoliated 

from crystals grown by CVT and flux methods; defect densities from the latter are known to be 

order(s)-of-magnitude lower than those from the former84,119. We first focus on MoSe2 and 

quantify defect density and its electronic structure using scanning tunneling microscopy and  
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spectroscopy (STM and STS) on cleaved bulk crystal surfaces. As established before, 

quantitative defect analysis of the cleaved crystalline surface provides an excellent proxy to  

defects in the exfoliated monolayer as determined in photoluminescence spectroscopy 84,120.  

Fig. 15a shows an STM topographic image of CVT MoSe2, which features bright defects at a 

 

 
 

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 -1.3 V and -

1.5 V, respectively. Panel (c) compares the STS spectra collected on (red) and off (bl ue) the 

bright defect in CVT MoSe 2, 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 2 monolayers, 

ÙÌÚ×ÌÊÛÐÝÌÓàȮɯÈÛɯͅÛɯǻɯƕƔɯ×ÚɯÞÐÛÏɯÛÏÌɯÌßÊÐÛÈÛÐÖÕɯÌÕÌÙÎàɯÖÍɯƖȭƔɯÌ5ɯȹÈÉÖÝÌ-gap) and density of 

4.5 x 1012 cm-2. The dotted lines show the E THz  waveform. Panel (f) displays the THz 

×ÏÖÛÖÊÖÕËÜÊÛÐÝÐÛàɯËàÕÈÔÐÊÚɯÈÚɯÈɯÍÜÕÊÛÐÖÕɯÖÍɯͅÛɯÍÖÙɯ"53ɯȹÙÌËȺɯÈÕËɯÍÓÜßɯȹÉÓÜÌȺɯ,Ö2Ì2. Note 

that the trace for flux MoSe 2 is multiplied by 10. The solid lines show the fitting curves.   

Figure 15 is adapted from ref. 86. Copyright 2024 The Authors, some rights reserved. 
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density of nd = 2.7Ñ1.2 x 10
10 cm-2; a magnified image of one such defect is shown in Fig. 15b. 

For comparison, the density of bright defects in flux-grown MoSe2 is an order of magnitude 

lower, at nd = 3.6Ñ2.5 x10
9 cm-2.  While the exact origin of these bright defects is not known, it is 

a prevalent impurity present in the CVT crystals. STS reveals the presence of mid-gap state on 

each bright defect feature (red curve in Fig. 15c), similar to the previously reported gap states of 

defects in MoTe2 and MoS2 121,122. Confirming the occupied nature of these traps, the bright spot 

only appears in STM image at negative sample bias, not at positive sample bias (Fig. S15). For 

comparison, STS shows no mid-gap state (blue curve in Fig. 3c) when the STM tip is not located 

on the bright defect of CVT MoSe2. As such, the flux MoSe2 has less mid-gap defects and is 

largely trap-free as exemplified by a representative STS (black curve) in Fig 15c. 

The difference in the mid-gap defect densities between the two crystals is reflected in 

distinct photo-induced THz responses. Fig. 15d shows THz time trace, DETHz (red curve), at ȹt = 

10 ps from the CVT MoSe2 monolayer following above-gap excitation at hn = 2.0 eV and at an 

excitation density nabs = 4.5 x 10
12 cm-2. The sign reversal from ETHz (grey dashed curve, without 

pump) reflects the positive photoconductivity also observed the other CVT monolayers of WS2 

(Fig. 13c) and WSe2 (shown below in Fig. 16). In stark contrast, the ȹETHz from the flux MoSe2 

monolayer, blue curve in Fig. 15e, is small but of the same sign as ETHz (grey dashed curve), 

indicating that the transmitted THz field is increased by photoexcitation, i.e., negative 

photoconductivity. The negative photoconductivity can be attributed to the formation of exciton 

complexes104, i.e., exciton polarons commonly referred to as trions 123ð125. The MoSe2 monolayer 

with low defect density from flux grown crystals is known to be n-doped; the free electrons can 

combine with photogenerated excitons to create negative trions 120. Without photo-excitation, the 

intrinsically doped electrons in the conduction band absorbs THz radiation and reduces the 
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transmitted THz field. Upon photo-excitation, trion formation leads to an increased carrier 

effective mass, thus reducing THz absorption 104. The negative photoconductivity, represented by 

-ȹETHz/ETHz (blue dots in Fig. 15f) in the flux MoSe2 monolayer is characterized by a single 

exponential recovery (blue fit) with a time constant ~20 ps, in agreement with the trion 

recombination time 104. The positive photoconductivity in the CVT monolayer (red dots in Fig. 

15f) decays on a similar time scale (~ 20 ps), but the exponential fit (red curve) reveals a residual 

signal, i.e., longer lived carriers attributed to exciton dissociation. These results show that the 

defect-mediated carrier generation process existing in the CVT monolayers is suppressed in flux 

grown monolayers. In the latter with much lower mid-gap trap density in the 10-9 cm-2 region, 

above gap excitation results in intrinsic exciton physics. 

 

3.5 Exciton Dissociation and Mid-Gap states in WSe2 Monolayers 

The correlation of spontaneous exciton dissociation with mid-gap defect states is also 

confirmed in WSe2 monolayers from CVT and flux grown WSe2 crystals, with defect density 

from the former being one order of magnitude higher than that in the latter 84,119. Fig. 16a and 16b 

show THz time traces, DETHz, at Dt = 20 ps from CVT (red) and flux (green) WSe2 monolayers, 

respectively, following above gap excitation at hn = 2.30 eV and at excitation density nabs = 5.0 x 

1012 cm-2. The THz photoconductivity at Dt = 20 ps is 8x lower in the flux WSe2 monolayer (Fig. 

16b) than that in the CVT monolayer, Fig. 16a. Interestingly, this difference between the two 

samples varies strongly with Dt. Fig. 16c shows the THz photoconductivity, -ȹETHz/ETHz, as a 

function of delay time for both samples. The -ȹETHz/ETHz values from CVT and flux WSe2 

monolayers are nearly the same immediately following photo-excitation but diverge to a ratio of 

~8 at Dt Ó 20 ps. Specifically, -ȹETHz/ETHz from flux WSe2 monolayer decays faster on time 
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scales of 0.5Ñ0.1 ps and 5Ñ1 ps (bi-exponential fit as solid grey curve). For comparison, the 

signal from CVT monolayer decays on much longer time scales of 1.9Ñ0.2 ps and 20Ñ2 ps (bi-

exponential fit as dashed grey curve). Because the THz probe predominantly detects charge 

carriers, this result suggests that the population of charge carriers decays more efficiently in the 

flux WSe2 monolayer than the more defective CVT monolayer. 

The results in Fig. 16c appear counter-intuitive. To understand the origin, we used transient 

absorption (TA) spectroscopy since it can measure the total population of charge carriers and 

 
 

Figure 16:  Intrinsic exciton formation in flux WSe 2. Panels (a,b) display the photoinduced 

THz transients (solid lines) for CVT and flux WSe 2 ÔÖÕÖÓÈàÌÙÚȮɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯÈÛɯͅÛɯǻɯƖƔɯ×Úɯ

with the excitation energy of 2.30 eV and density of 5.0 x 10 12 cm-2. The dotted lines show 

the ETHz  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 2 due 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. 86. Copyright 2024 The Authors, some rights 

reserved. 

 

 



33 

 

charge-neutral excitons from the bleaching of the 1s A-exciton resonance 108,126. Fig. 16d 

compares photoinduced bleach (DT/T, photo-induced transmission normalized by transmission 

without excitation), integrated over the 1s exciton resonance in CVT (red) and flux (green) 

samples. We use the same excitation condition, hn = 2.30 eV and nabs = 5.0 x 10
12 cm-2, for both 

monolayers. The DT/T time profiles are essentially the same and they deviate from each other 

only slightly at longer times. Thus, the presence of mid-gap defect states does not contribute 

appreciably to the overall decay dynamics of electronic excitations110,127. Since the TA 

measurement establishes similar dynamics in both CVT and flux WSe2 monolayers (Fig. 16d), 

the much faster decay of THz photoconductivity in the latter (Fig. 16c) cannot be due to the 

decay of the overall electronic excitation. Rather, we attribute the fast decay of THz 

photoconductivity in the flux WSe2 monolayer on the 0.5-5 ps time scale to a change in the 

identity of the photo-excited species, particularly the formation of insulating excitons from the 

unbound and conducting electrons and holes formed initially from above gap excitation 116 126. 

With this in mind, the long-lived THz signal in CVT monolayers is attributed to a substantial 

portion of the electronic excitation remaining as carriers, in contrast to the common view of the 

dominance of excitons. 

 

3.6 Defect Mediated Exciton Dissociation in TMD Monolayers 

The THz photoconductivity in CVT monolayer TMDs is independent of temperature, is 

correlated with mid-gap trap states, and is observed at sufficiently low excitation density. Defect-

mediation at the single excitation limit has been proposed before for nonradiative recombination 

128, including Auger scattering 117,118. Fig. 17 illustrates the proposed intra-exciton Auger 

mechanism for exciton dissociation in a TMD monolayer. We adopt the rigorous energy level 
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diagram based on either ionization energy or electron affinity for both carriers and excitons, Fig. 

17129. The energy liberated from hole trapping by a mid-gap state can satisfy the energy 

requirement for exciton dissociation which releases the free electron into the conduction band in 

an Auger scattering process, Fig. 17a. The same argument applies to electron trapping and 

releasing the free hole to the valence band, Fig. 17b. Recent theoretical work suggests that Auger 

scattering processes are particularly efficient for monolayer TMDs because the same strong 

Coulomb potential responsible for large exciton binding energies also leads to high electron/hole 

trapping and high Auger scattering rates117,118. The estimated electron/hole trapping time for an 

exciton in a TMD monolayer is Ò 1ps.117 This is the same time scale for the Auger mechanism to 

release a free electron or hole, in agreement with the observed ultrafast rise in THz  

photoconductivity. 

 
 

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 n to 

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. 86. Copyright 2024 The Authors, some rights reserved.  
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It is worth noting that a large fraction of charge carriers exceeding the Saha consideration has 

also been suggested in other excitonic semiconductors, namely 2D lead halide perovskite thin 

films 130,131, where polaronic screening in the dynamically disordered lattice and excitonīexciton 

annihilation at sufficiently high excitation densities have been suggested as possible reasons. 

These mechanisms are not applicable here for the TMD monolayers with no dynamic phonon 

disorders and at excitation densities far below the Mott density. Our combined TRTS and 

STM/STS studies reveal the critical role of mid-gap states in mediating the dissociation of 

excitons with large binding energies. This mechanism should be applicable to other 2D 

semiconductors, including the 2D perovskites, where the Auger-like trap mediated exciton 

dissociation is enhanced by the poorly screened Coulomb interactions. Note that we may expect 

a saturation behavior for free carrier generation with increasing exciton density in a trap 

mediated mechanism, but this was not observed in the excitation density range probed here (Fig. 

14a). Such saturation behavior may be obscured by other competing many-body scattering 

events. For example, a charged trap may be freed in another Auger type non-radiative 

recombination 117,118. In addition, the Mott transition from exciton gas to electron-hole plasma is 

a second order process 108 and its increasing importance with exciton density may well 

compensate for the saturation behavior expected for a trap-mediated exciton dissociation 

mechanism. 

Our findings have solved a major conundrum in the photophysics of TMD monolayers, 

namely the seemingly contradicting results on large exciton binding energies and free carrier 

generation in various optoelectronic devices. These findings also suggest that the common 

assumption of excitons being the dominant quasiparticle formed in photoexcited TMD 

monolayers is only valid in the limit of low defect densities. The fact that ~10% of excitons 
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spontaneously dissociate into carriers in photo-excited TMD monolayers exfoliated from 

commonly available CVT crystals indicates that one needs to be cautious when applying the 

widely held views of exciton physics, especially when defect densities are unknown. For 

example, in studies of trions in TMD monolayers 132,133 and, more recently, on exciton-charge 

mixed quantum phases134 or trion sensing of quantum phases 135in TMD moir® bilayers, the 

presence of charges is usually assumed to be from intrinsic and/or external electrostatic doping. 

Our finding of efficient dissociation suggests that charge carriers can also be generated directly 

from photoexcitation, which may significantly alter the formation kinetics of trions of mixed 

exciton-charge phases. The process of spontaneous exciton dissociation in the presence of trap 

states should be of general importance, as the poor screening at the 2D limit is not only 

responsible for the large exciton binding energy but also enhances any process involving the 

Coulomb potential. While reducing defect density to reach the intrinsic physical limit is always 

an important goal in 2D materials research, one may also intentionally incorporate or control 

these defects for efficient carrier generation in optoelectronics, such as photodetectors. 

 

Experimental details for Chapter 3 can be found in Appendix A. 
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Chapter 4: Adsorbed Polymer Residue on Gold-Tape Exfoliated 

TMD Monolayers 

Portions of this chapter are adapted from the supplementary information from ref. 136. 

ñMacroscopic Transition Metal Dichalcogenide Monolayers from Gold-Tape Exfoliation Retain 

Intrinsic Propertiesò N. Olsen, S. Yoon, M. Holbrook, M. Thinel, L. Holtzman, Y. Liu, V. 

Hsieh, Y. Li, D. Xu, E. Rojas-Gatjens, D. Gavilanes, T. Handa, E. Arsenault, C.-Y. Huang, Y. 

Guo, C. Dean, K. Barmak, A. Pasupathy, J. Hone, X. Zhu, 2025. 

 

Despite the potential of metal-assisted exfoliation, concerns exist regarding the quality and 

cleanliness of the resulting ñgold-exfoliatedò monolayers. In particular, a wet chemical etchant is 

required to remove the gold film,70,72 and it was unclear whether this wet etch step causes 

damage, introduces contamination, or dopes the monolayer.66,137 Indeed, many works tout their 

ñall-dryò methods. A popular method for avoiding the wet etch step is exfoliation procedures that 

utilize hybrid gold meshes, as mentioned briefly in Chapter 2,81,82,138,139 which may enable metal 

assisted exfoliation of air- and water-sensitive materials, but limit continuous monolayer size to 

the order of 10 ɛm. However, many applications require large area TMD monolayers, including 

experimental techniques such as, time-resolved angle-resolved photoemission spectroscopy,78  

ultrafast electron diffraction,140 and THz time domain spectroscopy.86 Additionally, 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 is to chronicle our discovery and subsequent investigations of an 

absorbed polyvinylpyrrolidone (PVP) polymer residue layer on the surface of gold-tape 

exfoliated TMD monolayers, including; the various experiments that first indicated the existence 

of a residue layer, the development of a cleaning recipe that effectively removes that residue, the 
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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 Gold-Exfoliated TMD Monolayers 

Initial evidence of the adsorbed PVP polymer residue was noticed when using gold-

exfoliated TMD monolayers to construct bilayer samples. We had recently started using surface 

passivation of SiO2/Si substrates with a self-assembled monolayer (SAM) of the long chain 

alcohol 1-dodecanol, a technique we borrowed from our colleagues exfoliating the magnetic 2D 

semiconductor CrSBr.141 The 1-dodecanol encapsulation of MoSe2 was eventually shown to 

improve the optical quality of gold exfoliated MoSe2,
142 however our purpose was primarily to 

improve exfoliation yield. The hydrophobic self-assembled 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 thermal release tape (TRT). Second, it protected the monolayer from 

damage when it passed through the water-air interface after the gold etch step. Surface 

passivation with 1-dodecanol was especially important when preparing large-area bilayer 

samples through successive gold-tape exfoliation steps. The exfoliation of the second TMD 

monolayer was plagued with issues. Increased debris from the first monolayer exfoliation 

resulted in poor adhesion between the gold-tape  and the substrate which caused delamination 

upon TRT removal and sample damage during the aqueous etch step. The implementation of the 

1-dodecanol passivation improved these issues dramatically. However, twisted bilayers made 

from gold-exfoliated monolayers on hydrophobic 1-dodecanol passivated substrates consistently 

showed no evidence of the formation of a moiré superlattices. At first this  
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was thought to be due to poor control over relative twist angle or disorder from the substrate. 

Eventually after approximately a yearôs worth of attempts, two experiments alerted us to the 

presence of interlayer residue. 

 
 

Figure 18: Interlayer PL quenching in gold -exfoliated MoSe 2/WSe2 heterobilayers. Panel (a) 

shows an optical microscope image of a large -area MoSe2/WSe2 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 WSe2. 

Panel (c) shows an optical microscope image of large -area MoSe2/WSe2 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.  
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First, a large-area MoSe2/WSe2 heterobilayer was prepared on a 1-dodecanol passivated 

quartz substrate, intended for use in a THz TDS experiment. MoSe2 and WSe2 form a type 2 

band alignment. In the heterobilayers, ultrafast charge transfer along with the momentum 

mismatch of the conduction band minimum and valence band quenches the photoluminescence  

of the constituent TMD monolayers.143,144 The degree of quenching is an indicator of the quality 

of the vdW interface. Shockingly, this monolayer showed no quenching, see Fig. 18. 

Second, we prepared large area twisted WSe2 using the gold-to-polymer exfoliation and 

transfer technique (Au-to-poly) described in more detail in Chapter 6. Using this technique, we 

were able to more accurately control the relative twist of gold-exfoliated WSe2 monolayers. 

Once fabricated we would use piezoresponse force microscopy (PFM) in an attempt to visualize 

a moiré superlattice formed by the two monolayers.145 After several attempts with no evidence of 

 
Figure 19: Piezo-response Force Microscopy (PFM) of a WSe2 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.  



41 

 

a moiré superlattice, we measured a sample with a small area that showed evidence of moiré 

superlattice formation. Interestingly, comparing the topography to the PFM measurement 

showed the moiré superlattice only at local low-height regions of the topography, approximately 

1 nm below the rest of the scan area; Fig. 19. This indicated 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. The vdW forces between the adjacent monolayers 

are expected to cause residue to form bubbles several nanometers tall, with the remaining regions 

forming clean vdW interfaces.146 These interlayer bubbles are very apparent in AFM, and can be 

moved using contact mode AFM techniques.147 PFM is inherently a contact mode technique, yet 

we saw no evidence that our observed interlayer residue was mobile, which suggests that the 

contamination is different from what is usually 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 Gold-Tape Exfoliation 

We attempted to remove the residue with organic solvent baths and annealing. Organic 

solvents such as acetone and isopropanol, and vacuum annealing at 150 C ï if used after the 

aqueous gold etch step ï can change the morphology of the residue layer, enabling detection via 

AFM. Fig. 20 depicts the morphology of the residue layer on TMD monolayers prepared on 1-

dodecanol passivated substrates with different cleaning recipes. No recipe removes the residue 

layer, including those that include the O2 plasma step from the original recipe introduced by Liu 

et al.72 We note that organic solvents after the aqueous gold etch step served only to aggregate 

and distribute contamination over the surface. 
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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, we were concerned that our 1-dodecanol passivation layer was degrading 

and contaminating the surface of our TMD monolayer samples. To investigate this, we returned 

to un-passivated SiO2/Si substrates, and also introduced a more robust hydrophobic 

octadecyltrichlorosilane (OTS) SAM surface functionalization. For the purposes of this section, 

it is important to note that OTS is more hydrophobic than 1-dodecanol, likely due to a more 

complete coverage of the SAM. The introduction of the OTS functionalization of our SiO2/Si  
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substrates cause the residue to agglomerate on the substrate surface, which provides an easy way 

to investigate the existence of the residue. Fig. 21 depicts the morphology of the residue layer on 

WSe2 monolayers prepared on un-passivated SiO2/Si and OTS functionalized SiO2/Si substrates 

with different cleaning recipes implemented before the aqueous etch step. In this experiment, a 

 
 

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).  
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new cleaning recipe was introduced, which involved an improved reactive ion etch (RIE) step 

involving high power oxygen and argon plasma. The residue is not easily observed the un-

passivated SiO2/Si substrates with any of the cleaning recipes, except for a subtle ~1 nm 

reduction in the monolayer step height seen for the RIE treatment. The WSe2 monolayer step 

height without the implementation of RIE is 1.6 ± 0.1 nm. The addition of the RIE step recovers 

the expected WSe2 monolayer step height of 0.7 ± 0.1 nm. Interestingly, for the samples 

prepared on OTS functionalized SiO2/Si substrates, the residue is only visible on the substrate 

regions, not the TMD monolayers. TMD monolayers screen the hydrophobicity of the OTS 

surface such that the residue once again forms a uniform layer instead of agglomerating. Only 

the newly implemented RIE step eliminates the agglomerated residue observed on the OTS 

functionalized substrate surface. This experiment was the first demonstration that an Ar/O2 RIE 

step can effectively eliminate adsorbed residue for gold-exfoliated TMD monolayers. 

The Ar/O2 RIE step is effective at removing the adsorbed polymer residue because it ablates the 

surface, physically removing material.148 Fig. 22a diagrams the implementation of the RIE step 

in the gold-tape exfoliation process. After the removal of the thermal release tape (TRT), the 

sample assembly is washed with water as usual. We find that two one-hour 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 oxygen-argon RIE 

processes, once on the back of the chips, and once on the front-side with the gold film. The 

addition of a backside treatment is not essential, but was found to produce slightly cleaner gold-

exfoliated TMD monolayers. The TMD monolayer is protected from direct contact with the 

plasma by the gold film, however we still pulse the RIE cleaning to avoid thermal damage. We 

use 20 second plasma etches followed by 20 second pump-down ñrestsò. This continues until the 
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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 SiO2/Si substrate regions; Fig. 22b. The Ar 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. 

 

 
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 SiO2 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 

MoSe2 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 Gold-Exfoliated TMD Monolayers 

AFM, PFM, and PL quenching provide strong evidence that a contamination layer exists 

on gold-exfoliated TMD monolayers. Furthermore, AFM demonstrates the recovery of the 

expected WSe2 monolayer step with the implementation of the RIE step. However, the 

composition of this residue layer is still unknown. We used X-ray photoelectron spectroscopy 

(XPS) to interrogate the elemental composition of the residue from gold-tape exfoliation and 

confirm its removal after the implementation of the RIE step. 

XPS is a powerful tool to interrogate surface composition. Notably, the X-ray spot size of 

our instrument is 600ɛm, making large-area gold-exfoliated TMD monolayers necessary for 

analysis with this instrument. Here we compare two gold-exfoliated MoS2 monolayers on 

SiO2/Si substrates cleaned with different gold-tape exfoliation recipes. The ñWaterò sample 

removes the polyvinylpyrrolidone (PVP) residue with aqueous dissolution only. The ñRIEò 

sample includes a reactive ion etch (RIE) step using an O2/Ar plasma, in addition to aqueous 

dissolution. Clear evidence of the MoS2 monolayer and the SiO2 surface are observed in the 

survey spectra, Fig. 23a.149,150 Fig. 23b displays the survey spectrum in the lower binding energy 

region from 450-50 eV. The Si 2s and Si 2p peaks are observed to split for the Water Monolayer 

sample, which is attributed to Si debris from the cutting the substrate. The chemical formula of 

PVP is (C6H9NO)n; the presence of N is used to interrogate the presence of PVP. The N 1s peak 

for PVP is expected at 400eV,151 between the Mo3p1/2 and Mo3p3/2 peaks at 412 eV and 395 eV, 

respectively.149 Fig. 23d displays a high-resolution multiplex scan of the binding energy region 

containing the N 1s and Mo 3p3/2 peaks. The presence of the N 1s peak is clearly observed for the 

Water sample, but is absent for the RIE sample. High-resolution XPS confirms the presence of 

PVP in the Water Monolayer sample and subsequent removal of PVP after the  
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Figure 23:ɯ7ɪÙÈàɯ×ÏÖÛÖÌÓÌÊÛÙÖÕɯÚ×ÌÊÛÙÖÚÊÖ×àɯȹ7/2ȺɯÈÕÈÓàÚÐÚɯÊÖÔ×ÈÙÐÕÎɯÎÖÓËɪÌßÍÖÓÐÈÛÌËɯ

,Ö2ƖɯÔÖÕÖÓÈàÌÙÚɯ×ÙÌ×ÈÙÌËɯÞÐÛÏɯÞÈÛÌÙɪÖÕÓàɯÈÕËɯÞÐÛÏɯÛÏÌɯÐÕÊÓÜÚÐÖÕɯÖÍɯÈɯ1($ɯÚÛÌ×ȭɯ/ÈÕÌÓɯȹÈȺɯ

ÚÏÖÞÚɯÛÏÌɯÍÜÓÓɯÙÈÕÎÌɯ7/2ɯÚÜÙÝÌàɯÊÖÔ×ÈÙÐÕÎɯÛÏÌɯÚÈÔ×ÓÌÚɯÖÕɯÛÏÌɯ,Ö2ƖɯÔÖÕÖÓÈàÌÙɯÙÌÎÐÖÕÚɯ

ÈÕËɯÛÏÌɯÚÜÉÚÛÙÈÛÌɯÙÌÎÐÖÕÚȭɯ/ÈÕÌÓɯȹÉȺɯÚÏÖÞÚɯÈÕɯÌß×ÈÕËÌËɯÚÌÊÛÐÖÕɯÖÍɯÛÏÌɯ7/2ɯÚÜÙÝÌàɯÍÙÖÔɯ

×ÈÕÌÓɯȹÈȺɯÍÖÙɯÛÏÌɯ,Ö2ƖɯÔÖÕÖÓÈàÌÙɯÙÌÎÐÖÕÚȭɯ/ÈÕÌÓÚɯȹÊɪÍȺɯÚÏÖÞɯÏÐÎÏɯÙÌÚÖÓÜÛÐÖÕɯÔÜÓÛÐ×ÓÌßɯ7/2ɯ

Ú×ÌÊÛÙÈɯÛÖɯÐÕÛÌÙÙÖÎÈÛÐÕÎɯÉÐÕËÐÕÎɯÌÕÌÙÎàɯÙÌÎÐÖÕÚɯÖÍɯ×ÖÚÚÐÉÓÌɯÊÖÕÛÈÔÐÕÈÛÌÚȭɯ/ÈÕÌÓɯȹÊȺɯÚÏÖÞÚɯ

ÛÏÌɯÉÐÕËÐÕÎɯÌÕÌÙÎàɯÙÌÎÐÖÕɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÛÏÌɯ(ɯƗËƙɤƖɯ×ÌÈÒȭɯ/ÈÕÌÓɯȹËȺɯÚÏÖÞÚɯÛÏÌɯÉÐÕËÐÕÎɯ

ÌÕÌÙÎàɯÙÌÎÐÖÕɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÛÏÌɯ-ɯƕÚɯ×ÌÈÒɯÈÕËɯ,ÖɯƗËƗɤƖɯ×ÌÈÒȭɯ/ÈÕÌÓɯȹÌȺɯÚÏÖÞÚɯÛÏÌɯ

ÉÐÕËÐÕÎɯÌÕÌÙÎàɯÙÌÎÐÖÕɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÛÏÌɯ*ɯƖ×ƕɤƖɯ×ÌÈÒɯÈÕËɯ"ɯƕÚɯ×ÌÈÒȭɯ/ÈÕÌÓɯȹÍȺɯÚÏÖÞÚɯÛÏÌɯ

ÉÐÕËÐÕÎɯÌÕÌÙÎàɯÙÌÎÐÖÕɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯÛÏÌɯ ÜɯƘÍƙɤƖȮɯ ÜɯƘÍƛɤƖȮɯÈÕËɯ ÓɯƖÚɯ×ÌÈÒÚȭɯ3ÏÌɯÙÌ×ÖÙÛÌËɯ

ÐËÌÕÛÐÛÐÌÚɯÈÕËɯÉÐÕÎÐÕÎɯÌÕÌÙÎÐÌÚɯÖÍɯÈÓÓɯÈÚÚÐÎÕÌËɯ×ÌÈÒÚɯÈÙÌɯÛÈÒÌÕɯÍÙÖÔɯÓÐÛÌÙÈÛÜÙÌɯÈÕËɯÙÌ×ÖÙÛÌËɯ

ÐÕɯ3ÈÉÓÌɯƕȭ 
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implementation of the RIE step. We note that the N 1s peak is observed 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 MoS2 monolayer. 

Table 1: Summary of binding energies interrogated by XPS of gold -exfoliated MoS 2 

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.  

Element / 

Transition 

Binding 

Energy (eV) 

Reference Peak Assignment 

C KLL 1225  PVP and other hydrocarbons 

O KLL 980  SiO2 substrate 

F KLL 834  Fluorine contamination 

F 1s 687.5 152 Fluorine contamination 

I 3d5/2 (I2) 619.9 153 Absent 

I 3d5/2 (KI) 619 154 Absent 

O 1s 533 150 SiO2 substrate 

Mo 3p1/2 412.3 149 MoS2 monolayer 

N 1s 399.9 151 PVP 

Mo 3p3/2 395 149 MoS2 monolayer 

K 2p1/2 293 154 Absent 

C 1s (PVP) 285 151 PVP and other hydrocarbons 

C 1s (SiC) 283.6 155 SiC from Ar plasma etch 

Mo 3d3/2 232.3 149 MoS2 monolayer 

Mo 3d5/2 229.1 149 MoS2 monolayer 

S 2s 226.3 149 MoS2 monolayer 

S 2p 163 149 MoS2 monolayer 

Si 2s (Ox) 154.1 156 Hydroxylated SiO2 

Si 2s * 150.4 156 Intrinsic Si debris 

Al 2s 120 157 Al contamination in gold-tape 

Si 2p (Ox) 103.6 150 Hydroxylated SiO2 

Si 2p * 99.7 150,156 Intrinsic Si debris 

Au 4f5/2 87.71 158 Absent 

Au 4f7/2 84.09 158 Absent 

Al 2p 75.1 157 Al contamination in gold-tape 

Mo 4p 38 149 MoS2 monolayer 

O 2s 25.8  SiO2 substrate 
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 The possible presence of contaminates from the gold etch process are interrogated with 

XPS. Polytetrafluoroethylene (PTFE) racks are used to hold samples during the gold etch 

process, and could contribute to the observed F 1s signal at a binding energy of 688 eV.152 Fig. 

23c displays a high-resolution multiplex scan of the region containing the I 3d peaks. The I 3d5/2 

peak is expected at 620 eV for I2 and 619 for KI.
153,154 Fig. 23e displays a high-resolution scan of 

the binding energy region containing the K 2p1/2 and C 1s peaks. The Kp1/2 peak is expected at 

293 eV for KI.154 There is no evidence of I or K in our high-resolution XPS spectra, suggesting 

that the aqueous KI/I2 gold etchant does not contaminate gold-exfoliated TMD monolayers. The 

C 1s peak for hydrocarbons is expected at 285 eV for PVP and other hydrocarbons.151 We 

observe a C1s peak at 285 eV for the Water Monolayer sample. However, we observe a reduction 

in the binding energy of the C1s peak for the RIE Monolayer sample. More evidence is needed to 

fully explore the existence and cause of this shift. However, we note that it is consistent with a 

reduction in hydrocarbon contamination in the RIE Monolayer sample and the emergence of a 

less-electronegative carbon species such as SiC which could be formed during O2/Ar plasma 

treatment.155 Fig. 23f displays a high-resolution scan of the binding energy region containing the 

Au 4f and Al 2s peaks. The Au 4f5/2 and Au 4f7/2 peaks are expected at 87.7 eV and 84.1 eV 

respectively.158 There is no evidence of Au in our high-resolution XPS spectrum, indicating the 

complete removal of the gold-tape. We do observe a small peak at 75.1 eV consistent with the 

binding energy of the Al 2s peak,157 which suggests Al contamination during the deposition of 

the gold film. 
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4.4 Irreverible Adsorption of PVP Residue  

In the previous sections I have detailed the early experiments that lead to the discovery of 

the polymer residue layer in gold-tape exfoliation, I have shown that the residue can be effectively 

removed by the introduction of a RIE step, and I have confirmed the identity of that residue with 

XPS. In this section I will discuss the mechanism of irreversible absorption, and how it manifests 

in our previous measurements. 

 The irreversible adsorption of an ultrathin polymer residue layer is a general phenomenon 

resulting from the kinetics of polymer chains at non-repulsive surfaces.159,161,162159,161,162 

Importantly, polymers can adsorb irreversibly even when the monomer/substrate interaction is less 

than kBT.159 While each monomer is free to reversibly adsorb and desorb, they are kept in 

 
 

Figure 24: Irreversible polymer adsorption and the layer dependent wetting behavior of 

WS2. 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 

WS2. TMD monolayers are somewhat transparent to the surface potential of the substrate. 

Panel (a) is adapted from ref. 159. Copyright 2020, The Royal Society of Chemistry. Panel (b) 

is adapted from ref. 160. Copyright 2015, American Chemical Society.  
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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 low. An illustration of this concept is shown in Fig. 24a. 

Assume a 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%, (0.991000). While crude, this 

simple model illustrates why dissolution alone is insufficient for the removal of polymer residue 

during the gold-tape exfoliation process. Even if the monomer/substrate interaction is very weak, 

desorption of polymer chains is inhibited. It 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. 

Furthermore, the 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 

interactions.163,164 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 step height difference 

for TMD monolayers prepared on SiO2/Si substrates without the RIE step because TMD 

monolayers are slightly hydrophobic compared to SiO2,
160 illustrated by the water contact angle 

by layer number plot in Fig. 24b, which causes a difference in the interaction potential ï and 

therefore the final adsorbed polymer thickness. We note that the final thickness of the kinetically 

trapped polyvinylpyrrolidone (PVP) residue after dissolution with water seems to increase on more 

hydrophobic surfaces, possibly due to a water depletion layer that forms near hydrophobic 

interfaces.165,166 We also note 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 trapped residue on our TMD 

monolayers is similar to pristine monolayers on SiO2 (~4Å) and in agreement with literature values 

for kinetically trapped polymer residues,159 which may explain why it has gone unnoticed in 

previous studies. The RIE step using 4:1 Ar:O2 removes the kinetically trapped polymer residue 

by ablating the surface and decomposing the polymer.148 We note that simply using lower power 

O2 plasma treatments without Ar did not effectively remove the kinetically trapped polymer 

residue, possibly due to charging of the gold surface, which suggests that the physical removal 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, and an effective removal process 

established, we return to the problem of interlayer coupling. As shown in section 4.1, PVP 

residue on TMD monolayers prepared on a hydrophobic 1-dodecanol substrate completely  

prevented interlayer coupling and the formation of moiré superlattices. With the introduction of 

the Ar/O2 RIE step, we achieve good vdW interfaces. 

First, we explore interfacial cleanliness with large area MoSe2/WSe2 heterobilayers. We 

prepare large-area gold-tape exfoliated WSe2 monolayers on SiO2/Si substrates with different 

PVP cleaning recipes; dissolution with water only, and dissolution with water followed by an 

Ar/O2 RIE step. Next, using the gold-exfoliated WSe2 monolayer samples as the exfoliation 
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substrate, a second gold-tape exfoliation is used to prepare a large-area MoSe2 monolayers and 

complete the heterobilayers. I implement the RIE step for all the MoSe2 monolayers, therefore 

the only difference is the interfacial cleaning procedure. Fig. 25a depicts the residue morphology 

of the heterobilayer with a vdW interface prepared using an RIE cleaning step. The residue 

aggregates into bubbles between the monolayers due to interlayer vdW forces.167 Fig. 25b 

depicts the residue morphology of the heterobilayer where the interface PVP residue was cleaned 

only with aqueous dissolution. Significant interlayer residue is observed. The MoSe2 and WSe2 

monolayers only touch at local low height regions of the height map. Fig. 25c shows a larger 

area AFM height map of the sample with the RIE cleaned interface from Fig. 25a. The bubbles 

in the center 3 µm2 region have been removed with an AFM contact cleaning dubbed ñnano-

squeegeeò.147 The efficacy of the nano-squeegee technique suggests that the interlayer residue is 

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

low molecular-weight hydrocarbons. Contaminates of these types are well documented in vdW 

devices made from Scotch-tape exfoliated TMD monolayers, and arise mostly due to an ñagingò 

process where airborne contaminates accumulate on the surface of the monolayers.167,168 

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

reduce the size and density of interlayer bubbles. The nano-squeegee 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 PVP polymer 

as the primary contaminate species. Polymers have a much larger molecular weight, making 

them more difficult to squeeze out of the vdW interface. The PL quenching of the two  
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Figure 25: PL quenching from MoSe 2/WSe2 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/WSe2 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/WSe2 heterobilayer constructed 

with sequential gold -tape exfoliation steps. The first gold -tape exfoliation  uses only 

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 

ÈÙÌɯɁËÐ×ÚɂɯÞÏÌÙÌɯÛÏÌɯÔÖÕÖÓÈàÌÙÚɯÊÖÕÛÈÊÛɯÌÈÊÏɯÖÛÏÌÙȭɯPanel (c) shows an AFM height map of 

the MoSe2/WSe2 ÏÌÛÌÙÖÉÐÓÈàÌÙɯÍÙÖÔɯȹÈȺɯÈÍÛÌÙɯÉÌÐÕÎɯÊÓÌÈÕÌËɯÞÐÛÏɯÛÏÌɯɁÕÈÕÖ-squeegee 

ÛÌÊÏÕÐØÜÌɂȭ147 The bottom of the height map is the WSe2 monolayer, while the top of the 

height map is the MoSe 2/WSe2 ÏÌÛÌÙÖÉÐÓÈàÌÙɯÙÌÎÐÖÕɯÞÐÛÏɯÈɯƗϟÔɯÚØÜÈÙÌɯÊÓÌÈÕÌËɯÙÌÎÐÖÕɯÐÕɯ

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 2/WSe2 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 is compared in Fig. 25d. Both samples show evidence of PL quenching, 

with emission intensities far lower than that of their constituent MoSe2 and WSe2 monolayers 

(dashed and dotted spectra, respectively). However, the PL emission from the heterobilayer with 

the interface cleaned via the inclusion of an Ar/O2 RIE step is significantly reduced compared to 

that of the heterobilayer where the interface was cleaned only with water. Our observed 

heterobilayer quenching is proportional to the relative area of clean vdW interface observed in 

the AFM height maps. Our data also explains why PL quenching was observed by Liu et al. 

when they prepared a large-area MoSe2/WSe2 heterobilayer on SiO2/Si; Fig. 18a&b.72 The low 

height regions still allow for PL quenching. Only heterobilayers, prepared without the inclusion 

of an RIE step, on hydrophobic substrates have a thick enough irreversibly adsorbed PVP 

polymer residue layer to eliminate interlayer coupling. 

Second, we demonstrate the cleanliness of the vdW interface by constructing a moiré 

superlattice from a large-area gold-tape exfoliated WSe2 monolayer. The WSe2 monolayer was 

exfoliated onto a SiO2/Si substrate and cleaned using an Ar/O2 RIE step before the aqueous gold 

etch step. Afterwards a Scotch-tape exfoliated hBN flake on a polycarbonate (PC) polymer 

stamp was used to subsequently pick up portions of the large-area monolayer. A relative twist 

angle of 3.5 degrees between was imposed between the two monolayer pickup steps to form a 

twisted bilayer sample. The resulting moiré superlattice was imaged with torsional force 

microscopy (TFM). TFM was developed by Pendharkar et 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  
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resonance; see Fig. 26a. Both methods rely on changes in the dynamic friction to visualize 

moiré.169 Fig. 26b displays the moiré superlattice observed from the twisted WSe2 bilayer on 

hBN prepared from a large-area gold-exfoliated WSe2 monolayer. The moiré lattice is uniform 

across the scan area, and the Fourier transform of the TFM, Fig 26c, shows a periodicity 

consistent with a twist angle of ɗ = 3.5 ± 0.2o. In addition to the moiré periodicity, we resolve the 

 
Figure 26:  Torsional force microscopy (TFM) of a twisted WSe 2 moiré 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 2) 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. 
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periodicity of the top chalcogens of the first WSe2 monolayer. Fig 26d is 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 is adapted from ref. 136. ñMacroscopic Transition Metal Dichalcogenide 

Monolayers from Gold-Tape Exfoliation Retain Intrinsic Propertiesò N. Olsen, S. Yoon, M. 

Holbrook, M. Thinel, L. Holtzman, Y. Liu, V. Hsieh, Y. Li, D. Xu, E. Rojas-Gatjens, D. 

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

Hone, X. Zhu, 2025. 

 

As discussed in Chapter 2, ñgold-tapeò exfoliation technique can deterministically exfoliate 

macroscopic transition metal dichalcogenides (TMD) monolayers from bulk single crystals, 

overcoming limitations of the widely used ñScotch-tapeò method. However, concerns over the 

quality of the large-area monolayers remain. In this chapter we summarize evidence presented in 

Chapter 4, which identifies a previously unknown irreversibly adsorbed polyvinylpyrrolidone 

(PVP) residue on the surface of gold-exfoliated monolayers prepared with the method introduced 

by Liu et al.72  Once identified, we show that the implementation of an Ar/O2 plasma reactive ion 

etch (RIE) step, removes the PVP residue. Careful attention to monolayer cleanliness enables the 

deterministic production of pristine millimeter-scale TMD monolayers. 

The improved ñgold-exfoliatedò TMD monolayers are characterized with imaging, transport, 

and spectroscopy on length scales spanning six orders of magnitude. We directly compare state-

of-the-art Scotch tape exfoliated and gold-exfoliated WSe2 monolayers via scanning tunneling 

microscopy (STM) and scanning tunneling spectroscopy (STS), revealing near identical point 

defect densities and electronic structures. We construct FETs from gold-exfoliated MoS2 

monolayers which demonstrate phonon-limited room temperature mobilities. Finally, 

hyperspectral mapping reveals the uniform quality over an entire millimeter-scale monolayer. 
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These tiered characterizations, spanning from nanometer-scale to millimeter-scale, establish that 

gold-tape exfoliation can reliably produce clean, homogeneous, millimeter-sized, single-crystal 

monolayers, with the same point defect densities, doping, charge carrier mobilities, and excitonic 

properties as those from Scotch-tape exfoliation. 

 

5.1 Producing Clean TMD Monolayers 

We adapt the gold-tape exfoliation method of Liu et al.72 by adding an improved plasma 

etch step to ensure monolayer cleanliness. The ultra-flat gold-tape is obtained with a template-

stripping technique: a thin gold film is thermally evaporated onto a polished silicon wafer and 

subsequently delaminated by thermal release tape (TRT). A polyvinylpyrrolidone (PVP) 

interfacial layer protects the gold film from direct contact to the TRT. The freshly delaminated 

gold-tape is gently pressed onto the flat surface of a TMD crystal to exfoliate a monolayer. The 

whole assembly 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 reported process by 

Liu et al.,72 the gold is etched with an aqueous KI/I2 solution to expose the TMD monolayer. 

However, as described in Chapter 4, we find that the PVP removal is incomplete. A thin layer of 

PVP has irreversibly adsorbed onto the gold surface.159 When 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 O2 and Ar) before the 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 residue;148 O2 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 SiO 2/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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KI/I 2 etch of the remaining gold, we obtain a clean TMD monolayer. Fig. 27a schematically  

shows the addition of the RIE step and Fig. 27b shows an optical image of a macroscopic MoSe2 

monolayer on an SiO2/Si substrate.  

Atomic force microscopy (AFM) of gold-exfoliated WSe2 monolayers prepared on SiO2/Si 

substrates indicate the effective removal of adsorbed residue. Fig. 27c compares the AFM line 

profiles across the step edges of monolayers prepared with different exfoliation recipes. The 

WSe2 monolayer obtained via Scotch-tape exfoliation, shown in Fig. 27d, exhibits a step height 

of 0.7 ± 0.1 nm, as is expected for a clean WSe2 monolayer.170 For gold-exfoliated 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 the AFM image in Fig. 27e for a 

WSe2 monolayer with step-height of 1.6 ± 0.1 nm. We attribute the increased step height to a 

greater accumulation of polymer residue on the TMD monolayer, which is less hydrophilic than 

the SiO2 substrate.160 In contrast, Fig. 27f. shows that the addition of the RIE step recovers the 

expected 0.7 ± 0.1 nm step height for the macroscopic gold-exfoliated WSe2 monolayer. 

We confirm the identity and removal of the adsorbed PVP polymer residue with X-ray 

photoelectron spectroscopy (XPS). Fig. 27g shows a high-resolution XPS spectra containing the 

N 1s peak of PVP,151 and the Mo 3p3/2 peak of the MoS2 monolayer.149 The Mo 3p3/2 peak is 

observed for both monolayers at the expected 395.0 eV binding energy. The N 1s peak is 

observed only for the gold-exfoliated MoS2 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 MoS2 monolayer. The N 1s peak is absent for 

the monolayer prepared with the RIE step, indicating the elimination of adsorbed PVP residue. 

Furthermore, XPS spectra of both gold-exfoliated MoS2 monolayers show no evidence of K, I, or 
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Au, which might otherwise be expected from the KI/I2 gold etch process; see Fig. 23 for the 

complete XPS spectra and analysis. In the rest of the chapter, we always include the RIE 

cleaning step in the gold-tape exfoliation process. 

We confirm the cleanliness of gold-exfoliated TMD monolayers with a stringent test: 

forming a moiré interface in a twisted homo-bilayer. The ñtear-and-stackò method is used to 

construct the homo-bilayer,171 wherein an hBN flake on a polycarbonate (PC) polymer stamp 

sequentially picks up two different regions of a gold-exfoliated WSe2 monolayer with an 

interlayer twist angle of ɗ = 3.5o. Fig. 27h displays the uniform moiré superlattice of the twisted 

WSe2 homo-bilayer imaged with torsional force microscopy (TFM). 169 The hexagonal pattern is 

clearly observed in the Fourier transform of the TFM image, Fig. 27i. In addition to the moiré 

lattice, TFM also resolves the lattice of the top WSe2 monolayer, i.e., the outer hexagonal pattern 

in the Fourier image in Fig. 27i. Analysis of the Fourier image confirms the twist angle of ɗ = 3.5 

± 0.2o. We note that TFM relies on dynamic tip-sample friction, causing the signal amplitude to 

depend on scan direction and the torsional resonance mode of the cantilever.169 

 

5.2 Atomic and Electronic Structure of Gold-Exfoliated WSe2 Monolayers 

We directly compare the electronic structure and defect density of gold-exfoliated and 

Scotch-tape exfoliated monolayers using scanning tunneling microscopy (STM). WSe2 

monolayers were transferred to graphite substrates for characterization using a PC polymer 

stamp, which is flipped onto a SiO2/Si substrate and contacted with indium. Fig. 28a shows a 

representative STM image of a gold-tape exfoliated WSe2 monolayer with atomic resolution (see 

inset), demonstrating a contaminate free surface. Fig. 28b shows a corresponding STM image of 

a Scotch-tape exfoliated WSe2 monolayer from the same parent crystal. STM is highly sensitive  
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to surface adsorbates such as residual gold. These high-quality images were obtained without  

vacuum annealing, suggesting the same monolayer cleanliness from both methods. The surface 

of the gold-exfoliated monolayer is pristine across large areas, Fig. 28c. 

Point defects represent another possible source of disorder. The bright features observed 

in Fig. 28a and 28b correspond to isovalent point defects.172,173 Likewise, the bright and dark 

spots (arrows) in Fig. 28c are known to be charged defects.86,173 Within experimental uncertainty, 

 
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 2 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 nm2, the inset in 

panel (a) is 4 nm2, and panel (d) is 500 nm2. 
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we obtain equivalent isovalent defect densities of 1.7 ± 0.4 (× 1012 cm-2), and 1.6 ± 0.5 (× 1012 

cm-2) for monolayers obtained from gold- and Scotch-tape exfoliations, respectively. These 

defect densities agree with the area density of defects in bulk WSe2 crystals flux-grown with a 

Se:W ratio of 5:1.83,84 We conclude that gold-tape exfoliation, including the wet-etch step, does 

not introduce point defects. 

We compare the electronic structure of the WSe2 monolayers using scanning tunneling 

spectroscopy (STS). Residue, doping, and strain are all known to affect the tunneling spectra of 

TMDs.84,174 Fig. 28d presents spatially averaged tunneling spectra for gold-tape exfoliation 

(blue) and Scotch-tape exfoliation (green) ï note the small standard deviations (width) indicating 

excellent spatial uniformity. Remarkably, both monolayers show almost identical 

semiconducting behavior. This confirmation is important, given that remaining ions from the 

KI/I 2 wet etch step would be expected to dope the sample,175 and trapped solvent could cause 

local doping as reported for other liquid-based techniques.176 Furthermore, both samples display 

identical band gaps, suggesting that the gold-tape exfoliation is comparable to Scotch-tape 

exfoliation in terms of induced strain. Our scanning probe measurements provide direct evidence 

that gold-exfoliated WSe2 monolayers 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 MoS2 Monolayers 

The figure-of-merit for electrical performance of a 2D semiconductor is the charge carrier 

mobility. Here we determine the room-temperature sheet mobility of macroscopic gold-

exfoliated MoS2 monolayers with the transfer length method (TLM), which isolates the sheet 

resistance and contact resistance using FETs of different channel lengths.177,178 The inset of Fig. 
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29a shows an optical microscope image of the TLM device. We fabricated the MoS2 TLM 

device following a conventional SiO2 back-gated 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 MoS2, and the low melting point of indium reduces damage to the monolayer during  

 

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 

ÞÐËÛÏɯȹƕɯϟÔȺȭɯ3ÏÌɯÐÕÚÌÛ of panel (a)  is an optical image of the TLM device. The scale bar is 

ƙƔɯϟÔȭɯPanel (b) shows the source-drain voltage (Vd) dependent current (I) of the TLM 

ËÌÝÐÊÌȮɯÕÖÙÔÈÓÐáÌËɯÉàɯÛÏÌɯÊÏÈÕÕÌÓɯÞÐËÛÏɯȹƕɯϟÔȺȭɯPanel (c) plots the t otal resistance (R) as a 

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 deposition.179 The gate voltage (Vg) dependent current (I) is plotted in Fig 29a. Our 

device exhibits n-type behavior with a threshold voltage of 26 V, extrapolated from the linear 

region. The maximum current is 17 ɛA/ɛm, normalized to the 1 ɛm channel width at drain 

voltage Vd = 1V and gate voltage Vg = 120V. The indium contacts to our MoS2 FETs are ohmic 

with low Schottky barriers demonstrated by the linear trend in the relationship between drain 

voltage (Vd) and current (I) shown in Fig. 29b. We measure the resistance (R) of the MoS2 FETs 

with channel lengths Lch = 2-5 ɛm and extract the sheet resistance (Rsh) and contact resistance 

(Rc) by linear fit, Fig. 29c. The sheet resistance (Rsh) is calculated to be 8.0 Ñ 0.7 kɋ/sq with a 

contact resistance of 22.0 Ñ 0.7 kɋ. Effective electron mobility can be directly calculated from 

the sheet resistance: Ὑ  ρȾ‘ὲὩ ; where ɛ is mobility, n is carrier density, and e is the 

elemental charge. Carrier density is calculated through the parallel plate capacitor model, where 

the dielectric constant of SiO2 is 3.9 and the SiO2 thickness is 285 nm. 

We plot the electron mobility against carrier density in Fig. 29d, displaying mobility of 

250 ± 20 cm2V-1s-1 at a carrier density of 1×1012 cm-2. Our effective mobility is among the 

highest mobility recorded from a SiO2 back-gated structure,180 and exhibits a 5-fold increase 

compared to CVD grown MoS2.
181 We fit carrier density dependent mobility to ‘ ὃ ὲ  

where A and Ŭ are fitting constants, ɛ is mobility, and n is carrier density. We extract values of A 

= 246 and Ŭ = 0.4. The quality of the fit is evidence that the mobility of our device is limited by a 

single scattering mechanism.182 We compare our calculated sheet mobility to values reported in 

literature; Table 2. Our measured mobility agrees with theoretical values for the surface optical 

phonon-limited mobility in monolayer MoS2.
67,68 This demonstration shows that macroscopic 

monolayers from gold-tape exfoliation can possess phonon-limited transport properties. 
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Table 2: MoS 2 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.  

Mobility 

(cm2V-1s-1) 

Exf / CVD Thickness Method Contact Gate Ref. 

253 Gold 

Exfoliation 

Monolayer TLM In/Au 285nm SiO2 This 

Work 

32.7 Gold 

Exfoliation 

Monolayer FE Au 300 nm SiO2 10 

60 CVD Monolayer 4P FE Au hBN 183 

39.7 CVD Monolayer 4P FE Ti/Au SrTiO3 184 

20 CVD Monolayer TLM Au 90 nm SiO2 185 

21 CVD 3.13 nm TLM Au 55 nm SiO2 186 

46 CVD Monolayer TLM Ni/Au 50 nm Al2O3 181 

40 CVD Monolayer TLM Au 50 nm SiO2; Al2O3 

encapsulated 

187 

17 CVD Monolayer TLM Ni/Au 50 nm Al2O3 188 

102.6 CVD 

(Epitaxy) 

Monolayer FE Au 30 nm Al2O3 66 

7 Exfoliated Monolayer FE Au 270 nm SiO2; 30 nm 

HfO2 top gate 

189,190 

46 Exfoliated Monolayer FE 1T-Au 100 nm SiO2 191 

41 Exfoliated Monolayer FE Au 30 nm Al2O3 192 

84 Exfoliated Monolayer FE Graphene hBN encapsulated 193 

148 Exfoliated Monolayer 4P FE Ti/Pd double side MPS treated 

10 nm HfO2 

180 

81 Exfoliated Monolayer 4P FE Ti/Pd double side MPS treated 

300 nm SiO2 

194 

30 Exfoliated 4.5 nm TLM Au 90 nm SiO2 195 

410 N/A Monolayer Theory N/A N/A 196 

320 N/A Monolayer Theory N/A N/A 197 

182 N/A Monolayer Theory N/A N/A 68 

158 N/A Monolayer Theory N/A N/A 198 

47 N/A Monolayer Theory N/A SiO2 199 

168 N/A Monolayer Theory N/A N/A 200 

290 N/A Monolayer Theory N/A SiO2 67 
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5.4 Intrinsic Excitonic Properties in hBN Encapsulated Gold-Exfoliated MoSe2 

While STM and transport measurements clearly demonstrate the electronic properties of 

gold-exfoliated monolayers, they probe small sample areas, on the order of 100 nm2 for STM 

and 1 ɛm2 for TLM. 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.201,202 First, we encapsulate a portion of a macroscopic gold-exfoliated MoSe2 monolayer 

in hBN and compare its low temperature (10 K) PL spectrum to that of a similarly prepared 

Scotch-tape exfoliated monolayer from the same parent crystal, Fig. 30.  We find 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 gold-tape and Scotch-tape exfoliated monolayers, respectively. Furthermore, 

a similar ratio of the neutral exciton to trion emission peaks reaffirms that gold-tape exfoliation 

does not dope the resulting monolayer.  

The homogeneity of the hBN encapsulated TMD monolayers is dependent on many factors 

including monolayer quality, hBN quality, and stacking conditions. The inhomogeneity observed 

in the PL emission of the fully encapsulated gold-exfoliated MoSe2 monolayers arises primarily 

from bubbles formed during the stacking process, which is common for vdW materials.203 We use 

an hBN flake on a polycarbonate (PC) polymer stamp to sequentially pick up the MoSe2 monolayer 

then a second flake of hBN. The large area nature of gold-exfoliated MoSe2 causes the PC stamp 

to pick up a larger-area region of the TMD monolayer than the hBN flakes, resulting in regions 

that are unencapsulated or partially encapsulated. Additionally, the gold-exfoliated MoSe2 was 

prepared on an octadecyltrichlorosilane (OTS) functionalized SiO2 substrate. The hydrophobic 

OTS surface protects the monolayers from damage as it goes through the water/air interface after 

the wet etch step, and it makes pickup easier. However, the accumulation of airborne contaminates  
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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 

MoSe2 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 -l) display the PL mapping of a gold -tape exfoliated 

MoSe2 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 (l) 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 MoSe2 crystal. The parent MoSe 2 crystal for panels (i -l) is from a more 

recent batch with slightly different doping, which manifests in a larger exciton/trion ratio.  
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on the surface of the monolayer may differ from bare SiO2, which could have contributed to bubble 

formation. Importantly, the ñgoodò regions of the encapsulated gold-exfoliated MoSe2 monolayers 

have near identical PL linewidths to the encapsulated Scotch-tape exfoliated MoSe2 monolayer as 

described above. More advanced stacking procedures, especially ones that incorporate annealing 

steps could reduce bubbles in vdW devices prepared from gold-exfoliated TMD monolayers.204 

 

5.5 Large Monolayer Homogeneity 

We confirmed that hBN encapsulated gold-exfoliated and Scotch-tape exfoliated MoSe2 

monolayers have near identical low temperature (10 K) PL spectrum in section 5.4. For 

completeness we plot the encapsulated 10K MoSe2 PL spectra on-top of each other in Fig. 31a. 

Next, we collect spectra at more than 29,000 points over a macroscopic gold-exfoliated MoSe2 

monolayer on an octadecyltrichlorosilane (OTS) functionalized SiO2/Si substrate with a spatial 

resolution of 25 ɛm and a sample temperature of 77 K. The OTS passivation layer protects the 

monolayer from mechanical damage when passing through the water/air interface during 

fabrication. We note that substrate functionalization with self-assembled monolayers has been 

used in previous studies to improve the yield of gold-tape exfoliation.205 Three peaks are 

observed in the unencapsulated MoSe2 PL spectra. Fig. 31b depicts two representative spectra 

from the center and edge of the macroscopic monolayer. The peak at 1.64 eV (X0) corresponds 

primarily to exciton emission, with some trion contribution at the low energy tail.206 Flux grown 

MoSe2 was found to be slightly n-type in a previous study,86 and OTS is known to p-dope TMD 

monolayers,207 which results in a decreased contribution of the negative-trion emission when 

compared to the hBN encapsulated samples. The peak at 1.54 eV (XB) arises from defect-

localized excitons.208 We attribute the broad, low-energy peak (XL) to adsorbed small molecules  
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on the surface of the exposed MoSe2 monolayer at cryogenic temperatures.209  Fig. 31c is an 

optical microscope image of the macroscopic gold-exfoliated MoSe2 monolayer, with the 

corresponding intensity of the X0 peak (average over 1.61-1.665 eV) shown in Fig. 31d. 

Comparing the two images reveals that the X0 peak 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 the X0 peak, which is attributed to 

compressive strain from the flexing of the gold-tape during the exfoliation process;201 Fig. 32  

 

Figure 31: Large-area photoluminescence  (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. X0 corresponds to exciton emission, X B 

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 eV for the X0 

peak. Panel (e) is window averaged  from 1.50-1.58 eV for the XB peak. Panel (f) is window 

averaged over 1.27-1.38 eV the XL peak. 
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 highlights these strain features, and is discussed in more detail below. Notably, the intensity of 

the XB emission (averaged over 1.50-1.58 eV) arises only near the cracks and edges visible in the 

optical microscope image, Fig. 31c. The XL intensity (1.27-1.38 eV) is uniform over the 

monolayer area, as expected from adsorbed species, Fig. 31f. 

 The spatial homogeneity of the X0 peak 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; for the X0 peak, XB 

peak, and XL peak respectively. To avoid fitting errors, pixels were considered background 

pixels if they did not meet an intensity threshold in the XL peak 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 of the X0 

peak intensities at each pixel reveals that the majority of the monolayer area has uniform 

quantum yield, Fig. 32a and 32b. The low intensity pixels 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 photoluminescence intensity in these regions is likely due to crystal growth conditions. 

Fig. 32c displays a histogram of the X0 peak linewidths and spatial distribution at each pixel. The 

histogram shows that the X0 peak linewidths are 15 ± 3 meV. Fig. 32d maps the X0 peak 

linewidths over the monolayer area, and shows that the X0 peak linewidth decreases near cracks 

and edges of the monolayer which is consistent with strain.201 Fig. 32e displays a histogram of 

the X0 peak energies at each pixel in the monolayer region. The peak energy is 1.64 ± 0.01 eV. 

Fig. 32f maps the X0 peak energies over the monolayer area, and clearly displays that the peak 

energies are blue-shifted at cracks, edges, and the stripes with a slight reduction in intensity  
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Figure 32: Analysis of strain and exciton peak (X 0) 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 0 peak 

intensities in the monolayer region. Panel (c) shows a histogram of the X 0 peak linewidth 

at each pixel. Panel (d) displays the map of the X 0 peak linewidths in the monolayer region.  

Panel (e) shows a histogram of the X 0 peak energy at each pixel. Panel (f) displays the map 

of the X 0 peak energies in the monolayer region.  
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 observed in Fig. 31d and Fig. 32b. Considering the correlated reduction in the X0 peak 

linewidth, the shift in the X0 peak energy clearly shows that there exists stripes of compressive 

strain throughout the large monolayer.201 

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 procedure. Improvements in crystal 

growth, rigid gold-tape construction, wafer-bonder-assisted transfer,210 and autonomous 

exfoliation could eliminate these sources of inhomogeneity. The uniformity displayed in our 

hyperspectral map of macroscopic gold-exfoliated MoSe2 suggests that the monolayer quality 

and electronic properties observed in STM/STS and TLM extend over the entirety of gold-

exfoliated monolayers. 

 

Experimental details for Chapter 5 can be found in Appendix B. 
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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 (vdW) devices involves using a 

polymer stamp to pick up and transfer exfoliated monolayers and multilayer vdW flakes with 

high spatial precision.213 One early implementation of this technique relies on viscoelastic 

transfer, where the release speed of the polymer stamp ðtypically made of polydimethylsiloxane 

(PDMS)211 ï was tuned to control adhesion forces. Slow retraction favored release, allowing 

exfoliated flakes to be deposited onto the target substrate without excessive deformation or 

contamination. Fig. 33a shows the microscope ñstacking stageò used to perform the technique. 

 
 

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 IOP Publishing Ltd. Panel s (c) and (d) are adapted from ref. 212. Copyright 

2013, American Association for the Advancement of Science.  








































































































