Van der Waal Layered Materia: Surface Mrphology

Interlayerinteraction and Electronic Bucture

Po-Chun Yeh
vd

Submitted in partial fulfillment of the
requirements for the degreé
Doctor of Philosophy

in the Graduate School of ArtsdiSciences

COLUMBIA UNIVERSITY

2015



© 2015

Po-Chun Yeh
vd

All rights reserved



ABSTRACT

Van der Waals Layered MaterialSurface Mophology,

Interlayer Interaction, and Electronic Structure

Po-Chun Yeh
vd

Over thepast decagls, new matéails have formed the backbone in shaping the
landscape of technologfrom the Sibasedransistos in our smart devicds thecarbon
fibers that haveedefined autransportationthe pursuit for a stronger, lighter, and eost
effective materiahasneverceased, as well as the attempt to fully understand their physics
and material propertieMo or e 6 s | a withislysarMat ourrendesd 1580w s eems
and harder to hold as tlredustry has reached a point where the dimensions of Biese
basedransstors are getting tosmall and thirto proceed quickly and without incurring
substantial additional cosAlso, the transistodimensions have beagetting closer and
closer to the physical limitation of the $oday,theno st advanced nmoode i s
T less than 1tayers of Si, silicon oxides, or other metal oxides. At this point, every layers
of atoms countsThe search for new ultrathin materials t he fAnew silicono |

In this regard graphenewhich isa single sheet of carbon atomsaaged in a
hexagonal honeycomb lattichasled to a huge interest ithe science and technology
communitiegdue to itsexotic physics that arises from lesimensional confinementhis

interest soon extended tewd-dimensional(2D) electronicmaterialssystems especially



semiconductinggan der Waalsayeredmaterialssuch as Mogthat, unlike graphene, ba
a direct bandgap material in its monolayer foifthere are also many other promising
candidates such as transition metal dichalcoger(ite¥OCs), blak phosphorene, and
perovskites on this r api e Rgomacondensgd niaeD mat er
physi cs 0 ptudyingthe eléctronic behayior tiese2D systems can provide
insight into a variety of phenomenacluding epitaxial growthinterfacialcharge transfer,
energymomentum relatiorandcarrier mobility, that leads to advanced device fabrication
and engineeringln this dissertation, | examin@) the surface structure, including the
growth, the crystal quality, and thin film $ace corrugation oh monolayersampleand a
few layers oMoS; and WSe, and (2) their electronic structuiéne characteristiosf these
electronic systems depend intimately on the morghotd the surfaces they inhabit, and
their interactions with theubstrate or within layerg hese physical properties will be
addressed in each chapter.

This thesis has dedicated to tteracterizatioof monc and a few layers d¥loS,
and WSe that uses surfaesensitive probesuch asow-energy electron microscoand
diffraction (LEEM and LEED) Prior to our studies, the characterizationnadnolayer
MoS; and WSe has been generally limited to optical and transport probes. Furthermore,
theheavy use othick silicon oxidelayeras the supporting substrate has begyortant in
order to allow optical microscopic characterization of the 2D material. Hence, to the best
of our knowledge, this has prohibited studies of this material on other surfaces, and it has
precluded the discovery of potentially rich interface atépns that may exisietween
MoS; and its supporting substrafiéhus,in our studywe usea secalledSPELEEM system

(Spectroscopic PhotBmission and Low Energy Electronidfoscopy to address these



imaging modalities: (1) reapace microscopyvhich would allow locating oimonolayer

MoS, samples, (2) spatialHyesolved low-energy diffraction which would allow

confirmation ofthe crystalline quality and domain orientation of Masmples, and, (3)
spatiallyresolved spectroscopy, which would allow éenic structure mapping of M@S
samplesMoreover, we have developed a preparation procedursafople that yield, a
surfaceprobe ready, ultrglean, and can be transferred on an arbitrary substrate.

In this thesis, d fully understand the physics ind% such as direeto-indirect
band gap transitigrhole mobility, strainpr large spirorbit splitting, we investigateour
sample usingnicro-probeangleresolved photoemissiop{ARPES), which is a powerful
tool to direcly measurethe electronic struatre. We find that the valence bands of
monolayer Mo$ particularly the lowbinding-energy bands, are distinctly different from
those of bulk Mog%in that the valence band maximum (VBM) of a monolayer is located at
y of the first Brillouin zone (BZ)rather than a8, as is the case in bilayer and thicker MoS
crystals. This result serves as a direct evidence, if compleadewith the
photoluminescence studies of conductibands, whichshows the direeto-indirect
transition from moneto milti-layer MoS. We also cofirmed thissame effect in WSen
our later studies. Also, by carefully studyitige uppermost valence ba(idvB) of both
exfoliated and CVBgrown monolayer Mos we found a compressiom energy in
comparison with the calculated band, effect, whichwere also observed in suspended
sample with minimurto-none substrate interaction. Wentatively attributeit to an
intrinsic effect of monolayer Ma®wning to lattice relaxatio.he degree of compression
in CVD-grown MoS is larger thanhat in exfoliated monolayer M@Sikely due to defects,

doping, or stresskFurthermore, weimd that the uppermost valence band near of



monolayer Mo%is less dispersive than that of the bulk, which leads to a striking increase
in the hole effectivanass and, hence, the reduced carrier mobility of the monolayer

compared to bulk MoS

Beyond monolayer Mo$ we havestudied the evolution of bandgap as a function
of interlayer twist angles in a bilayer MpSystem Our ARPES measurements over the
whole surfaceBrillouin zone reveal thé state isindeed the highest lying occupied state
for all twist angles, affirming the indirect bandgap designation for bilayer .MoS
irrespective of twist angléVe directly quantify the energy separation betwewsrhigh
symmetry pointsi andK of the highest occupied statélsis energy separation is predicted
to be directly proportional tthe interlayer separation, which is a function of tivest
angle. We also confirm that this trend is a result of the energy shifting of theastp
occupiedstate afi, which ispredicted by DFT calculations. Finally, we also report on the
variation of the hole effective massieandK with respect tdwist angle and compait
with theory.Our study provides a direct measurement and serves as an example for how
the interlayer coupling can affect the band structure and electron transitions, which is
crucial in designing TMDs devices.

To the end of this thesid briefly sum up our angleresolve two-photon
photoemission (2PPE) studies @elfassembly molecules, ganic molecules, and
graphene on highigrystalline metal systems, and our investigation of their interfacial
charge transfer/trappingnagepotentialstates and covesgedependent dipole moments,

as well as theiwork functiors by using aunableultra-fast femtosecond laser.
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Figure 4.5 (a) PEEM image of a weléfined triangle CVD monolayer Me&land
with a small bilayer or multilayeregion at itscenter. (b)An ARPES band map along
y z3zy direction, respectively. DFT band calculations with inclusion of -spinit
interaction adapted fromeR 8 (red curves) are overlaid onto ARPES band maps for
comparison. (c) 2D curvature intensity plot of the uppermost valence band of CVD
monolayeMoS,. VBM of the calculated band (red curve) is set to be the reference line of
energy (black dashed line). The experimental band is shifted in energy to best match the
theory. (d) Calculated band structures (red curves) for monolayes doSp of pseuaot
Si. Calculated bands of freanding monolayer MaS(blue dashed curves) are
superimposed onto the hybridized bands for comparisan................cccoeeeeeeeennnn. 104

Figure 5.1 (a) Side view and (b) top view of the trigonal prismatic coordination of
the atoms in 2HVSe. (c) LEEM image of 1ML WSeafter transfer (detector artifacts and
background signal have been removed.) The inset is the corresponding optical microscope
image of the same sample. LEEM images were taken at an electron energy of11.8 eV.

Figure 5.2 (a(d) Micro-LEED patterns at 48eV electron energy on exfoliated
WSe 1 ML (a), 2 ML (b), 3 ML (c), and bulk (d) after transfer to Si. The halo around 1ML
(00) spot came from edge deflection of electrons due to a limited sample size. (e) Measured
FWHM of the (00) LEED spt for 1-3ML WSe: flakes relative to that of bulk, measured
at 20.5, 30, and 40 eV electron energy. The FWHM decreases with increasing number of
layers, since electrons elastically backscattered from the Si substrate are progressively
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Figure 5.3 (a) Brillouin zone and higeymmetry points of WSe (b) Atomic
photoionization crossection for Wodand Setp subshells as a function of ARPES photon
energy [64]. At 33 eV, the crosection between W 5d and Se 4p has an eyfler
magnitude differece. Therefore, the dominant features in our ARPES measurement are
the contribution of W 5d subshell. Note that the Cooper minimum of the Se orbital is ~50
eV. (c) Angleintegrated photoemission spectra of monolayer )\éR&acted from high
symmetry directhns+-3-+ and- -3-- , and over the full BZ, referenced with respect to
the FEIMI LEVELL.....eeiiii e 116

Figure 5.4 HARPES band mapping of exfoliated WSer (a) 1ML (d) 2ML (c)
3ML and (f) bulk along the higgymmetry path -3-+ in the Brillouin zone. E=0 denotes
the Fermilevel. The overlaid white lines are our Di€@lculated band structures. The
calculations do not include the effect of spirit coupling. (b), (c) Corresponding EDCs
and MDCs of LML WSE reSpecCtiVElY.......cccoeeieieieiiiiiiiiieeee e 118

Figure 5.5 (a)d) Second derivativeslots of the lowenergy valence bands along
high symmetry points of exfoliated-I3ML and bulk WSeg respectively, generated from
the LtARPES band maps of figure 5.4. The white lines are the corresponding DFT
calculated bands as in figure 5.4. The dashbkie lines refer to the top valence bands,
which illustrate the layenumber dependence of the electronic structure near the VBM.
Here the energy scale is set to zero at the VBM. (e) bayaberdependent VBM
transition of the energy difference betweenand3s points. The error bars denote the
standard deviation of the fittings from all six high symmetry equivalent directions, and they
are well under the detector errori00.10 eV.The theoretical and experimental results are
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Figure 61 (a) Sketch of the sample configuration. Monolayer Mit&kes were
transferred onto patterned silicon chips (blue) with native oxide (purale)Atomic
structure of monolayer MeS The inplane lattice constant is denoted asand the
interplane dismace bet ween Mo and S atomic planes
denoted az. (b) & (e) Optical microscope images of the exfoliated monolayer.MoS
samples. (ccanning photoemission microscopy map corresponding to the sample shown
in panel (b), acquead witha photon energy of 27 eV by collecting photoelectrons with an
energy window of 182 eV. The area of monolayer Mpffake is enclosed by a dashed
pink frame, and the suspended regions are marked with black circles. (f) PEEM image of
sample ShOWN IPANEL (B)....ccooiiiiiiiie e 133

Figure 6.2(a)(b) Micro-ARPES band maps of suspended Ma®ng3 y and
3 Y, respectively. (c) 2Rurvature intensity plot of the suspended Mb8nds along
- 3 + high symmetry line. (dfe) ARPES band maps of supported Ma®ngs
y ands vy, respectively. (f) 2Bcurvature intensity plot of the supported Mdsnds

along- 3 + high symmetry line. DFfalculated bands using the relaxed lattice

Figure 6.3 2D curvature plot détie uppermost valence band (UVB) of suspended
monolayer Mo$% along high symmetric direction. Pink dashed lines mark the local
maximum of the UVB extracted from ARPES measurement and the yellow dashed lines
denote the positions ef andy using the latticeonstant of bulk Mo5.................... 137

Figure 6.4 (a) UVB of suspended monolayer M¢B)-(c) EDCs of the UVB along
thes3-y ands-y direction, respectively. (dpaussian linewidth vs momentum plot. The

blue dashed lines are the guide to the eyes to trace the emabditthe linewidth with
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momentum. The black dashed boxes in (a) & (d) enclose the transition region where the
HNEWIAEN INCIEASES......ceiiiiiiiii et 141

Figure 7.1 Bright field and dark field LEEM images of TBMaf twist angle (a),
(b) at 47° and (c), (d) at ~0°, respeely. The CVDgrown Mo$S exhibits islands and a
continent of patches. Both were used in our experiment. The markers in (a) and (c) indicate
where the measurement were taken. In (a), the spot 1 sits on the top layer (triangular) and
the spot 2 lies on tharge flake that extended outside the top layer. The same goes in (c),
where the top and bottom flakes are both triangular. Since their twist angle is nearly zero,
their (d) DF image shows almost of contrast difference, and their (e), (f) LEED pattern

orientation is the same. The electron energies used were (a) 3.5eV (b) 40eV (c) 4.6eV (d)

Figure 7.2 The making of TBMeSia transferring two monolayer CVD grown
Mo$S; sheets on a nativexide Si substrate. Note that the interfacehef twvo ML MoS
remains clean during transfer, only exposed to air for a shorttime..................... 153

Figure 7.3 (a) Atomic photoionization cressction for Mo 4d and S 3p subshells
as a fundbn of ARPES photon energit 42eV, Mo 4d has a higher photoionization sfos
section than that of S 3p by an ordémagnitude difference. Therefore, the dominant
features in our ARPES measurement are the contributions of Mo 4d subshell. Note also
that the Cooper minimum of the S orbital is ~34eV. (b) E2&lculated electronidicture
of TBMoS, at 60° (solid lines) and 30° (dashed lines), highlighting the impact of layer
separation, in which the interlayer separati
60° by ~0.3 A. The band of the topst valence band atvaries srongly with the

interlayer spacing change, while theoint at conduction band minimum and valence
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band remains intact.-ARPES measurements of TBMo8&ut along- -3-+ at (c) 0° (d)

13° (e) 26° (f) 39° (g) 47° (h)60°. The overlaying white lines are D&dculated bands.

ARPES intensity maps were normalized for each directenands-- , independently to

AChieVe DEEr CONMIAST.........eeiiiiiiiiiie i 155
Figure7.4 (a}(f): The corresponding secomtkrivativefiltered topmost valence

band of Fig. 2 (¢h), respectively. Th@umber overlaid on each bands is an averaged

value of the energy difference ®fand+ over all six high symmetry directiors3-+.

Figure 7.5 (a) Atomic structure of each twist angle measured in this work. The
arrows denoted the orientation of eaclela (b) Calculated interlayer spacing and its
corresponding energy difference between VBM and+ versus twist angles, derived
from DFT. The interlayer spacing is defined as the separation between W M0OS S
layers, and is referenced with respexithe 60° (normal bilayer Ma$ This result is
adapted from Arend et al. [10]. (c) A comparison of the energy difference from our ARPES
results (blue linedlots), the PL measurement [10] (solid circles), and the calculation [10]
(empty circles). Note @t the ARPES and PL data are normalized for comparison by
AlIGNING AT B0, ...ttt e e eeer ettt e e e e e e e e e e e e e e e e e e e 159

Figure 7.6 Plot of hole effective mass vs twist angles. The hole effective nzass at
appears to be angle independémbugh the accuracy of resolved band ree@rlimited by

the ARPES selection rule. THele effective mass at is angledependent and has a
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Figure 8.1: Thiophenol (TP) andflurothiophoenol (BFTP) of aromatic thiols
group selfassembled on Cu(111) with varable coverage and their interface dipole
FOMMIATION ...t e 170
Figure 8.2 2PPE spectra of (Left) TP/Cu(111) and (RigiRYp/Cu(111) at low
coverageThese series of spectra were collected atrdiffieexposure times shown in the
right side of each figure. The photon energies used are 3.76 areVI@8TP and pFTP,
respectively. At the bottom of each panel, the TPPE spectrum of clean Cu(111) is shown.
Each thick solid line indicates the lesnegy cutoff for each photoemission spectrum.
The Fermi edge is also indicated as a dashed
features) have binding energies of ~ 0.4, 0.16, antleOXY, r e s p.e.c.t..i.d/@| y é
Figure 8.3Work-function as a functionfdhe total exposure time of TP (red circle)
and pFTP (blue square) on Cu(111). The dashed line indicates the inflection point of both
curves, which is at ~100s. The plateau indicates the saturation of the coverage of the
adsorbed molecules on the substrd P and g=TP are drawn with the arrow indicating
the dipole projected along theddmolecular axiS.........ccccceeeeeeiiiiiiieeeieiee e 173
Figure 8.4 Molecular structure of hegatahexabenzocoronene. The molecule is
~14 A in width and has a bending angle for the intersecting perdeeseabunits of
~20e. (Right) A schematic pl ot-ups.h.omiv5ng our e
Figure 8.5 (a) Normal incidencechromatic 2PPE spectra of 0.0 (bare Cu), 0.1,
0.2, and 0.3 ML HBC/Cu(111) withnkEpump=4.72 eV and k probe= 1.55 eV.The arrow
indicates a new state AAO0O, which grows in in
state (n =1) and Shockley surface state, respectively. The data is normalized with respect

to the intensity of IS. (Inset) Area of IS (red) and A (bluea dsnction of coverage. (b)
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Normal incidence monochromaticiE= 3.10 eV) and bichromatic 2PPE spectra of 0.3ML
HBC/Cu(111). Intermediate states such as A and IS appear in the bichromatic spectrum
only, as is discussed in the text. (Inset) Schematic posigpendent energy diagram of
an HBC island on Cu(11l1). (chhe excitation pathways of resonance states for the
monochromatic and bichromatic 2PPE data shown in (b); the pathways are determined
using the known photon energies and the energies of the surface states. The local work
function for the A state is inditad by the horizontal dashed line.......................... 177

Figure 8.6 (a)Angle-resolved 2PPE spectra of 0.3 ML HBC on Cu(111) in the
vicinity of peak A with B pump= 4.68 eV and k probe = 1.55 eV. (A: a new state, IS:
image state (n = 1), SS: Shockley surface state, SP: bulk Cu intermediate state [13]). (b)
Data taken in a selected energy range Wihpknp = 4.62 eV and B probe= 1.55 eV to
improve he signalto-noise ratio. (c) The dispersion curves of the state A, image state, and
surface state derived from (Q).........cooooiiiiiiiiiiiie e 179

Figure 8.7 Schematic plot of 2PPE transitions (arrows) between surface and image
potential states. The experimental results (dotsyamgpared to calculations (lines). The
projected bulkband structure of Ir(111) along the direction is shaded according to the
total andsp- density of states (DOS) at the right and left, respectively................ 181

Figure 8.8 (a) Intensity map of the 2PPE signal recorded with photon dmergy
1.59 eV for 1 ML graphene on Ir(111). Points represeatintensity of the lowest n = 1

band. (b) ARPES map showing initial statesHior= 55 eV............cccccceevieiiiereceeennns 182
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Figure 8.9 Sample work function (open symbols) and image potential states n = 1,
2, and 3 binding energies (solid symbols) as a function of graphene covdragtashed

line represents a linear fit for the welktnction change............ccccccoiviiiieeene, 183
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Chapter 1

Introduction

AThere'splenty ofroom at thebott o m Riohard P. Feynman

1.1 Two Dimensional Surface Systes

Two-dimensional (2D) materialgl] have historically been one of the most extensively
studied classes of materials due to the wealth of unusual physical phenomena that occur when
charge and ta transport is confined to a plane. Many matehalg&e noveproperties dominated
by their twedimensional structural unitss stacks of strongly bonded layers with wigarlayer
attraction, allowingexfoliation into individual, atomically thin layerg&or examplethe layered
metal dichalcogenides (LMDCs), copper oxides, and iron pnictides exhibit correlated electronic
phenomena such as charge density wa@@3W) and hightemperaturesuperconductivity
[1][2][3] . The mat-discussed 2D material ggaph@e,the monolayer counterpart of graphitée
discovery{4][5] of singlelayer graphene in 2004 by Novoselov and Geim has shown that it is not
only possible to exfoliate stable, singltom or singlgpolyhedralthick 2D materials from van der
Waals solidsbut that these materials can exhibit unique and fascinating physical propeties.

instance, hie electronic band structure of graphene has a linear dispersion near the K point, and



charge carriers can be described as massless Dirac fermions, praesi@agchersvith an
abundancef new physicsMost importantly,graphene is als@an extremely thin electrical and

thermal conductowith very high carrier mobility

In addition there exists an entire periodic table of crystalline sstiade materials ebc
having different electronic, mechanical, and transport propelttisslso possibl create sigle-
atom or fewatom single layer from a polyhedral structuf@us, after thefirised of graphene,
transition metal dichalcogenides (TMDQmgan taeceve muchattention. TMDCs aréayered
materialsvith strong inplane bonding and weak eaf-plane van der Waals interaction, antbst
importantly,they are semiconductors witHagebandgapAlthough TMDCs have been studied
for decades, recent advan@esianoscale materials characterization and device fabrication have
opened up new opportunities for tdomensional layers of thin TMDCs in nanoelectronics and
optoelectronicslt was shown decades ago Bgndt et al.thatthelayered metal dichalcogenisle
could be mechanically and chemically exfoliated into few and single |§§H7§. This early
worksfocused on attempts to obtain and characterize these thin [[@j«L8]. It wasnotuntil the
pastdecadethat these2D systemresearchs hadfinally dedicatedtheir effort on synthesting,
transferring, detecting, @nacterizing, and manipulating the propertiesiono to multi-layervan
der Waals material&lso, the(re)inventionof somenovel synthetic methods including tepaxtic,
solutionbased, slvothermal, andultra-high vacuum (UHV), or 1&°torr (760 torr = 1 atm,
atmospheric pressursiirface epitaxial approaches h&edpunleashed the potential to create new
van der Waals solids and singég/erthick materials. These established methasetenabled the

field of 2D materials beyond graphene to mature very quickly.



In this dissertation, will presenta comprehensive study sfirface structure, morpholpg
and electronic structure afono and multi-layerMoS; and WSe. | will focus on theevolution of
their band structure as a function tbhicknessand interlayer twist angles, and also on their
interactionwith the underlying substratewill discuss the origin of these physical phenoniena
the outof-plane quantum confinement and intedaygoupling and how they change the band
dispersion, the hole effective mass, and the bandigapdition,in chapter 8| will briefly discuss
the interfacial electronic structure of organic/metal interfaces, which is -anenblayer to

monohyer, surfae sensitive, singlerystal metal substrate 2D system.

(a) (b).r T F(©) (d)

Figure 11 Graphene bah structure near Diract poinfa) A cartoon made from theoretical
calculation (b) direct band measuremer{t) Graphene higlsymmetry pointsn momentum
space. (d) Direct lmal mapping of the graphene Fermi surface. Each triangular cone lies on one of

the highsymmetry directions.



1.2 Graphenei One-Atomic-Thin Layered Material

As we have briefly mentioned in the introductiomaghene a thin sheet of spBonded
carbon atomgds the first wellknown two dimensional nanomatertal exist in truly one atomic
layer thin and stable fornthat can be prepared using the-called scotciiape method by
Novoselov and A in 2004[5]. It has become a hot tofier the past decad®eainly due to its
extraordinary electronic, optical, mechanical, and trangpoperties and promising applications.

It has a very special electronic structaeit has a linear band dispersion near K point (Diract
point, Figure 1.3 which enables extremeligh mobility ~ 2.5 x 18 cn? V'! s'! at room
temperaturg11] (Fermi velocity equals ~1% of the speed of light) and flat absorption band in
visible light. Monolayer graphene is semietallic and its carriers are massless Dirac fermions
whose dynamics are described by the Dirac equdlidh The maximum current density that
monolayer graphene can bear is several million times larger than that in fopjpén terms of

its mechanical properties, monolayer graphene has a Young's modulug @f@-B°a al a high
intrinsic strength of~130 GPa[14]. Furthermore, monolayer graphene has a high thermal
conductivity of~3000 W mK ! [15][16], extremely high resistance to gas permedftldi), a high
transmittance of97.7%][18], etc. These outstanding properties and promising applications have
stimulatedresearch igrapheneand graphenbased material®lso, graphene hdseen propsed

for a host of applications ranging fragtectronic devices, photonic devices, advanced composites,

paint, coatings, energy storage, sensors, metrology, biology, etc.



Figure 12 MoS,, a widely used powder as industrial lubricant, as is shown).ir{{p MoS in
high purity form ready for exfoliation. (c) Its layered atomic structure and (d) unit cell and

Brilloiun zone. Pictures adapted frorafR31][34][35][36], respectively.

1.3Beyond Graphenei Transition Metal Dichalcogenides

In addition tographene, there still liedagefamily of 2D inorganiclayered nanomaterials
that also have great importance and interesting physics. One important quest in 2D material
research is to search forthie e w g r dhatbvernoenégheintrinsic limit of gjaphend lack
of bandgapAlthough researchers have tried several different methods to tackle the issue, for
examplepy applying a large electrical fietat by artificial strainthey can merely create a bandgap

up to 300meMn the bilayer graphenease[19]. Among all the 2D layered materiatansition



metal dichalcogenides (TMDsr TMDCg9, such aMoS,, TiS,;, TaS, WS, MoSe, WSe, etc.,
have receiveino st of the attention as a imteceotgegrs candi
because of thegemiconducting cg@ven superconducting propertigsaddition, they are abundant

and accessible in their nature form

TMDC monolayers are atomically thin semiconductors of the type;,MXth M a
transition metal atoniMMo, W, Sn, Zr, Hf, Ta, Nb, ettard X a chalcogenide atom (S, $ed Te,
as shown in igure 1.3 (c)One layer of M atoms is sandwiched between two layers of X atoms.
A layer of TMDC is less than 10 A | for exampieonolayeMoS; is ~6.5 A thick Featuring 2D
morphology and ultrathin tbkness, these TMDsheets present some unusual physical, chemical
or electronic properties compared to their bulk counterparts and therefore hold great promise for a
variety of application$20]-[26]. One of the most important features is that all of tlemomayer
MoS,;, WSe, MoSe, WS are direct banglp materials and they will transform intondirect
bandgapn theirbilayer or multilayer form. This unique featurashbeen experimentalbpserved
using a direct band mapping probe, as preseintetis thesis.It can beutilized as ultra-thin
transistors and opticaémittergdetectors[27][28][29]. Also, the TMDC mondayer crystal
structure has no inversion center. This lack of inversion symnadows researcherto access a
new degree of freedom of clgar carriers, namely thevalley index, and to open up a new field
of physics: valleytronicg30]-[33]. Moreoverthe strong sphiorbit coupling in TMDC monolayers
leads to a sphorbit splitting of hundreds meV in the valence band anf@éwa meV in the
corduction bandThis special property gives rise to studies on controllingetaetron spin by

tuning theexcitation laser photon energy.



1.4 Sub-Monolayer 2D system

Besideour interests in layered matesadnd the physics regardingerlayer interactios
and interactions with substratefusndamental questioarises: what happened at the interfate?
answer this question, let start with a fundamemiadlelsystem: solids with crystallinity. lrofids,
their interfaces are defined as a few atomic or mdbaclayers forming at a boundabgtween
two solid materialsin thesimplest interfacesolid-vacuum interfacehte electronic wave function
from the solidis very different from the Bloch waves in the bulk materidise tothe sudden
termination of therystal periodicitt h at b r esgrkngtry atthé inteffacéhe longrange
interaction relatedwavefunctionsthat extendoutsidebulk will be decayng quickly toward the
vacuum while some localied, surface states related wduactionswill remain at the surfacbut
theywill propagate along thaterfa. In this sense, in the vicinity ofsolid-solid interface,it is

more comptated as it involves another solid and its localized interactions

Thus, n my dissertation, | will briefly discushe moleculemetal interfae, as well as
grapheneametal interface, fowhich has many different and strong interfagitéractiors that lead
to energy level alignmentyvork function modification, broadening of molecular states, and
appearance of new statelhe electronigpropertiesof the molecule/metal interfadeas many
potentialtechnologicakpplications One example ithe heterogeneous catalytic reaction, which
involves all ofthe molecular/metal interactions such adsorption, diffusion, desorptip and
dissociation betweethe metal substrate anthe reactant moleculesAnother example is the
widely-usedorganic devicedbuilt by one ora few organic materials salwiched between two

electrodes. tb performancas dominated byharge transfer process across the interfacasd



through the bulkThus, he scattering and trapping of chargethatinterfacecanboost orlower
its performanceespecially in 2D like device$hus, he operating voltage in organic lighmitting
diode and conversion egfencyin organic solar cell is extremely sensitive to the molecules or
solution and other physical properties of at the interfateis, understanding theterfacial
electronic structure ancharge dynamics is the key to designarganic semiconductatevices,

its substrates, and condition control of fabrication processes.

In this thesis| will alsoexplainthe powerful apparatus we used to study the interfaces
two-photon photoemissior2PPE)in an UHV system.UHV technology enables the preparation
of clean surface and the precise control of adsorbate thickilkesmethod o2PPE is very
sensitive to sample surface and is efficient in determining unoccupied states above Ferii level.
addition, we uses a femtosecond laser combined with fproige tebnique to studynterfacial

ultrafast dynantal processes of the states.
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Chapter 2

Experimental Techniques

fAiThe true method of knowledge is experimentVilliam Blake

This chapter covers a wide range of specialized experimental techniques that were
employed in the investigations describedhis dissertation. The chapter starts with introducing
the stateof-art beamlines in synchrotron radiation facilities in Brookhaven National Laboratory
(BNL) and Elettra Sincrotrone Triesth. then specifiesthe key equipment weaisedon these
beamlinesQur chapter reviews theasic principles underlying these experimental techniques and
provides details about the specific experimental setapd our adaptionsed to acquire datdhe
sample preparation procedusegalso provided to show how challengiigs to prepare various

2D systems as mentioned in Chapter 1.
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2.1 Synchrotron Radiation, Beamlines, and SPELEEM system

Figure 21 An overview of theNSLS I OurU5S5UA beamlinewas located in this facilityand it has

been transferred tihe new synchtoon NSLS 1.

2.1.1SPELEEM System and US5UA Beamline at BNL

Most of our MoSand WSe experimentsas well aseverafiavantgard® experiments on
ReS, blackphophorene, and perovskites, wpegformedusing the secalled SPELEEM system
at beamline U5UAof the National Synchrotron Light Source at Brookhaven National
Laboratoryl] in Long Island, New YorkSPH.EEM stands for spectroscopic photoemission and
low-energy electron microscopaeasurementst is by far the most versatileulti-technique
microsc@e that includeslow-energy electron microscopyLEEM), phobemission electron
microscopy PEEM), mtro-probelow-energy electron diffractionu¢LEED), micro-probe angle

resolved photoemissiop{ARPES, Ultraviolet photoelectron spectroscogyRS), and insome
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caseswith energyfiltered X-ray photoemission electron microscopy (XPEE®&pability; this

systemhas been proved to lagowerfultool for studying 2D systems.

The SPELEEMmicroscope images sudas, interfaces and ultthin films using a range
of complementary analytical characterizatiorethods[2][3]. When operated as a LEEM, the
microscope probes the specimesing elastically backscattered electrombis instrument allows
direct, realspace imaging of the sample morphology with-B0Pum feld of view (FOV), and
with lateral resolution below 10nnits effective resolution is limited by electron scattering from
grain boundaries, edges, or domain walls.described above, LEEM is highly sensitive to the
surface crystalline structure and, dige the favorable backscattering cregstions of most

materials at low energies, allows image acquisition to be obtained at video frame rates.

Energy Analyzer

Preparation
chambers

Manipulator.
Grounded.
(High voltage, 2kV)

Figure 22 The layout of the customized EMITEC SPELEEMIII system that was used thie

U5UA beamline.

Along with realspace imaging, the SPELEEM microscope is capable of picioe

diffraction imaging, i.e. laterally restricted le@nergy electron difaction (tLEED) andangle
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resolved photamission electron spectroscopy-fRPES) measurememwhen probingwith
electrons ad photons, respectively. In difiction operatiojthe microscope imagesd magnifes
the back focal plane of the objective lenstHa ARPES mode, the full angulamission pattern
can be imaged on the detector up fmeallel momentum of 2 A%; at larger parallel momentum
the transmission ohe microscope decreases. All diftionmeasurem@s are restricted to areas
of ~ 2 ym in diameter, which are selected by inserarfgeld-limiting-aperture into the fst image
plane along the iagingoptics column othe instrumentNotice that indifferent applicationsone

can choose frora range of sizesf the selectedrea aperture.

Thus, theSPELEEMenables measurements on samples that are homogenveowseas
of a few square micronsor LEEM and ARPESneasurementsheenergy resolutiors 200 meV
and the momentum resolution of timécroscope when operated in dif€tion modds ~0.018 A-

! This value for the momentum resolution was obtafn@a calibration on astandard gold target.
An alternative methotb obtain the momentum resolutigmby carefully calibrating the distance
between t order and $order LEED spots in terms of pixél.more detailed introduction these

surface probes in SPELEEMII be covered in the followingections.
2.1.2NanospectroscopyBeamline at ELETTRA

The Nanospectroscopy beamline at ELETTRP6][7][8] also uses aimilar SPELEEM
systemadapted from austomizedELMITEC LEEM V that has higher energy resolution @op
40meVfor ARPES and LEED) andsapabl e of doing XPEEM (in XPI
and depends on apertures and gratings9, its incidentlight/electron beam projectanto the

sample at an angle efl6 degreewhichdiffers fromthe normalfincident SPELEEM iBBNL. This
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makeghe ARPESJata exhibit different $ection rules and parallel momentum that, in some cases,
grans access to bands that were forbidden in the SPELEEM in. BE Nanospectroscopy
performs the most demaind x-ray spectroscopies in a laterafigsolved manner, givqnaccess

to the chemical state, electronic structure and magnetic order of surfaces, interfaces and thin films.
Along with spectroscopic imagingith resolution otens ofnanometersone can study magnetic
domains, electroniand chemicaktructure of stfaces and interfaces, core levels, and growth

dynamics of nanostructured composite surfaces.

refocusing
mirrors

monochromator
VLlSgrating ___

entrance slits

specimen
(SPELEEM)

pinhole
undulatorswith  (double slit)
phase modulation
electromagnet

U1l ul2 PH HoS  MP ExS VR HR
souee O—O——————fH—H——F——F—+—0

™ VeS MG SPELEEM
Figure2.3 Layout of the Nanospectroscopydimonstratesow the high photon flux of selected

energy being calibrated and focused, and then arrives at gje¢ $pecimen.
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For the layout of the beamlinehe light source ist the middlepoint between the two
undulator sectiongl1.1 andU1.2 with phase modulator electromagnet (see Figure2itihg at
10 meter awayfrom thelight source the pinhole (PH) ragatesthe angular acceptancé the
incident beam and filters ouhwanted radiation from the undulator. The toroidal mirror (TM) de
magnifies the source by a factor o&®d 5.3 in the horizontal and therticalplane, respectively
The entrance slitsalocated at the horizontahd verticafoci of the toroidal mirrorAfter passing
through both slits,he light is then dispersed by the monochromatrut undergoes wertical
demagnification. After the exilit (ExS), a retractable plane mirror allousers teswitchbetween
the two branches of the beamline, the light goes theorefocusing mirrorthatare two bendable
mirrors arranged in a KirkpatriecBaez geometryFinally, the light goes through the selected

aperture and hits the specimen.

A schenatic diagram of the SPELEEM microscopeagigenin the Figure 2.4. It has (1)
main chamber; (2) preparation chamber with load lock; (3) image column; (4) illumination
column; (5) beam separator; (6) connection to the beamline. There are valves betweaim the
chamber and the beamline, between the main chamber and the preparation chamber, between the

preparation chamber and the load lock, and between the main chamber and the beam separator.
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Figure 24 (Left) Schematic of SPELEEM microscope. (Right) Distaf imaging column and

electron analyzer.

One of the important featwseof the Nanospectroscopys that it can perform Xray
photoemission electron microscopy (XPEEM) anda¥ photoemission spectroscopy (XPI8).
XPEEM mode, the specimenimagedusingthe beamlingnigh energyX-ray photons, provided
by an undulator sourc&he lateral resolution in XPEEM approaches a few tens d#lihnand the
horizontal resolution is only limited by the selected aperture. Owing to its highlgeablution
and strag interaction with the atom core levPEEM is sensitive to the local checal and
electronic structures, and is ideal for mapping surface composition, coverage, and detecting
contamination.Laterally resolved versions of synchrotrbasedX-ray absorpon (XAS) and
photoemission spectroscopy (XPS) are posgs#e Figure 2.5)The principls of photoemission

will be covered in &ction 2.4.
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Figure 2.5 An exampe of an XPS spectrum on a felayer Re% sample probed usinthe
Nanospectroscopy Elettra. Instead of scanning through different binding energy, by locking the
energy at a specific aagethecsverage of that htemamealteaqi e a k

interest in XPEEM mode.

2.1.3Spectromicroscopy Beamline at ELETTRA

Besidesvorkingonthe SPELEM systens, wealso usd the Spectromicroscopy beamline
at ELETTRA[9], which isa stateof-art traditional ARPES systepquippedwith a micronsized
probe This measuremenis made possible byhe combination ofthe large photon flux of

synchpotron radiation sourcethe ultraviolet lights or Xrays withhigh spatial resolutionbelow
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1 micron- afforded by modern synchrotron radiation optical systeand the micrmetersized
aperture Per our experimental settinghie Spectromicroscopy beane canoperate athigh
energy resolution (33meV) and high momentum resolution (2:%mAs well asa low
temperature capability of ~ 40k addition althoughthe Spectromicroscopg not equigpedwith
LEEM, it has a photoemission mapping instrumientelp locate the sampl&hus, it isalsoan
excellenttool for high-resolution investigation of the basttuctureof 2D materials like graphene
and MoS. Furthermorewith a carefully designed sample holde can addcontacts orthe
sample to providelectrode gatingCurrently, the system can add upttoeecontactsandone to
figround the sample. This feature is extremely useful for controlling sample biasing and for

potential fieldeffect transistor device operation.

The beamline works as follows low-photonenergy beam (below 100 eV) is focused
into a submicrometerspot and electrons arising from the photoemission process are collected and
analyzed in terms of their angular and energy distributions (ARPESSA. respect othe beam
focusing thephotoelectron spectrum is acquired as a function adg&ialorigin on a sample
surface coordinate systerin terms of mechanical desigmet final foaising is obtained by
multilayercoated optics ofwo exchangeable Schwarzschild objectives (SO) andhtannal
movable hemispherical electron energy analyzer that can perform polar and azimuthal angular
scans in ultrénigh vacuum, as shown in Figure ZIte use of multilayerson the Xray mirrors
required for high reflectivity at a certain waveleng#stricts the photeenergy range available
after the monochromator (ZZD0 eV) to specific narrow lines. Currently the beamline is equipped
with two Schwarzschild objectives designedd@rand 74 eV of photon energy. As for the ARPES,

it is performed by raans of internal movable electramergy analyzer mounted dwo-axes
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goniometer setupMoreover, he sampldas capable of moving imyzr directions on acanning

stageand can be operatedt@mperature range of 4¥0K.

(a) Acquisition
system

Figure 26 Principal schemea] and threedimensional designbj of the instruments inside the
experimental chamber. The incoming beam is focused by one of the two Schwarzschild objectives
and the sample can be scanned across the beam to obtain the photoemission intensity distribution
maps within selected angle and energy windows. The main components are Schwarzschild
objectives (SO1 and SO2), electron analyzer (EA), goniometer (G), sample holder (SH), scanning

stage (SS) and cryostat (C).

Thusfar, we haveusedthis beamline to studgugpendedbilayer graphene, h gating
effecb on graphene and MeSand the electronic band structure of suspended and suppost MoS

systems. We will discusome of the results in the later chagter
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2.2Low Energy Electron Microscopy

2.2.1 Reviewof LEEM

Low energy electron microscopy (LEEM) is a UHV surface imaging technique developed
by Ernst Bauer and Wolfgang Teliepsl985. In contrast to scanning microscopy techniques such
as scanning electron microscopy (SEM) or scanning tunneling microscopy (@i, require
an electron beam or probe to be focused small spot and scanned across the sample surface
LEEM is a truereattime imaging technique, i.e., all imaging pixels are acquired simultaneously
from theilluminated area on the surface at a feamate of 10 frames per secofithis enables

dynamic processesich as chemical reaction and surface dofrige studied in real time.

The design cAnLEEM instrumendiffers from conventional electron microscopies in four
main ways: 1Thesampleis illuminated on the same side of the imaging optics, i.e. through the
objective lens, because samples are not transparent-enkengy electrons. 2. In order to separate
the incident and elasticallycattered low energy electrons, researcheses magnetidielectron
prismd beamseparators which fas electrons both in and out thie plane of the beajpathto
avoid distortions in thenage and diffraction pattern3. An electrostatic immersion objective lens
brings the sample close to that of the gun, slowieghighenergy electrons to a desired energy
only just before interacting with the sample surface. 4. The instrument must be &bkl under
UHV condition In addition, LEEM operates at electrenergies on the order of 100 eV, which
works nearthe maximum of electron penetration deptfhus, the technique is highly surface
sensitiveand allows the probing depth of the electron beatmetéuned by varying thelectron

energieg10].
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2.2.2 Experimental Setup of LEEM

The basic setup of tHEEEM instrument in the SPELEEM system is shown in Figure 2.4
High energy electron@l5-20 keV) are emitted from an electron gun and pass through a series of
condenser lenses which focus and position the beam. The electrongrareeth through a
magnetic bearsepaator (used to separate the incoming from the outgoing beams) and an
objectivelens before impinging on the sample. The sample is held at a very high a5=2@
kV) while the electron gun and objective are grounded such that the incoming electrons are
deceleratedo "low" energies before interacting with the surface. Backscattered electrons are then
reaccelerated to high energies as they move away from the surface before passing bgitk throu
the objective lens. The beaseparator steers the backscatt&ledtrons into the imaging column,

after which they are detected by an imaging plate or screen.

Figure 27 Atomic steps, magnetic domains, 2D thin films and 3D islands are just a few examples

of objects seen with LEEMrigure adapted fromd?. [11].

2.2.3 Contrast Mechanisms and Operational Modes of LEEM
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The image formation in LEEM ia revisit ofmultiple contrast mechanismahichdepend
on boththe electron energy used and the specifics of the sample being probed. At typical LEEM
energieq1-100 eV) the cross section for elastic backscattering from the surface atoms depends
both on the electron energy and on the chemical species of the scatterinyssimeming that each
electron undergoes only one scattering event, and the incident beam is descalj@dne wave

with the wavelength defined as:

0

Ngh O

where m and E are incident electron mass and energy, respectively. If the wavelengfie is in

commonly usedinit of A%, then the equation can pat in the form

LTt
-0 Gomg

In particular, the backscattering cressction is a nomonotonic function of nuclear charge,
which allows one to image lightisorbatsvhich may be present on substrates composed of heavier
atoms. Additionally, the reflection coefficiefdr a crystalline solid varies strong with electron
energy due to the band structure of the material; incident electrons with energies corresponding to
band gaps in the material will be reflected with high probability, while those with energies that
can ke matched onto electronic states in the crystal will penetrate into the material. This
phenomenon is identical to that encountered in an analysis eérievgy electron diffraction.
Thus, a natural contrast mechanism for LEEM is based on local differentes diffractions

conditions, which occur if the periodicity of the sample varies as a function of location along the
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surface due to strain fields, dislocations, or local variations in surface structure or crystal
orientation. This type of contrast ismaally called "brightfield imaging", also known as phase

or interference contrast imaginghich makes use dhe wave nature of the electron to generate
vertical diffraction contrast, making steps on the surface visibtemples of thérightfield

LEEM imagesworking indifferent modes are shown in Figur@.2.

If the sample contains regions with different crystal orientatibrean still be useful to
image norwspecularly diffracted beama, method whichis called "darkfield contrast."In dark
field imaging (also termed diffractiecontrast imaging)one chooss a desired diffraction spot
and usea contrast aperture to pass only those electrons that contribute to that particular spot. In
the image planes after the contrast apertiins then possild to observe where the electrons
originate fromthe sample surface real space. This technique allousto study on which areas
of a specimen a structure with a certain lattice vector (periodicity) efistsmparison between

bright and dark field LEEM is shown in Figure 2.8 (left).

In scenarios wheréhe samplesurface is not clean or has lovenductivity, causing
extensive chargipon the surfacahe surface of a sample probedto check its morphologyn
this casemirror electron microscopfM EM) mode of the LEEM system witle useful In MEM
mode electrons are slowed in the retarding field of the condenser lens to the limit of the instrument
and thus, only allowed to interact with the nearface region of the sampWhile understanihg
theorigin of theexact contrast variations complicatedthe essencés thatthe height variations
of the sample surfacehange the properties of the retarding field, therefore influencing the

reflected (specular) beam. No diffractipattern(LEED) is formed, becausthere isno electron
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backscattering thus, thereflected intensity ivery high; The LEEM is thendeal to check the

sample surfacgeometry

SURFACE STRUCTURE  FILM THICKNESS MORPHOLOGY

dark-field LEEM bright-field LEEM 8 eV

Aut+O/Rh(110)
diffraction quantum size geometric
contrast contrast phase contrast
———— sample
// \\ * 4
GE objective : i
B | |
(h.j] v v contrast ! :
[0.0] v aperture d I |

Figure 28 LEEM - contrast mechanisms. (Left) Diffraction contrast: efeeld and bright field.

Interference contrast: (Middle) geometric phase contrast, (Right) quantum size contrast. Figure

adapted from Ref{10].

Another contrast mechanism is interference contrast due to surface steps or thin films,
called "geometric phase contrast” and "quansime contrast,” respectively. Both mechanisms
result from the interference caused by the difference in opticallgadgith for electrons reflected
from the terraces bordering a step omirthe top and bottom of a thirlffi. The quantum size
effect is analgous to the effect produced by a FaBgrot interferomter and is very useful for

thin-film growth studies by LEEM10]. These LEEM contrast mechanisms are illustrated

Figure 2.8
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There are other closely related techniques in a SPELEEM system s&RtFEAdS and

LEED. We will visit these techniques in the later part of this chapter.
2.2.4Experimental Setup for LEEM Measurement

The experimental setup of a typical LEEM systdi®[11][12] canbe divided into eight
essential componentslectron gunjmaging optics, illumination beam apertumagnetic beam
splitter, electrostatic immersion object lens, contrast aperture, illumination ophdsjmage
plate/detectar A schematic sketchis shown in Figure 2.9We will briefly introdue each

component below

UHV Main Chamber
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Electron Gun

‘ Illummatlon %
Optics A
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UV beam
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Figure 29 Scheme of a typical LEEM system.

The dectron gun isused to generate electrons by way of thermionic or field emission from
a source tip. In thermionic emission, electrons escape a source tip (usually made)dbyaB
resistive heatingand with apgdication of an electric field, the work function or the energy for
electrons taescape the surfa@an be effectively loweredncethe electrongscapetheytravel
(while acceleratingdownto the lens column to the gun potentiséfat V = 0. All operation is at
UHYV conditiors such that the electron mean free patbusficiently long Also, to generatéeld
emission one can sharpehe source tip (usually tungstemaking forelectrongunneling from

the tip to vacuum levedasier

After leaving the tip, electrons go through severalaiging optics to be focused and
translaté intotheillumination beamIn the imaging optics,lectromagnetic quadpole electron
lenses are usetb improve the electroibeam resolutionHowever, the ultimate retution of
LEEM is usually determined by that of the objective I@i electron beam will then pass through
an illumination beam aperturevhichallows controlof thebeam projection and to illuminate only
theareaof interest. The aperture located irthe beamlitter on the illumination sideA magnetic
beam splitters also in the beam splitter chambi¢iis usedo resolve the illuminating and imaging
beam. There has been much development on the technology of electron beam separators; the early
separators introduced distortion in either the image or diffraction plane. However, IBM recently
developed a hybrid prism array/nested quadratic field desigiocus the electron beams both in
and out of the plane of the begrath, allowing for deflectiorand transfer of the image and

diffraction planes without disrtion or energy dispersida2].
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The collimated and focusetdiectronbeam is then directed througleerostatic immersion
objective lenswhich isused to form a real image of the sample by wha 2/3magnification
virtual image behind the sample. The uniformity of the electrostatic field betlweerbjective
lens and specimen dimited by spherical and chromatic aberrations latigan those of any other
lensesuniformity ultimately detemines the overall performance of the instrum@&hie electron
reflectsback from the sample will go through @ntrast aperturayhich islocated in the center on
the projectotens side of the beam splittéinlike mostof otherelectron microscopiesvherethe
contrast aperture is introduced into the back focal plan of the objective lens (where the actual
diffraction plane lies)the contrast aperture of LEEMiisthe middle of the beam splitter. Thus,
one carchoose théesired spot intensity to imagjusing a contrast apertytiacludingintensities
from diffraction (dark field LEEM). Later, the outbound electrons will go through several
illumination optics like imaging opticsto be magnifiedo formthe image or diffraction pattern
and projectonto the imaging plate odetector. The choice of detecting screen canabe

phosphorescérscreen, imaging platera CCD

2.3Low Energy Electron Diffraction

2.3.1 Review of LEED

Theconcept ofow energy electron diffraction (LEED) wasiginatedoy Louisde Broglie
who introduced wave mechanics and proposed the wavelike natureetéahons In his Nobel
laureatework, de Broglie postulated that the wavelength of a particle with linear momentum p is
given by h/p, where h is Planck's constant. The deglgr hypothesis wagter confirmed

experimentally at Bell Labs in 1927 when Clinton Davisson and Lester Gesmoatirectedow-
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energy electrons at faigh crystalline nickel targeand measuredhe position andintensity of
backscattered electranBheyfound that vinen potted with polar coordinates, the distribution of

the backscattered electrosisoweddiffraction patterns. These observations were consistent with

the X-ray diffraction theorydevebped by Bragg and Laue earlier
diffractionwas believedo be an exclusive nature whves Later in the yegrDavissor& Germer

team andThompson& Reid team both shoed their experimental success in demonstrating
electron diffraction. Those experiments revealed the wave propetgotrfoms and opened up an

era of electron diffraction study.

Despite its discovery and successlBR7, LEED did not becomen importanttool for
surface analysis until the early 1960s. The main reasons were that moretedmmgndirections
anddetectirg intensities of diffracted beanwgerevery difficult due toimmaturestate ofvacuum
techniques anthelack of rapid detection methods (i$ed a@&araday cup to detect electrgrisor
example, to get &AEED pattern the sample surface has to bkra-clean and high crystalline,
which were impossible withoutHV conditions.In the early 196QsLEED, LEEM, and many
other surface probeexperienced a renaissance A8V became widelyaccessible and the
introduction of a fluorescent screerttill, this methodwas not fully optimized until the
development of dynamical electron diffraction thegmnyhich took into account the paldity of
electron multiple scattering. With this theory, it is possible to reprodyperimental data with

high precisionand to @termine surface structures, adsorption sites, bond angles and bond lengths.

The basic principle of a LEED system is using a beatowefenergy electront project

onto and interactvith a specimenand then collectethe diffractedelectron spotsvhich depend
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on the periodicity of the specimersurface.ln a typical LEED measurementhe entire sample
surface is illuminated by a parallel beams of electrons, and thus the diffraction pattern will contain
information about the entire surfade. some applicabns like SPELEEM, one can apply an
aperture to limit thédluminated aredo focus only on an area of interehe diffraction pattern is
formed in the back focal plane of the objective lens, imaged into the object plane of the projective
lens (using anntermediate lens), and the final pattern appears on the phosphorescent screen,

photographic plate or CCIA schematic plot is shown igure 2.10.
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Figure 210 Schematic of a thregrid LEED unt. This figure is adapted fromeR [13]

2.3.2 ExperimentalSetup for LEED Measurement

In a standard LEED setup coherentaind paralleklectronbeam,actingas aplane wave

with fixed energy and momentyis directed at a sampdeirfacemounted in an ultrhigh vacuum
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chamber. The fafield scattered electron tensity is recorded as a function of scattering angle.
Typically, the pattern wadetectedon a luminescent screeffhe electron energy used in LEED

ranges from 10 to 500 ey making theelectron wavelengtihsenetration deptheachingonly the

top few layes of thesample (a few A ). Due to the strong interaction between electrons and atoms,
the penetration depth of the incident electron beam is typically less than DOeAa surface
sensitivity criteria of LEED, measurements are conductddHV chambersA typical LEED

setup is diagrammed indure 2.10 Starting from the filament to the lefleetronsaregenerated

by a heated cathode filameanhd areaccelerated and focused by a series of electrostatic lenses:

A, B, C and D. The acceleration energydetermined by the potential between the cathode and
apertures A and D, while apertures B and C are used to focus the electron beam. The last aperture,
D, is grounded as is the sample and the first grid in front of the fluorescent screen; thus, electrons
traveling towardghesample as well as the scattered electedinzropagate in a fiekfree region.

The backscattered electrons are detected by the fluorescent screen, which must be kept at a large
positive bias (57 keV) with respect tthe first grid snce only highenergy electrons calluminate

the screenA middle grid is positioned between the first (grounded) grid and the screen and kept
at a slight negative bias in order to suppress inelastically scattered eldtisonwsrth noting that

the s@cing of diffracted beams does not increase with kinetic energy as for conventional LEED
systems. This is due to theollimation/focus ofthe imaging columrthat limit the projected
momenturrspace regardless of the incident electron eneMghhile in the ase of a SPELEEM

system, the projected momentum space will incraatbeincreasing electron energies
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2.4 Photoemission Spectroscopy

2.4.1 Review ofPhotoemission

Photoemission spectroscopy (PES) has been established as one of the most important
methods @ study the electronic structure of molecules, solids and sulfft@g$4]. Today, more
than a 100 years after Einstein's explanation of the photoelectric effect, there are many well
established analysis methods based on photoemission. These methedd argarticular for the
investigation of solids and surfaces and have contributed substantially to the understanding of the
electronic structure of condensed matberfact, the present state of knowledge about electronic
band structures and Fermi suwéa comes to a large extent from experimental data obtained by
PES. Withan energy resolution of 1 meYiow available, the effects of electr@bectron and
electronphonon interaction can be observed and investigated in detail (e.g. band renormalization
nea the Fermi energy, lifetime width, Kondo resonance and gaps in conventional
superconductors). Methods like ESQalectron spectroscopy for chemical analysgs)d
photoelectron microscopy are now widespread analytical methods in materials science and

chemstry, and gain more and more importance in fields like nanotechnology and Hitbkpgy

Historically, the first experimentahttemps to realizephotoemission were done by
Heinrich Hertzand Wilhelm Hallwachsn 1887[16][17]. In the earliest experimenthey used
monochromatic radiatioobtained by passing light from a continuum source through a prism
monochromatqrand the light wasocused onto the surface of a potassium or sodium sample in a
vacuum tube. Libmated electrons then traveled on towarskeond metal plate within the vacuum,

where the current generated was measured as a function of retarding voltage. Thus, the maximum
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kinetic energy of the photoelectrons could be determined by adjusting the retarding voltage until
the current was completelsuppressedThey found that this energy depended on both the
frequency of the incident radiation and the mstahpleunder investigationThe measurement
demonstrated tha negative charge, i.e. electron, which wasywstdiscovered can be removed

from a solid when its surface is irradiated by ultraviolet light, whereas no discharge was observed

for positive charge. At that time, nobody was able to explain these observations.

Finally, in 1905 in one of his four famous publications, Alb&insteinintroduced the
concept of the photon and deduced the relation between the photon @neagg the maximum

kinetic energy0 ‘O  of the emitted electronghat is histhe fundamental photoelectric equation:

QY 0O al %0

whereUi s t he retarding pot en tn ehbracteristic tonstantbfrthe q u e n «
sample surface known as the work function tadBlyus, the most energetic electrons are those
closest to the Fermi level that absorb all the energy of an incoming pbptp@and lose the

minimum energyéorequired to escape the metal

Today, photoemissiorexperimensg for spectroscopic purposes @e&formedsurprising
similarly to those 0100 years agdrhe basic PES scheme is showhigure 2.11Monochromatic
photons with energy h3a and polarizatidae (A is
produced by a light source, e.g. ankAlJ -ray anode for XPS or a helium discharge lamp for
UPS, andrridatet he sampl e surface under an angle Qq w

kinetic energy kn of the photoelectrons can be collected &hdred by energy in electrostatic
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analyzerswhich has a retarded field to select only the electrons with desired energies as a function
of the emission angdg dy), polarizations, anth some cases, it apable of resolving electron

spin orientatioa . In the end, a detector (usually a microchannel plate (MCP) or chatgxed

device (CCD))captures the electrons of selectidlute that he whole setufras to be ifJHV

conditionto eliminate spaciouphotoelectron scattering.

analyser

photon
source

\
I
sample detector

Figure 211 Princide of a mo@rn photoemission spectromet&his figure is adapted fromeR

[18].

The fundamental principle of the photoemission pradesghe threestep modelis shown
in Figure 2.14(left). This simplified picture shows the advantage of photoenmssibich shows
directly the properties of the electronic eigenstates of the investigated system via photoelectrons.
There are several ways of photoemission designed to utilize this advantage: ultraviolet
photoemission (UPS), mainly for the (angésolved)investigation of valence band states
(ARUPS), andX-ray photoemission spectroscopy (XPS), providing the investigation ofeak
states at higher binding energi@he differences here only lie mainly ihe ight source and

modifications tothe deteair. Although the line width is usually small enough for many
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applications, i.e. a few meV for the discharge lamp and slightly below 1 eXtifay anodes, an
additional monochromator can prove extremely useful to improve energy resolution and to
suppress &ckground and satellites noises. AlsoFiigure 2.14(right) shows a schematic view of

the photoemission process in the singgeticle picture. Electrons witAninitial stateenergy E

can be excited above the vacuum leuebEy p hot ons whk +% The phetoelgcgronh 3 >
distribution | (&n) can be meased by the analyzer andiigo thefirst order- an image of the
occupied density of electronic states N (Ethe sampleThus, amply by plotting the total number

of photcelectrons as a fution of final state kinetic energy, ¢hband structure of the solid can be
drawn Note that the&inetic energiesf the final statare referenced to the@cuum leveEy, while
binding energies in solids are generally referenced té¢hmilevel, B asboth a positive value
Thus,giventhe work function of the materidlé= Ev - Ef), the binding energy of the initial states

can be calculated fro its final-state kinetic energgccording to:

9] O 0VO © 0O % O ©O

Moreover, an important properties of theopdelectron is that its parallel momentum, s
conserved in the photoemission process. Thu&rkthe initial state canébeasily derived from
the finatlst at e ki netic energy and the angle of

momentum) as:
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Figure 212 (Left) Threestep model of photoemission. (Right) Excitation within the reduced zo

scheme. Figure adapted fronef15].

2.4.2Angle-ResolvedUltraviolet Photoelectron Spectroscopy

Ultraviolet phot@lectron spectroscodPS) refers to the measurementtioé kinetic
energyspectraof photoelectrongmitted by a highly crystalline material surfacevhich has
absorbediltravioletphotons, in an attempt to determmelecular orbitaknergies in the ocpied
states (valence band in most case.) Amgiolved ultraviolet photoelectron spectroscopy
(ARUPS or simply ARPESwvhennot specifying the light sourf@lso measuregalence band
structuredirectly but with much larger angular coverage, which mapsitbmentum sge along
certain directions, thusrovidinga complete picturefaghe Fermi surface and a thrdamensional
mapping of the occupied statds. short, ARUPS/ARPES studiethe E(k) energymomentum

relation,of a systemin addition to the bansdtructure, which is a consequence of the-paicle
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approximation, the results of thelfi-theory methods in the maiiody problem, the quasiparticle
spectral function and the sedhergy,are directly observable viRRUPS.ARUPS worksn much

the samewvay as neutron diffraction has given information about the dispersion of phonons in
solids. In the simplest model of photoemission, the transitions are vertical in a reduced zone
scheme; they occur without the participation of other excitatibigaire 214 shows the basic
photoemssion mechanism, anddare 2.15shows a typical setup of ARUPS and its excitation

scheme in a nutshell.
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Figure 213 (Right) ARUPS setup. The incident light which carries photon en@rggnd vector
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potential A arrives at the surface, and photoemission happens. The photoelectrons with preserved
out-of-plane momentum will be collected at different emission angles and kinetic enErgigs.

adapted from Bf. [19]. (Left) An erergy leveldiagram showing core levels and valence band in

a solid sample along with the corresponding angle integrated energy distribution curve for
photoelectrons. Note that the grey area under the peaks reflects the electron density of states, and

the peak positin reflects the energy level of the states.
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The threestep model is the most commonly us&dgle electronmodel to interpret
phobemissiornprocessAs shown in kgure 2.14 the PE process is broken up into 3 basic steps:
the excitation of the photoelectrérom its initial state to an excited state within the crystal, travel
from the bulk to the surface, and escafsem the surface into the vacuuRor a more complete
model includemultiple electrons, a complimentary density funcaibtineory (DFT) with nany-
body effect approximation is required, and is beyond the scope of this réwidve threestep
model, the first step considexdirect electron transition within the reduced zone scheme, where
the electron momentunsiconserved up to a reciprocdtilze vector.Note thatthe photorused
herehas energy in the seflV range,and its momentum is negligibl&€he equation governing the

initial excitationin terms of density of statés

0 D QhQ 9 0 O 2909 0 0 O

The delta functioris is used to indicate the conservatiorenérgy and momenturiihe transition
matrix, M, is evaluated between an initial and final state block waves within dipole approximation,
where the interacting Hamiltoniand thestatess given by:

" P =
(@) CT(:)O¢U

In the second stepye assume thahe photoemission happens in a UHV condition, and the mean
free path of theemitted photelectrors is long enough to travel to the surface without being
scatteed. In thefinal step, the electrongith sufficientkinetic energy to overcome the surface

work function will be collected as photoelectroNate that in this steps the electrons cross the
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surface potential barrier, they lose perpendicular momenturprasdrveparallel momentumin
particular, knowing theelectronintermediate excited stateefore escaping into the vacuum,
combined with the knowledge of photon energy, k|| loarcalculated directlpwning to the
preservation ofotal momentum. Thiprocesss illustrated schematically fgure2.14(Left) and
Figure 2.15 (Left) Such information can come fromb initio band structure calculations.
However, if the photon energy is sudfently high,i.e. much larger than the work function, the
photoemission canxeite many states and bulk bands beltve Fermi level, with several

intermediate excited statdn this case, onsimply uses the freelectron dispersiomode:

In a step forward from the -8tep mode, the electron is considered asngleparticle
spectral function, which is the imaginary part of the Green's function feelesta excitations
(termed:quasiparticles) a8 1 hQ “  "Od0] hQ [20][21]. In the absence of interacti®n

between the electrongge. without manybody interactionstheseoneparticle states are well

defined,”O

andd1 hQ 17 -Q ,wheree Qi s the di geer gJiiare.q

nortinteracting) electrons. Taking mtaccount the interaction inreormal (gapless) state, the

Green's function also has a simple foi@ ,andd 1 hQ - ,

where & "Qaasghe quasiparticle seéinergy, which reflects all the interaction of electrons
in the crystal. Thus, the structure of eslectron bandsvith basicintra-band and inteband

interactionswill be reflected in ARPES measurement.
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Moreover,assume that ARPESpectrum reflects the probability exciting anelectron in
the crystal with a certain energy and momenturffgs (hereaftek). Using the same-8tep mode
mentioned beforehe firststepis governedby the density of statdglecton spectral functiop

multiplied by the Fermi distributionprobability to find an electron at specific energy),

aso | (Y . The secondtepinvolvesthe probability of photon absorption, or the direct

transition to the free levels dictatedoy matrix element® "Qh¢h@ . Thus, the structure of an
ARPESspectrum consisting afbands can be written iterms of energy and momentum

parameter¢ ¥k) as:
=4 | pdhQ e Bt 0 QRAQST QWY

This equation is written for the twdimensional case, when tspersive 2bands can be seemed
as a 2D surface in a 3D enengymentum band structure, where the Fermi surface is presented
as contours at the Fermi level, tm#Q-plane (sedmigure 2.14. The experimental factors, such

as the resolution and the efficiency of the detector channels are also omitted here.
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Figure 214 An example of the electroband structure of undopdullk Bi>Se; measured by
ARPES, adapted fromdR [22]. (A) A 3D band structure of the material showing tlhnduction
band (BCB), valence band (BYBsurfacestate band (SSBRirac point (), Fermi energy (B,
andthe bottom of the BCB . (B) Constarienergy contours of the band structue evolution
of the band from higheznergy down to the Dirac pu is observedC) Band structure along the

highsymmetry0 @ Odirection, where O is the center of
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(BZ), and the K and M points [see (D)] are the vertex and the midpoint ofdtaethe BZ,

respectively (D) Selected constant energy contours from (B).

2.4.3Experimental Setup of ARPES andMicroprobe ARPES

As in the experimental setup of a UPS systentymacal ARPES setup consists of an
electron lens, a hemispherical analyzer, amditichannel detector (§. 2.13left). In the angular
resolved mode, a spot of focused Ught coming from a monochromator will projeot the
sample surfacéhe spot size isf order of hundreds micrometers in diamegamjicoincides with
the facal point of the electron lenhe electron lens projexthe photoelectrons onto the entrance
slit of the analyzefThe lens translates the angula@ormationof thereceivedphotoelectrons into
coordinate realspace by formingn angular sweep of electrons alongslie When theslectron
beam reachethe analyzerthe electron beam spreads in energy in a pl2Daletecting arrays) or
a line (1D arraysperpendiculaonto the slit. As a result, aD-spectrum is formed on the 2D
detecor (e.g., a microchannel plate), giving infotima of the electron momentum or &nd k
plane as a function of the enerdiurther, thek, momentum can be acquired mouning the
sample on a wedge to changeatsmuth angleThe ARPES measurement performs a 2D mapping
in each scan and acquirte intensity of photoelectronas a function of the energy and the
emission angleWith specialdesignat the energy analyzer and detector ARPESsystemcan
also probeelectronic statesvith differentlife-time, polarization, andelectronspin. Figure 2.15
shows an example of a polarimeter installed with a MCP detectorspinaesolved ARPES

system.
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Figure 215 Scheme of dow-energy exchangscatteringpolarimeterof a spinARPES system
with scattering and detection componetiigure adapted from &t. [23]. A MCP with annular
tube is shown irthe sectioned viewo the left Photoelectros (red line) that arriveat the
polarimeterwith selected spin polarizatiomill be scattered toward the detector while the rest of
the electronsrediscardedThe in®t shows tw@ossiblescattering geometrigs collect electrons

with specific spin polarizations.

In most of ar work, we usea microprobe ARPESIARPES)of the SPELEEMsystem
Similar to other diffraction techniquesthe ARPES mode oSPELEEM images thback focal
plane of the objective lens. Instead of using low energy electrons (LEED), in ARPESthsode,
SPELEEM uses photons of selected energy (via monochromator and gratins) aisdosdyeat

micronmetessizeregion by inserting an aperture (field Itimg or selected aregarture)into the
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first image plane along the imaghogtics column of the instrumemt the beam separatdfigure

2.9). Also, each time the inggng photons and photoelectrons illuminate area of interest
simultaneously, the eleons are collected by a matrix of detecting units after going through
photomultipliers.In terms of taking data, eatime thep-ARPES takes a snapshot of the entire
momentum space, for wdih the size depends on the photon energy used,each snapshat i
takenat a constant energy. By stacking all the slices of the constant energy snapshots (Figure 2.14
(B)), we carconstructhe entire3D band structure along all of the high symmetry directions. This

is different from typical ARPES~hich has limited mmentum windowThe u-ARPEShas been

proven to be extremely useful for studying 2D materials, especially those with momentum space

asymmetries.

Thep-ARPESof SPELEEMenables measurements on samples that aregemous over
an area of about 3 [frwith momentumresolution of < 0.1 & and energy resolution < 100meV.
The value of thel-ARPES system is that it cganobesamples of size of 10 um @ss, which is
often the case dhe exfoliated 2D layered materials. AlspARPESmMakes probing nearby areas
of different crystal orientatianpossibleThe tradeoffs of using the pPARPES would bds limited

energy resolution and its sensitiveness to the sample surface corrugation.

2.4.4 PEEM and XPEEM

Photoemission electno microscopy (PEEM) is a widelysed technique of emission
microscopyPEEM utilizes local variations in electron emission to generate image contaasa
of interest in real timeThe electron exation is usually produced bgr-UV light (PEEM) or X

ray (XPEEM) thatypically comes from &ynchrotron radiation source. Whiam-UV light or X-
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ray is absorbed by matter, electrons are excited from core levels into unoccupied states, leaving
empty core states. Secondary electrons are genesaddtbring of primary electrong\uger
procesesor inelastic electron scatterirgancreate a cascade of lesmergy electrons inside the
sample, and electrons with enough energy will escape the sample surface to vacuum. Thus the
corresponding electron energies will feature a wide spectrum of energiesbéteelumination

photon energy and the work function of the surface. This large population of elexdroguse

image aberration in the microscofiéneseindirectly emitted secondary electrondl go through

an array of imaging opticand being colleted by MCPat a specific, yet tunablenergy.PEEM

can be used for surfagensitive reatime imaging of anylat and conducting surface to probe

sample opography contrast, wotkinction contrast, chemical contrasidamagnetic contrast.

The PEEMsysten essentially consists of an imaging electrostatic lens system and a UV
light source for the creation of photoelectrons via photoemission. The photoelectrons emitted from
the surface are imaged onto a chamtegie for amplification and finally onto a fltescent screen.

The image is acquired using a CCD camera typicalie PEEMsystem isoften equipped with

an integratecsample stage for unsurpassed stability and precise sample positioning via remote
controlled piezo drivedt also has am-situ variade contrast aperture and the stigmator/deflector
makes a PEEM system ideal faboratory and synchrotron applicatiofrs.contrast to a SEM,
PEEM does not use a scanned progeniy; insteadt allows aflood beam to uniformly illuminate

the sample surfadgy, far-UV light (PEEM)or X-rays(XPEEM). This way thehigh-power beam
induced damager a strongohoto-chemistry reaction on the surface cambeided. The magnified
image of the surface can be obserabdost immediately and can be monitonedeaktime (it is

possible to recordt@ideoframe ratef the photon intensity is sufficient) on the fluorescent screen.
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In terms ofits parallel image acquisition, the basic principle of operation is similar to an optical
microscope. However, sinetectronsare used for imaginghe resolution is no longer limited by

the wavelength o& photon beam, but rather to the much smaller electron wavelength.alhus,
strong electrostatic field between the sample and the objective lens accelerates the electrons
releasd to energies of typically 10 to 15 keX.lateral resolution of up to 20 nm can be achieved.

For more details, seeelR [24].

Due to their similarity in focusing and collecting procesBEEM systemusuallycan be
integrated with LEED and LEEM, for exathepin a SPELEEM systenin biology, it is called
photoelectron microscopy (PEM), which fits with photoelectron spectroscopy (PES), transmission

electron microscopy (TEM), and scanning electron microscopy (SEM).

In our application, we use the PEEM in tHREREEM system in BNL and Biea[3]. The
electron optical configuration is the same as in LEEM, but the energy slit is inserted in the
dispersive plae of the analyzer to act as a bgradfilter to the photoelectron beam. The energy
filter is used to dect the kinetic energy of photieetrons, which allows measurementtbé
binding energies oémisson form atom cordevelsor accessing the electronic structoifethe
occupied statesncluding surface states and resonances PHEEM probe intensitis proportional
to the number of emitters in the tamost layers and thus provides straightforward and quantitative
information about the surface chemical compositibinthe PEEM from a beamline of a
synchrotron radiation is operated atray energy rangd400e\+2000eV, by choosing the
corresponding gratings atiide monochromatdr it is called XPEEM and can be used to imaging

surface components, residues, and doping coverage dynamically via probing at a specific atom
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core level energyfFor example, one camse XPEEM to understand molecule deposition on a

surface and monitoring its growth rate or coverage.

2.4.5Two Photon Photoemission

Although ARPES especiallywhen combined with a SPELEEM system, is extremely

powerful, it can only beused to access occugistates In order to accessnoccupied states

inverse photoemission (IPH)sing electron capturis,employedo probethe unoccupied valence
bandg25][26][27]. One can uséwo-photon photoemission (2PPE2B][29][30][31][32], to probe

the unoccupiedtates, or say, intermediate states theatal betweerthe Fermi and vacuum level

(i .e. 1in the Aforbidden 2z oneo.Inodrresearchisatrea@l b an
we focus on surfacehemisorptionsurface dipoles, and interlayer apartransfer. Thusye use
2PPEthatallowsusto investigae unoccupied electronic states of molecules orfimmdeposited

on highly crystalline metal surface

In this thesis, we study the unoccupmtees and interlayer interaction selfassembly
moleculemetal interfaces and monolayersemimetal (graphenéjnetal systems using 2PPE.
These unoccupied state can be interlayer states, image potential states, or surface relaxation states.
2PPE is sensitive to surfaegcited electrorstructure changea$hat accompany surface chemical
reactions.Our 2PPE systerusesa femtoseconépulselaserthat is capable of studyingtrafast
relaxation of hot carriers in bulk metals and semiconductors, the spin dynamics of magnetic
materials, lifetimes of adsorbaiteduced or adsorbatmodified electronic statesnd realtime

investigations of electron localizationtimn molecular films
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Figure 216 (Left) Two-photon photoemission, where one photon is usqultop apreviously
empty state and a second photon pfenits an electron from thistermediate state that has a
short lifetime.(Right) An example of using 2PPE to probe the surfaate stnd image state of a
Cu(111) surface.The band structure is determined lkgtecting angle(momentum) and

photoelectron mergy.

The basicscheme of @PPEprocesss sketched irFigure 2.16(left). The first step is the
photeemissionof electronsgoing from one othe occupied bullstateor surfae states in the
crystal,into a surface Rydberg stafEhe second step is taa@te electrors from theexcitedsurface
Rydbergstate ly absorption of a second photon to gain enough energy to enter vacuurNdggel.
that the second photoemission can either use damephoton energy (monochromatioy a
different photon energy (biglomatic) than in the first excitatiohe kineticenergy and the
angular directionof the photeemitted electrons are measured to obtaformation of the
bands/surface states. Because ofthtes havinghort lifetimes (~10-100 femtesecond)pulsed

laser photon sources are used for 2PPE. Pulsed laser sources are also naturally suited to making
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time-resolved measurements. If the first pulse has a different energy than the second pulse
(bichromatic 2PPE), a time delay can $m between the pump andgtre pulses to measure

ultrafast dynamis of the surface states

In2PPEthe first (pump) | as e tpopulatésshe elestronshntop hot o
an unoccupied state |i>, while thepmwteandsnd (pr
the dectrons above the vacuum level; thesis intentionally kept below matet work function
such that a direct orgtep photoemission will not happen. Also, at the output energy spectrum,
there will be first a strong energy peak that correspond to directly excited secondary electrons,
from states 1wi dlestroaphorenr igtgractitns.The kinetic energy of the
photoelectronO "Q z O provides a straightforward means to determine the binding
energy k of the unoccupied state with respect to the vacuum I&iete the process is, by
definition, a seconarder process, high photon fluxes are required in order to acquire a good
signatto-noise ratio. Additionally, low photon energies are needed for the pump pulse since the
total energy of the pump must be less than the work function to aveithgjelectrons directly

into the vacuumTypically the energy of these states is betweeri .8V above the Fermi level.
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Figure 217 Schematic diagram of 2PPE laser setygical paths, and UHV chamber setup.

2.4.6Experimental Setup for 2PPE with Femtosecond laser System

The 2PPE system usedanr experimental setup, as showrFigure 2.17js powered by
a customizedlaser system with amltrafast Ti:Sapphire pulse sour¢€oherent Rega 9000,
250kHz rep. rate}he pulses of whichre amplifed inaregenerative ampliir, and then used to
drive an optical parametramplifier (Coherent OPA 940Gp provide a tunable source of visible
light. This output is then converted to UV wavelengths by second hargeneration ina 1 mm
type 1BBO crystal,thus producing a train afinableUV femtosecondf§) pulses.The UV pulses
are again compressed by another prism pair-@itAde silica) to make it a shgutilsed laser
source, before arriving the sample in the UHV chamblee. ramge of available wavelengs is ~
340- 250 nm, which corresponds @aophoton energy range of ~ 3.8.8eV. The laser has a 250
kHz repetition rate and produces pulses with enargies of the order of 1 nJ; while being focused
upon the sample, it generates a maximum fluened@fiJ/cri. The UV wavelength is determined

using a 0.25 m monochromator wahwvavelength accuracy of abouf.-hm corresponding to ~
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20 meV error in the UV photon enerdyiost of ourmeasurements were carried using the above
settings. For certain 2PPEpetiments, the remnant ~400nm laser fammOPA is used asfrobe

source.

When operating ivichromaticmode the fundamental laser pulse of wavelength ~800nm
is used and is divided by a beam splitter into two pulses. The pulse with higher inteshisggtesd
to the OPA, and will be used to generate a UV pulse following the previmesiyioned pocess,
with a selected photon energdynother pulse with lower intensity with neafrared (NIR) pulse
is compressed by a prism pair (materfaF10), with plse duration ~50s measured by our
autocorrelation measuremeniotice that the pulse split from the source is @826 of the total
power of the amplifier, such that it does affectthe OPA output. This NIR pulse is then directed
to a retrereflecta built from aset of mirrors on a motorized translational stage with minimum
step size of 0.1um for timeelay control. The stage is controlled by a LabVIEW program via a
MM2000 GPIB interfaceThe NIR pulses wilthengothroughan optimization procedutgy using
a telescope toompress the beam size, and then the pulses wilirbetedbackto the same path
by a dichroic mirrorLater, the NIR pulsewill be madeemporally and spatially overlapping with
the previously splitout UV pulses, anthis combned beam will bdocused at the sample surface
to perform bichromatic 2PPE measuremeiitse overlaping of the UV and NIR pulses was
examinedby a crosscorrelation setup built with another typeBBO crystal for difference
frequency mixing. A neutral asity filter is installed to control the intensity thfe UV pulses to

minimize the spectral bledtirough artifactsvhen overlapping the UV and the NIR pulses
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Figure 218 (a)-(c) A look inside thPPEchambed ®p lid, equipped with (padetector bx, (b)
aMCP detector, and (@rotational stage(d) A hostingUHV chamber. The fronaser entrance
window. (e) Control units: (Tojglown) customized highurrent supplyPCBcontrol unit,electron

energy analyzerion-gun controller, higkvoltage powessupply, and sampleDC bias power

supply

Photoemissiorexcited photcelectrons are collected using a 16(B6.5>mm radius)
sphericalsector energy analyzdComstock ESL01) with a microchannel plate (MCPJhe
energy analyzer has atceptor con¢hatyields a momentum resolution kf = 0.03A* andan
energy resolutionf ~60 meV @ value greater than the energy resolution lohthe short optical
pulse of 20 meV bandwidth.Ahigh-v ol t age power supply (Bertan
is connecteda the MCP. TheMCP with electron detector and the sample holddixed on
independeny-rotatable parts of thehamber; these parts ggamped separately via differential
stagesdy roughing and turbo pumpBheincident angle of the lasesfixed at 70 and the agular

resolution $ achieved by rotating the detectbn fixedrate To locatethe sample orientaticand
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position an indicator laser (Uniphase #& laser) was used. The sample is biased& to
reduce the stray electreeld effect andother electron Gttering to improve the signtd-noise

ratio. The signal received at the detector/MCP end is further aegiyia preamplifier (EG&G

Ortec VT120) and then goes to a ComstocklB$ electron analyzewhichis controlled by the
afore-mentionedcomputer Figure 2.18 shows some of the apparatus including the MCP and the

rotational stage.

2.5 Sample Preparation

~ Single-layer graphene

I um

Figure 219 An illustrative procedure of the Scotthpebased micromechanical cleavage of
HOPG.A single layerof graphene isledectedon a SiO,/Si substratéo havehigh optical contrast.
This technique applies to the preparation of other 2D materials such aab® Se. This figure

is adapted fronkef. [33].
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2.5.1Preparation of 2D L ayered M aterial

Mechanical exfoliation gavbirth to the firstlargescale graphene flakendyieldedthe
Nobel prize for Physics in 2010 fas founders and important contributors, i.e. Novoselov, Geim,
and P. KimThis idea was conceived by thesalled micromechanical cleavage of HOPG (Highly
Ordered Pyrolytic Graphite) in 2004. Since graphite is a layered material with strong intralayer
interaction but very weak interlayer bonding, applying a shear force is possible to peel layers of
graphie and leave clean, crystalline surfac&et, thefigame changerto producehigh purity
graphene comes into play when the fam@@isotch tapemet hod o6 was i ntroduce
Novoselov and @m [34], as shown irFigure 2.19.1n this micromechanical exfoliation method,
graphene is detached from a graphite srt a | using a 3M AMagic tapeo
and residues. One must first lay down clean samplaigii purity fkish graphité (Toshiba
Ceramics)and carefully stampn a section of the tape. After peeling it off the graphite, muitiple
layer gaphene remains on the tape. By repeated peeling off and stamping on the -taykiple
graphene/ore to increase its coverage on the tape, the graphite will be cleaved into various thin
flakes. Later, the tape is attached to the substrate, which is aftematisilicon substrate with
285rm SiQ providing the best optical contrast $eethe thin flakesdue to interference effect
[35]. To remove the tap@ne either clean the sampledissolve the residuesdm the tape, i.e.
glue by acetone, or carefulpeel offthe sample fronthe tape, to finish the exfoliatiomhe flakes
generated this way exhibit differeaize and thicknesgndrangein sizefrom nanometers to
several tens of micrometershis methodhas been proven to smple yetpowerful. The &
exfoliated graphene are clean andvefy high quality (also depending on the purity of the kish

graphite.)However it is labor intensive and lack of scalabilifyor our research on 2D material
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propertiessuch as graphene, MgSNSe, and many othersamples prepared viaechanical
exfoliationare ideal for optical and photoemissimeasurment. However, to really fully exploit

its potential for industrial applications, largeeamass production methods are required.

Thus,chemical vapor deposition §D), a chemical process used to produce high quality,
high-performance, solid materials, has also been introduced to prepare 2D matbe&ls/D
process is a commonly used technique in the semiconductor industry to produce thin fms. In
typical CVD process the wafer (substrate) is exposed to one or more volatile precursors, which
react and/or decompose on the substrate surface to produce the thesifiith constituents
Frequently, volatile byroducts are also produced, which are removed by gastfirough the
reaction chambeAlso, CVD is widely used in mrofabrication processes to deposit materials in

various forms, including: monocrystalline, polycrystalline, amorphous, and epitaxial.

In our experiment, we usgVD-grown MoS and graphene forarious applicationsTo
obtain highquality monolayer Mo$ flakes,a specific CVDgrowth technique[36] wasadapted
using Si substrates with a 285#hick thermal oxide. The substrates were first cleaned by Piranha
solution and @plasma etching (5 minJhe growth used a soksburce transport approach, with
samples mounted upsid®wn above the Maource crucible. Mogand sulfur were used as solid
precursors in separate crucibles, with the furnace temperature rampedQoirr @ N-filled
environmenunder laminar flow condition. More detailed temperature ramp/precursor flow steps
are described in the supplementary materiaReh [36]. Transferred CVD Mogislands were

obtained via a PD®ased liftoff process and placed onto a nat&€,-on-Si sibstrate.More
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details regarding the transfer process is in the following sed3ast.transfer cleaning was done

in an ArN2 flowing furnace at a temperature of 2for five hours.

Note that to examine the quality and thickness of the MwSrapher flakes,Raman
spectroscopy and photoluminescence (PL) were used to determiagetireimber oflayered 2D
materialsin eachexfoliatedflake or CVD single crystal. Separate PL experiments also provided
information about the electronic structure and ligpaln this thesis, theRaman and PL
measurements were accomplished using a Renishaw InVia Raman Microscope with a 532nm laser
and an 1800 lines/mm grating. The laser power was 100uW and the collection time was 20
seconds. The layer number of Mp®/Se, or graphendlakes was determined via Raman phonon

modes Ekgand Ay, PL,AFM, and opticalcontrast analysiall together.

2.5.2Review onTransfer Techniques

In order tomanipulatehe asgrown CVD flakes or agxfoliated thin films, several transfer
techniques were introduced in our workhis section will brieflydiscussthe two major transfer
techniqueghatwe usedi the wet andhe dry transferusing solvents, etchants, and polymérs
wet-transfer technique using PMMA polymer was first introducee@ponse to the need to use a
different substratenativeoxide Si,other than the typical 285nm SiSi chip. In this thesis, we
started with usingdoliated MoS samples prepared by mechanical exfoliation on a clean 285nm
thick SiQy/Si substrate. Dueotthe insulating nature of SiQOthe exfoliated Mosflakes were
grounded via thermally deposited Au/Cr contacts, which were patterned using TEM grids as
shadow masks. The metal contacts floe small flakeMoS; i.e., < 5um, can provide enough

conductivity to convey a high flux of charges generated during electron microscopy or
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photoemission process. Thagpproachalso depends heavily on sample and contact geometry.
However, n ARPES measurementsjth Mo, flakes of size 10pum+, the metal contagdtsnot
allow good electrical contact with the sample graufitereforean alternative sample preparation

method was needed

Our alternative approach wasweet-transfer processThis methodinvolves exfoliated
samplesand used the following procedufest, MoS; flakes were exfoliated on a Si chip covered
with a sacrificial organithin-film transfer layer[23] in order to transfer onto the lithography
patterneedmetal Si substratéhe transfer layer here was prepared by-gpiating a layer of 5%
Polyvinyl alcohol(PVA) agueous sation onto a clean Si substrate awvith another poly (methyl
methacrylate) (PMMA) layer on tofd his sample was theannealed at 13CQ for two minutes to
form an overall 280nnthick layer. Noé that this transfer layer iahe same optat sample
visibility as the 285nm Si© The thickness of the MoSflakes were exfoliated and then
characterized using optical contrast microsc@8] and Raman spectroscop39], the same
procedure as preparing them on a typical 880chip. Subsequentlythe samples were gently
rinsed in distilled water to dissolve the PVA layer, leaving the PMMA layer with Mages
suspended on top of the solvent. After removal from the solution, the film samples were left to dry
overnight on a metal scoop and weusended. Later, the film samples were placed carefully on
the target substrai@ativeoxide Si chip in this casgnd were aligned witthe help of a long
focus microscope on a transfer stage (a customized 3 axis stage for transport meayurement
Additional annealing at 16C released the MeSlakes on the desired substrate. Later, samples

were rinsed in acetone solution frleast24 hours to further remove PMMA.
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For CVD-prepared sample, we used an e&dsisted transfer process as follows: PMMA
layerwere spincoated onto CVD Mofflakeson Si@ Si chi ps at 4000-r. p. m.
nm-thick layers. The chips were floatedo 1  Mto Kei@ddehe silicon oxide eplayer, causing
the chips to fall off, and leaving the polymer and I#oBated polyner membrane floating on the
liquid surface. The membrane wtentransferred ta deionized waterwashedseveral times,
and then was scoopedto aTEM gridto leftdry. The TEM grids with MoSwas baked in UHV
condition at drotten BRE inf ao atmosphenimpuesssire Ar/H2 gas flow for
4 ours to remove PMMA. Before atomieresolution imaging or any opical/electronic
spectroscopy measurement, then sample were takeadight in anUHV chamber at 35 A C.
Note thatthe CVD sample preparedishway was inevitably suffed certain degree of
contamination or surface residues, and thhe quality wa degraded. Also, the watansfer

processometimeslso inducd wrinkles and folding ithe Mo$S flakes.

In an attempt to ease the above mentiodedvbacksof a wet transfer procesa dry
transfer technique was developedfalows: first, CVD-grown MoS on SiQ/Si wasattached
with a polydimethylsiloxane (PDMS) stamp pressetbdhe MoS surfaceso asto support the
flakes and protect the surfacThe chip was carefully laid afloat tmve 1M KOH solutionsurface
(Mo, side facing up) to etch away the Si€pilayer, causing the chips to fall off, and leaving
the PDMS/Mo$ stack in solution. Later, the stack was rinsed with DI waterdlegd fa a day,
and stamped onto the target substiatith low heating (3840 °C), thePDMSlayerwas removed
mechanicly andthe MoS in vacuum desiccator for a dayowever note that even though the
dry-transfer method provided a cleaner sample surfaceR IS used in the method still left

residuethat, in some cases, hampers the measurement.
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Therefore, asubstitute of the PDMSgellulose acetate butyrat€AB) polymer, was
introduced in the later stage of our experimente transfer processenworkedas follows: first,
the CABwas spinrcoated on thtMoS, chip. The CAB/MoS; stack waghenstamped on a native
oxide Si substrate r s ub st r at Bhe whble ahip wadheninimerked in acetone to
dissolvethe CAB layer, rinsed in DI water, arfohally dried in vacuum desiccator to complete the
transfer.CAB was used because it hgenerallya strong bond to 2D materials, so it is ideal for
picking upflakes.Depending on the type of 2D materials, CAB polymer was used to complete the
transfer proces#\lso, the use of CAB polymeasrovides anew way to pick and stack a multilayer

heterostructures

2.5.3 Cu(111) and Ir(111Bubstrate Preparation

In our molecule/metal or graphene/metal model systentsgh-purity (99.999% purity)
singlecrystal coppeor iridium sample of 1.Z2m diametedisk wasused andut to the desired
(111) orienations of the crystaln ourexperiment, one disk of our chois&sbounded along the
pre-engraved side trench by a Ta (Omega, 0.01 inch) wire that connected to twarekeoutside
the chamberThe samplevasthus connected via the electrodes to a power supply for resistive
heating.The samplavasthen placed into a UHV chamber (base pressure less tha6? Torr)
equipped with an ion sputtering gun, a fewergy ebctron difraction (LEED) instrument, a
guadrupole mass spectrometer (QMS), and a spheecabr electroenergy analyzerAlso, to
measure the temperature, d@ye thermosouple (Omega. 0.08¢ch chromel and alumel hybrid)
was placed at the side of éhcopper or iridium substrateith UHV-compatible glue, and vsa

connected to another pair of electrodes outside the chamber to a thermometer.
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The sample wasleaned by several sputtertagnealing clean cycles. A cycle includes
Ar+-sputteringat 1.5keV for 20 min and subsequent annealing to 5800°C. For iridium, the
annealilg temperature required is 88050°C, such that an electrdreamheatingwere prepared
using a customized tungsten filament and high voltage sobath samplgreparation cyclavas
repeated until sharp LEED spots are obserted.a freshly installé sample, 8.0 times of the
cleaning cycle wer advised. Otherwisé& removemolecules or CVD graphene thiiim to reset

the sample surfac@;3 times of the cyclshould besuffice
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Chapter 3

Substrate-Dependent Long-Range Surface Structure of Singld.ayer
and Multilayer MoS2 7 A Low-Energy Electron Microscopy and

Microprobe Diffraction Study

AThe beginning is the mBlagThéRegic t ant part of

This chapter tells how our journey towardderstanding MoSand other TMDCdegan.
First, he longrange surface structure of the dichalcogenide Mu&s probed with nanometer
length spatial resolution usingeEM and ¢LEED. The quality of two differently prepared types
of M0oS, singlelayer andmultilayer exfoliated crystals, as well as singiger CVD-grown
crystals, wa examined. The effects induced by a supporting intevi@ceexamined by utilizing
two different substrates, Si@nd nativeoxide-covered Si. In addition, the role of impuesiwas
also studied by way of situdeposition of the alkalmetal potassium. Microprobe measurements
reveaedthat, unlike exfoliated Mo CVD-grown MoS may, in some instances, exhibit large
scale grairboundary alterations due to the presence ofasarktrain during growth. However,
realspace probing by LEEM in conjunction withskace probing by LEED shows that the
guality of CVD-grown MoS can be comparable to that of exfoliated M8 short, he work

presented in this chapter laid foundatfonall of the later works to succeed.
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3.1Introduction

Singlelayer MoS is a metal dichalcogenide twbmensional crystal, that has emerged as
a representative of a new class of mate with distinctive physicdLl], electronic[2][3][4][5][6]
and optcal [8][9][10][11][12] properties. Due to its semiconductifig][8] nature and large
intrinsic qotical direct bandgap of 1.8 eW], monolayer (ML) MoS; is ideal for potential
applications in nanoptoelectronics and energy harvestiRgcent tudies in catrolling dynamic
valley-spin polarization in ML Mogfilms [9][10][11] also suggest initial exploration of spintronic
applications. Finally, a&rious forms of MoS such as nanotubg43], nanoparticled14] and
monolayer films[15][16] have been exploreddowever, while extensive research has been
performed on preparation of carbbased materials, including monolayer graphene, studies on the
crystal growth of monolayer Ma&re relatively sparse. Among the existing studies, it has been
demonstrated that perystalline monolayer Mogcan be grown via solidourcechemical vapor
deposition (CVD) [16][18][19][20][21][22], allowing its use in thiffilm micro-device
applications. Recently, the Hone Group and their collaborators have shown that it is possible to
grow highquality, ML-thick-crystals of MoSwith typical sizes of a few hundreds of micrometers,
which have optical and transport properties comparable to those of exfoliate{@¥o$ short,
these developments suggest sifgler MoS, including nav CVD-grown material, as an ideal
candidate for building atomically thilayered electronid23][24][25], optical [7][26], and

photovoltaic[27]devices.

Despite the promise of this relatively available {imensional (2D) material, its

characterization Isbeen generally limited to optical and transport probes. Furthermore, the almost
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exclusive use of a thick oxide as the supporting substrate has been important in order to allow
optical microscopic characterization of the 2D material. Hence, to the bmst kiiowledge, this

has prohibited studies of this material on other surfaces, and it has precluded the discovery of
potentially rich interface interactions that may exist between a 2D dichalcogenide, suchas MoS
and its supporting substrate. In ordestudy monolayer Ma®n other substrates other than thick
oxides, it would be ideal for an investigative technique to possess the following three imaging
modalities: (1) reaspace microscopy which would allow locating of Me@mples, (2) spatialy
resdved diffraction which would allow confirmation of crystalline quality and domain orientation

of MoS; samples, and, (3) spatialtgsolved spectroscopy, which would allow electronic structure
mapping of MoS samples. In this work, we use electron micropin an ultrahigh vacuum
(UHV) environment to achieve the first two desired imaging modalities orn Blubdiscuss new

insights into Mo% materials that are afforded by this technique.

Specifically, this study has characterized and probed mand multilayer exfoliated
MoS; and monolayer CVEgrown Mo$S using a higkresolution direct imaging instrumeniz. a
spectroscopic photoemission and femergy electron microscope (SREEM) [27][28], which
is capable of carrying out structural and spectroscapadysis of the sample at the nanometer
scale[29][30][31]. Our studies provide information about the surface corrugation and crystalline
structure of the ultrathin films under investigation. Our measurements were carried out on two
different substratesheérmally-oxidized 285nm thick Sié)Si wafers and a Si wafer with a thin
native SiQ film. Our results complement earlier optical studies, done using Raman and
photoluminescence (PL) measuremdiif3][16]-[21]. Furthermore, in order to tune the Fermi

levd and/or work function of MoS2 via surface dopii32][33], we have used atomic potassium
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dosing. Note that this doping is domesitu, thus allowing the surface morphology and structure

to be examined by LEEM and microprobe tewergy electron diffractio (u-LEED) in the
presence or absence of doping. A comparative analysis of the results obtained frosamio8s
fabricated with different methods and on different substrates provides understanding of the
properties and qualities of C\VBrown MoS, and skeds light on potential applications of
monolayer CVD Mo$ for improved electronic and optical devices, and on-divoensional

conjoined materials, such as heterojunctions with grapf2&i83][34] and other 2D materials.

3.2 Experimental Methods

The samfes examined here were either mechanically exfoliated or prepared by CVD
growth on a highguality SiQ/Si substrate, as first describedRef. [21], and they were examined
on the growth substrate or transferred onto Si substrates, with thermally growativeroxide
overlayers, ging sacrificial polymer laye86]. The samples were then annealed at850nder
a laminar flow of N/Ar to complete the transfer procedure. Prior to SIFEM experiments, the
samples were degassed at 36dor several hourander UHV conditions. In certain experiments,
the samples were surfadeped with different levels of potassium while in the LEEM chamber

(see below).
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3.3 Experiment Results A. Calibration Experiments onExfoliated Mo,

3.3.1LEEM on SiO2-Supported Exfoliated MoS

LEEM measurements were first carried out on mechanically exfoliated, KMal&s
preparedex situona silicon wafer with a 28&m-thick SiC; overlayer. Since LEEM imposes a
relatively large incident electron flux of 5X&€ect um? onto sampés with areas of 2050 pn?,
preventing or reducing charging of the sample was necessary to perform LEEM measurements.
The low mobility of ML dichalcogenide systems, especially M[33][38], makes this charging
issue even more severe. Thus developingrategyy for eliminating charging was a major
experimental necessity. Our initial approach was to bring Msl8@nds into contact with a
uniform-potential metallic plane by employing Au grids, which were in electrical contact with the
|l ocal inshdaoamemhi 8gapproach was realized by u:
(TEM) grids as shadow masks to create thermally evaporated Au/Cr/Al, 40/5tfiakmmetal
contacts on Mo&slands, as shown iAgure 3.1 (a) and p). Note that in ilgure 3.1 (b) the profile
of the MoS sample buried under the contacts can be clearly seen via reflectivity differences
between the contacts and the MoSn t hi s LEEM i mage. Despite ¢t}
charging of the sample effectively prevented LEEM undatinaous electron beam illumination.
The very low mobility of Mo$ (<10 cnf/V-s) [37] prevents compensation of the charge that
accumulates in the thick Si@vhen it is irradiated with electrons in LEEM. In other words, the
flux of incoming charges is mudarger than the ougoing flux which is conducted to ground by
metal contactsCharging was present over a wide range of grid spacing8@am) and contact

thickness (5 100nm). For the example of the Mo&mple inFigure 3.1 (b), which consists of
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1ML and 2ML regions, the boundaries between the two regions, as well as the edges of;:the MoS
sample in contact with the metal, became blurry after extended (> 5min) exposure to the LEEM
electron beam. In an attempt to inhibit charging, potassium deposisisririgd; however, this
proved ineffective. Note however that in the case-bEED measurements, the incident electron
energy was much higher (2@00eV) than in the case of LEEM. This higher energy range led to

a reduction in surface charging due, imtpto a higher secondary electron yield which helped to
balance the incident electron flux. Thus, in this case, it was found that a Au grid was then sufficient

to satisfactorily reduce any chargeluced distortion of the LEED pattern.

Scoop

Water soluble PVA layer
MoS, on PMMA layer

-

o

2o
°
2

|

02 By —u—N
|

i it

a3
D4

S .
20 30 40 48
(eV)

FWHM relative to bulk
»

- N W

1ML 2ML 3ML 4aML
Layer number



72

Figure3.1 Exfoliated MoS on SiQ and Si(a) Optical microscope image of an exfoliated®ML

Mo$S; flake on SiQ, with both its top and bottom side contacted. The bright areas correspond to
Au/Cr/Al contacts. (b) LEEM image of the same sample. At an electron ener@@edf,he Mo$S

beneath the metal contacts can be clearly seen. (c) lllustration of the transfer process of exfoliated
MoS,. The PMMA film with exfoliatedin situ andbondedper seMoS; thinf | akes 1 s fAscc
upo and stamped on Q@pticluncedcapaimage af dn exfotiated mixed t . (
layer flake on Si@ before transfer; and (e) after transfer to Si and probed by MEM imaging
(0.08eV). (f) LEEM image (5eV) after removal of background signal; (g) MEM image (0.08eV)

after K doping. (h(k) u-LEED patterns at 48eV electron energy on exfoliated MoSIML post

transfer to Si. For samples with thicknesses >1ML, the LEED signal quality is akin to that of a

bulk crystal. Also, the LEED (00) spot width decreases with increasing layer numbaH.\{fjdth

at half maximum (FWHM) of the (00) LEED spot for AML Mo$S; flakes relative to that of bulk,

measured at 20, 30, and 40eV. The inset shows the extracted decay rate of the FWHM with

increasing layer number as a function of electron energy.

By using a shorturation (3- 5min) LEEM electron exposure before the full onset of
charging, measurements of a mejdabl-covered Mo$S surface were possible. These
measurements showed a relatively defes¢ surface structure, as compared to the speckled
appearance of graphene on $[39]. In Figure 3.1 (b), the LEEM measurement shows that the
image distortion happens mostly on the borders of Ma@h SiG and with Au, as a result of
charge accumulation. This gives an idea of chéngesfer dynamics imsulator/dichalcogenide
and metal/dichalcogenide systems, and the opens the possibility of studying it more extensively

using a derivative of this technique.
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3.3.2LEEM on Si-Supported Exfoliated MoS2

In order to improve the quality of our LEEM measuretagan alternate approach was
used, namely transfer of the sample to a Si substrate covered only by @rete/ayer. A similar
approach has been reported previously for imagingtM¢k organic materials of low mobility,

i.e., using a conductive subste so as to provide a largeea channel for charge dissipat[d0]

in an effort to balance the huge incoming flux of charge from LEEM. The transfer process is
illustrated inFigure 3.1 (¢). While use of this nativexide-covered substrate entailed a ne@o
complex sample preparation procedure, tunneling through this thin oxide from thesbfofle

was found to be effective in preventing charging. However, thentine oxide, typically of ~10

A thickness was too thin to allow sufficient optical contfasteasy optical examination of the

Mo$; thin films. Thus a Si sample with a standard 30@hioknessoxide overlayer was used for
exfoliation and initial sample handling followed by transfer of the Mo%& separate nativexide-

covered Si substrate faEEM imaging of the sample. Figures 1d and 1e show examples of optical
and LEEM images of a MaSlake before Figure 31 (d)) and after Figure 31 (e)) transfer. It is

clear from the sharp image resolution that this approach prevented significamglodtge MoS

flake. In addition, LEEM imaging was relatively uniform across the surface, except near the flake
edges. In our LEEM imaging, the electron energies were chosen to obtain good contrast between
laterally adjacent MoSsamples of different thkmesses. Note that removal of electretétector

screen artifacts and background signal, by background subtraction of a scaled background image,
also improved the image contrast, as showhkigure 31 (f). Finally, as in the Si@substrate
supported case. EEM measurements of Me%/ere performed after deposition of potassium; see

Figure 31 (g). The figure clearly shows that the quality of LEEM images and layer contrast were
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improved by the presence of potassium, and as expected, an overall lowergsgofkiunction
also occurred. Note that the changes in local work function can be calibrated and measured by

mirror electron microscopy (MEMX}1][42][43] via changes in the electron refledly [44].

Thus our results show that a doped Si substrate,iewée presence of a native oxide, can
ground typical Mo% samples such that loftgne-scale lowenergy electron microscopy can be
used for higkresolution imaging of Mo&In addition, our results show that potassium deposition
enables enhancement oétimaging of surface structure down to ~0.5 um size. This appears to be
due to preferential nucleation of potassium at defect sites, as supported below in our measurements
of potassiurrdosed CVD grown MoS More generally, this procedure serves as a ussétthod

to enhance the imaging and diagnostic capability of LEEM.

3.3.3 Potassium Deposition

On both exfoliated and C\VAgrown samples, we deposited potassiarsituin the UHV
chamber of the LEEM/MEM/PEEM system using a commercial (SAES Getters)-rakbdzli
dispenser as a source. The temporal variation of the potassium surface concentration could be
monitored using MEM imaging, orthessoa | | ed @ L E E M*KF“Zirwbich reflectdde o ,
electrons from the surface were collected at a frame raté sf. In MEM, when the imaging
electrons have energies lower than the mirror potential value, they are reflected back before
reaching the sample surface, resulting in high intensity in the corresponding MEM image. At
energies corresponding to a mirratential, the electrons just reach the sample surface, and the
reflected or backscattered intensity is the lowest. Changes in the apparent mirror potential (changes

in the imaging electron energy corresponding to mirror imaging conditions) in the MEMsmage
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directly correspond to the shift in the effective surface potential. Such potential shift towards lower

value is regarded as corresponding to lowering of the work function of the surface.

3.34 LEED on Si-Supported Exfoliated MoSz

The crystal quality andrientation of our 2D materials were probed in reciprocal space
using KLEED. Initial experimentation showed that an atomically flat, skuglsain crystal flake
with an area of > 10 x 10 |frwas needed to obtain a sharp LEED pattern. Using samples that
conformed to these criteria, LEED measurements were f or me d -ad ro n-@aMlLt dn d
islands, along with a thin bulk MeSlake, shown inFigure 31 (h)-(k). Note that for a Mo5
sample with a layer thickness greater than 1ML, the LEED pattern was alnsisrpsas that
from bulk MoS. The mean free path for 48eV electrons, usddgare 31, is~5.17A [45][46],
which is comparable to the thickness of 1ML Mp#his suggests that LEED spot broadening
observed for 1ML Mo%(Figure 31 (h)) is, in part, dudo scattering from the substrate. With
increasing MoSthickness, this scattering contribution would be expected to decrease, as is indeed
shown inFigure 31 (i)-(k). Our observations of the width of the specular (00) LEED spot support
this assertion, ahshow that background scattering from the substrate is diminished for > 2ML
MoS,. Spotwidth broadening may also be due to subtrattédced roughness, in which the
corrugation of the MogSconforms to the corrugation of the underlying substrate, ag isa$e in
monolayer graphen@9]. However, monolayer MaSs much thicker (three atomic layers) than
graphene (one atomic layer), and is expected to be much more rigid; the elastic bending modulus
of MoS2 is calculated to be 9.61 eV, which is much latigen that of graphene, i.e. 1.4 g\].

Thus we expect the effect of substratduced roughness to be less in ML Ma®mpared to
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graphene, though we cannot completely rule it @dhile beyond the scope of the discussions
here we note that an electraanergydependent LEED spatidth analysis, which takes into
account the different contributions from Mo and S atoms, could provide important information

regarding corrugation in monolayer and midiyerMoS [39][48].

To summarize, our surfacensitive eciprocalspace measurements reveal singlestal
Mo$S; after transfer, which complements and verifies the abovespeale LEEM measurements.
Analysis of the width of the (00) spot reveals a monotonic decrease with thickness, which is
attributed to a deease in the scattering of leenergy electrons by the underlying %€

substrate.

3.4 Experimental Results: BExperiments on CVD-Grown MoS>

The procedures required for successful LEEM imaging of exfoliated>MtiScussed
above, allowed uso carryout LEEM measurements on CVD Mg$lands grown on Si©
substrates. The growth of CVD Mp8n SiQ has recently been shown to result in the growth of
2D islands with a weltlefined set of shapes. One particularly distinctive and prevalent geometry
is a ML-thick triangle, with two different types of eelgermination[21]; another frequently
observed shape is that of a ML hexagr&gyre 32 (a)-(c)). The triangulaishaped MoSislands
are singledomain crystal§21], and exhibit only a slight deformation attbenter and at the edge.
The sixpoint starshaped islands, on the other hand, exhibit centrosymmetric, cyclic, Htmror

boundaries, based on ddi&ld (DF) TEMmeasurement{21].
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Figure 32 CVD Mo% on SiG (a), (d) LEEM image o€VD multi-domain MoS stars on Si@

In (a), two stars to the left were grounded by Au/Cr/Al contacts, as shown in the optical microscopy
inset. As can be seen, however, the persistent onset of charging quickly leads to blurring of the
LEEM images. The star to the right whiare notconneceédto the contacts, i.e. is not grounded,
andshowsweakcontrast difference (except for its perimeter) compared to theli€kground.

(b), (e) LEEM images after potassium deposition. Potassium deposition enhances the conductivity
of the goldcontacted MoSand lowers its worfunction. It also enhances the contrast of the MoS
islands and their sulfeberminated grain boundaries, revealing a Miia structure that extends

out to the grain boundaries. The yellow dashed lines indibatgrain boundaries that separate

crystalline domains. (c) zooméd LEEM image of the selected area in (b). (f) Photoluminescence



78

mapping of an asymmetric muliomain CVD MoS island of comparable size to that of the star
in (d) (no potassium doping). Bimageshows that the vethke structure is not due to potassium
doping but is rather a unique feature of CVD Mg@®&w on SiQ. The electron energies used in

LEEM are (a)(c) 0.84eV and (d)(e) 0.06eV.

3.4.1LEEM on SiO2 Supported CVD MoS2

Our growthprocess did not use any form of seeded or nucleated growth. Instead, the best
growth condition was obtained with fully cleaned S8Dbstrates. The average MaSland size
ranged from 1 to 100em, andcd Mestislangsweraiimiynant | vy
1ML in thickness, except for a few islands that exhibited a bilayer or multilayer hexagon patch
located in their center region. When present, this patch was no larger than abiauitiorod the
i slandds di mensi on. >dWMBEik}are shaw eFgure3? (QJ@NB2 (Mo S
In Figure 32 (d), alarge Mogstar (=5 m f r om si de t o si-dmewdeAus i n c
grid, with a line spacing of 22/m. As was the case in our experiments on exfoliated:MnS
SiOy, charging effects persisted even in the presence of a metal grid, with LEEM images becoming

blurred especially near island and contact edges during extended electron exposure.

Potassium deposition, though ineffective in eliminating charging, was found to enhance
the imaging of surface corrugation. Potassium was deposited until the change in thenatook fu
of MoS had saturated with respect to that of the insulating ®i&kground as monitored
dynamically by MEM.Figure 2b shows a LEEM image of a stdwaped island after potassium
deposition. The dark dots as marked oufigure 32 (b) on the MoSisland are due to residue

originating from the CVD process and can be removed via annealing as was confirmed by LEEM.
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One of the most interesting aspects of this figure is that it reveals finecigalike topography
patterns; a more detailed image abtpattern is shown iRigure 32 (c) and €). To confirm that

the leaflike structure was intrinsic to the Mpfstead of being derived from potassium nucleation

or intercalation, the amount of potassium deposited was varied; it was then found tladiettme p
persisted. However, after annealing the sample for two hours 8C3@0remove potassium, the
pattern was no longer visible. By increasing the doping level, the contrast between peaks and
valleys of the leafike topography pattern increased, altigh the underlying pattern remained
unchanged. This result shows clearly that the deposited potassium enhanced the contrast of our
LEEM measurements for the Si®upported samples. To further confirm this intrinsic vie
micro-structure in CVD Mo& we performed PL mapping on a Mdfake of the same origin but
without any doping. The result is showrHigure 32 (f). The spatial variations of the PL intensity

are consistent with the micesiructure observed by LEEM on potassium doped samples. One
plausible explanation for this phenomenon is that thellkafpattern is formed from surface strain

built up during the CVD process. Surface strain is kn¢@aj[22][40] to create pentagerand
heptagorshaped Mo$% microstructures that are derived from hgma MoS by sulfursite
substitutions at one of the sharing Mo sites; this microstructure, with alternatin@®ld Mo,

rings, corresponds to the recently reporteddviented dislocation found iRef. [22]. Moreover,

surface strain can also create84-4 type of fold of MoSrings as reported ind®. [21].

Thus in summary, our LEEM observations show by direct imaging that thehstped
crystals are mukdomain crystals, with crystal grain boundaries, that can be resolved through
potassium dopingThough we did not perform DEEEM measurements here, we note that

corresponding DHEM results can be found Ref. [22]. This potassium dosing also reveals vein
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like surface structures, which are attributed to gremtiuced strain. This observation oeciles
photoluminescence measurements, which show similar nanostructures, albeit with lower

resolution.

Figure 33 CVD Mo% on Si (a), (d) LEEM images of selected islands with star and triangular
shapes, respectively. Sharp edges indicate they aseeiviinated22]. In (a), the dark lines are

the cracks along the domain boundaries after the transfer process. (b), (e) LEEM images showing
the islands after théirst potassium doping cycle (see text); note that the reflectivity of the
background Si substte was raised by doping, indicating a lowered work function. Potassium
nucleationislands(marked by the yellow arrows) form on the surface upon potassium deposition.
The density of these islands increases with potassium deposition. (c), (f) LEEM ialcayeafter
potassium was removed from the surface via annealing &CL&0 1.5 hour and then at 380

for 15 min. This annealing reduces the density of the potassium islands and returns the work

function to its original level prior to potassium depiosit (g) A sketch illustrating how the CVD
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MoS; adhered on a PDS layer was transferred onto-pgiterned Si chip. (h) LEEM images with
examples of polycrystalline MeSggregates of different orientations obtained under different
growth conditions. Intis particular case, differently oriented domains of kefnds intersected
during CVD growth, and exhibited fracturing along their faceted tilt grain boundary after sample
transfer. The electron energies used in LEEM are (ag\0.@) 1.9eV (c) 1eV (d) 0.54eV (e)

2.1eV (f) 1eV and (h) 0.5&V.

3.4.2LEEM on Si-Supported CVD MoS2

As mentioned above, optimal electrprobe measurements required transfer of €VD
grown MoS islands from the SigSi substrate to a natixexide covered Si substrate. Desadlf
the transfer process for CVD Mg&an be found in the Supplemental Materjagy; after transfer,
MoS,/Si samples were annealed at 3860or 12 hours under UHV prior to measurements. Figure
3 shows LEEM measurements of the transferred 2iBd&dsthese measurements examined the
structure and quality of the transferred CVD Ma®ystals. InFigure 3.3 & and ¢), LEEM
images of transferred M@Stars and triangles show that the transfer process was successful in
preserving the structures originatiyown prior to the transfer step. Fractures or cracks, however,
were observed along the domain boundaries ofsstaped and other multiomain MoS islands,
as shown irFigure 33 (a) and f). Given that these cracks are not seen in théransferred @D
samples, it is assumed that that the force exerted during the stamping step of the transfer process
led to the fracturing. In contrast, trianglbaped islands did not display any fracturing, which may
be explained by their singldomain nature, as canhed by previously reported TEM

measurements performed using Mo8 TEM support gridi21]. Besides the muktlomain nature
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of some of t h dEHpPmeasurements pfexfotated and Ggdwn MoS were
found to show comparable crystallinityp di cati ng they are-LBBED si mi |

measurements are discussed in detail below.

Given the value of using potassium deposition to enhance topographic features in SiO
supported CVD Mog this same approach was used to investigate the popsésence of fine
topographic features in Si supported CVD Ma$Bystals. As in the exfoliated case, potassium
dosing led to a 1.75 eV reduction of the Ma®rk function. Unlike the case of SiQupported
CVD Mo%; (seeFigure 32), however, LEEM measuremis on transferred MoStars revealed a
smooth and vekfree topography, as verified under different doses of potassium. As shown in
Figure 33 (d)-(f), LEEM measurements taken after doping with a dose equivalent to that used in
Figure 32 (b) and €), revealed no fine vein structure. The absence of the vein structure is attributed
to a release of gromdimduced crystal strain during sample transfer. On the other hand, it was
observed that potassium deposition did in some cases lead to submicron nuctebtitnMo$S
islands and the Si substrate, at sites of surface structural impurities. At room temperature and under
UHV conditions, it has been shown that adsorbed potassium does not intercalate with bulk MoS
[50], unlike the case of Cs on bulk Mg[51], and that adsorbed potassium can be removed from
the surface by annealing, which occurs at a temperdpendent desorbing rd&]. It was also
found that adsorbed potassium forms 2D islands on bulk: ioSw coverage and that coverage
can be calitated using changes in the work functifs0] In the present case of ML MgShese
potassium features nucleated preferentially around defects and/or impurities at low coverage;

furthermore, we observed that the density of these nucleation increasedtagsiygm dose.
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Having investigated the effects of potassium deposition, as described above, we
investigated the ability to desorb it by subjecting the sample to different annealing treatments.
While annealing at 186@20°C for 70 minutes did not producesggnificant change, subsequent
annealing of the sample at 13D for 30 minutes decreased the density of potassium nucleation,
as shown irFigure 33 (c) and 3f. In addition, LEEM measurements of a-steaped MoSisland
after annealing revealed a cleenystal with welldefined edges, while in the case of a triangle
shaped Mogisland additional annealing at 358G for 12 hours was used to obtain a cleaner
triangleshaped MoSisland, with little to no evidence of potassiuithus,potassium deposition
appears to be a nedestructive and reversible technique for enhancing the study of monolayer

Mo$S; using electron probe based instruments.

To summarize our observations in this section, LEEM measurements enable examination
of the0.5 um-scale structure ofansferred CVD grown MaSIn addition, these measurements
revealed occasional fracturing of medidbmain crystals, which was observed to occur along grain
boundaries. In contrast to-gsown, CVD MoS supported by thick SigSi, transferred CVD
Mo$S, doesnot exhibit a veirike surface structure, which suggests that grewtiuced strain is
released upon transfer. As in the above cases, potassium deposition is a useful diagnostic technique
in enhancing contrast, because it preferentially nucleates atiiyngiod defect sites, and as shown

in this section, is also netestructive and reversible.
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Figure 34 Comparison of IML MoSu s i ALGEDga)(c) CVD MoS on SiQ, (d)-(f) CvD
MoS; transferred onto nativexide terminated silicon, (gj) exfoliated andtransferred onto
native oxide terminated silicon. (a), (d), (g) LEEM images at energyed/06.46eV, and 5eV
respectively. (b), (e), (h) corresponding LEED patterns a\48lectron energy. (c), (f), (i) LEED
at 50eV. The LEED pattern shows traneits between-3and 6fold symmetry at different electron
energies. Also, the (00) LEED spot widtfor (d) and (g) areomparable. (j) Intensitpormalized
line profile of the (00) LEED spot of CVD and exfoliated Mafd Si; horizontal axis units ane
Al (k) Comparison between pteansferred Mogon SiQ and postransferred Moson Si for
two different energies. The relative FWHM values are derived from the (00) afidstrerder
spots of the CVD Mog&divided by that of exfoliated Ma®n the sameubstrate.

3.43 LEED on CVD MoS2
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The crystalline structure of CVD Me@%®vas investigated usinglEED measurements on
our two types of substrates, as showRigure 34. As tLEED is sensitive to crystal deformation
on length scales from ~20 nm to intemraic distances, it complements rsplace images by
providing additional information about surface deformation at very short length scales, nea~10
or less.Figure 34 (a)-(c) show measurements on one domain of an electrically contacted multi
domain sar-shaped CVBEgrown crystalLEED measurements alternated between tholkand
six-fold symmetric patterns with increasing electron eneildi@s The alternation between three
and sixfold diffraction symmetry corresponds to the LEED beam probing riae the top
atomic layer. A complete explanation, however, would reqapplication of LEED multi

scattering theory over the electron probing depthichkvis beyond the scope of the discussion here.

As shown inFigure 34 (d)-(f), LEED patterns taken fro transferred CVD MoSare
identical to those from netransferred CVD Moson SiQ, except for a broadening of the spot
widths. In the case of exfoliated MgSa similar broadening is present after transfer to a Si
substrate. In order to determine if thimadening is intrinsic to MeSather than extrinsic in
nature, we undertook the following analysis. First, we analyzed the widths of the first order
diffraction spots since these spots are derived solely fronp liod thus minimize any possible
spotwidth broadening originating from the underlying substrate, which would appear in the (00)
spot. Second, we analyzed the spot widths not only for the case of a transferred exfoliated
substratesupported Mo% but also for a transferred exfoliatedspended/10S,. In this case, the
MoS; is supported above a well, etcH&8] in the Si, as shown iRigure 34 (g). We find similar
spot widths for the supported and the suspended case, which leads us to attribute the spot width

broadening postransfer to primarilyintrinsic factors. Although the exact origin of this spot
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broadening is unknown at this time, given that it is apparently intrinsic to transferred péoS

the above observations, it appears to be rooted in the transfer process.

Figure 34 (g)-(i) show he exfoliated, transferrew-Si, 1ML, singlecrystal MoS, which
served as a reference for comparison with transfea&i, CVD MoS. The LEED spot width is
comparable for both the transferred exfoliated and the transferred CVR Mdi8ating that the
sample quality of CVD Mo&slands, including surface quality and crystallinity, is comparable to
exfoliated crystals. To better support this statement, a comparison of tiveidflil at half
maximum (FWHM) of the LEED (00) spot and fuwstder diffraction spots, as determined by
Gaussian fitting after intensity normalization and detector backgrsigmél removal, was
performed. An example of this fitting is shownHigure 34 (f), and a comparison of the FWHM
of CVD and exfoliated Mogat two differentelectron energies is shownkigure 34 (k). Before
transfer, the CVD grown Ma$as a larger FWHM relative to the gransferred exfoliated MaS
which corresponds to a rougher surface and is presumably due to thenstuaied wrinkles as
shown inFigure 32. Upon transfer to a Si substrate, however, the simdimced veidike wrinkles
are no longer present, as noted above, and hence, result in a comparable FWHM between
transferred CVD and transferred exfoliated MoShis supports our reapace LEM
measurements in which CVD grown Mo&ppeared quite similar in quality to exfoliated MoS
T hus, -LBEDrmeasurements confirmed the structural integrity e§rassn CVD and
transferred CVD Mo% and enabled the determination of the crystal domain orientations. More
i mpor t an tLEBD,medasureenents slow that C\jbown MoS is of compaable quality

to exfoliated Mo$%.
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3.5Conclusion

In this work, the surface morphology and structural quality of ultrathin JMtz&es
originating from mechanical exfoliation and CVD growth were examined and compared using
LEEM alkEHED. & major experimeiad issue for our measurements was sample charging and
surface corrugation. The chargwgs eliminated by transferring Mg8&rystals to a nativexide
covered Si wafer, a procedure which was compatible with our LEEM and LEED measurements.
In addition, surfce doping techniques by an alkali metal were crucial for these $fwdes.

These electroiprobe measurements enabled detailed surface structural characterization and added
complementary insight to those obtained earlier from Raman and PL measui@ijights
particular,real-spaceprobing by LEEM in conjunction witlk-spaceprobing by gtLEED show

that CVD-grown Mo$S single crystals have comparable crystal quality to that of exfoliated.MoS

In addition, our results have also shown thag@svn CVD MoS sample islands have a fine vein

like or rippled structure, as revealed via potassium deposition; thitkdeahorphology is lost

after sample transfer to a silicon substrate. We attribute this structure to strain fields formed during
CVD growth. Our okervations reported here are an important step toward a broader understanding

of MoS surface morphology on different substrates and establishing strategies fosyigtesis.
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Chapter 4

Direct Measurement of the ThicknessDependent Electronic Band

Structure of MoSz Using ARPES

In this chapter, we report on the evolution of the thickisegsendent electronic band
structure of the twaimensional layeredichalcogerde molybdenum disulfide (Mop
Micrometerscale angleesolved photoemission spectroscopy of mechanically exfoliated and
chemicalvapordepositiongrown crystals provides direct evidence for the shifting of the valence
band maximum from the point to hie+ point, for the case of Me$aving more than one layer,
to the case of singlayer MoS, as predicted by density functional theory. This evolution of the
electronic structure from bulk to felayers to monolayer Ma$had earlier been predicted tasa
from quantum confinemenfEurthermore, one of the consequences of this progression in the
electronic structure is the dramatic increase in the hole effetiass, in going from bulk to
monolayer Mo%at its Brillouin zone center, which is known as tause for the decreased carrier

mobility of the monolayer form compared to that of bulk MoS
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4.1 Introduction

Molybdenum disulfide (Mog is a layered transitiemetal dichalcogenidfl] that can be
fabricated as an atomically thin tvddmensional 2D) crystal[2]. The fabrication relies on the fact
that SMo-S slabs in bulk MoShave a layered 2H crystal structure, and are weakly bonded by
van der Waals (vdW) interactiofi3]. After cleaving, monolayer MeSonsists of a single layer
of Mo atoms sadwiched between two layers of S atoms in a trigonal prismatic strydi{sé.

Our interest in monolayer MaeStems from the following: (i) There is transition from an indirect
to a direct bandgap in going from mtliyer to monolayer crystal due toetimissing interlayer
interaction in monolayer forf6], and (ii) the strong spiarbit-coupling induced split valence
bands (~160 meVY7][8]) due to broken inversion symmetry, which makes Moteresting for
spinphysics explorationProperties (i) and iji lead topotential applications in nanoelectronic
devices[9] and spintronics applications, respectively. In addition, both properties have been
predicted with density functional theory (DFT) calculati¢pngl0] and indirectly demonstrated
using photalminescenc§l1][12] and Raman spectroscof®B]. The electronic structure of bulk
MoS; has been comprehensively studied by both theory and experifidrit§]. Despite the
myriad of experiments on singland fewlayer MoS, as well as their distinctivend potential
applications, direct experimental determination of the electronic structure of thesesieyle

layer Mo$S crystals has, thus far, been lacking.

In this work, we directly measutbe electronic band structure of exfoliated monolayer,
bilayer, and trilayer Mog and compare them to bulk Mp®ands and the corresponding

theoretically predicted bands, using micrometesleangleresolved photoemission spectroscopy
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(micro-ARPES) The band structure of chemical vapor deposition (GyiDwn monchyer MoS
crystals are also measured and compared to the exfoliated monolayer. The main features of the
MoS; band structure originate from Mad4tates and are in good agreement with results of
theoretical calculations. Our findings show the followingst&ithe valence bands of monolayer
MoS,, particularly the lowbinding-energy bands, are distinctly different from those of bulk MoS
in that the valence band maximum (VBM) of a monolayer is locatgdathe first Brillouin zone
(BZ), see Fig. 1(e), rather thanzatas is the case in bilayer and thicker M@8/stals. Second,
the uppermost valence band of both exfoliated and -QxWn monolayer MogSis compressed

in energy in comparison with thealculated band, an effect, which we tentatively attribute to
interactions with the substrate. The degree of compression ir@E™in MoS is larger than that

in exfoliated monolayer Ma$ likely due to defects, doping, or stress. Third, tippermost
valence band neay of monolayer Mo%is less dispersive than that of the bulk, which leads to a
striking increase in the hole effectiveass and, hence, the reduced carrier mobility of the

monolayer compared to bulk MaS

4.2 Experimental Methods

4.2.1 Sample Preparation

Large ultrathin MoSf | ak e s (3we faliribated an Si wafers from commercial
singlecrystal MoS bulk samples (SPI Supplies, USA) using mechanical exfolig2pnwith
poly(methytmethacrylate) (PMMA) and polyvinyl alcohol (PVA) overlayers. Miayer, bilayer,
and trilayer Mo$ were first identified by optical contrast akown inFigure 41 (a)(c) and

independently confirmed by Raman and photoluminescence sp@jflrd]. The selected MaS
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flakes were subsequently transferred, using a PMMA manebaghe transfer mediurfi18], onto

a moderately doped silicon substrate, covered with a full natide layer Bulk Mo, flakes

were also transferred onto the substrate in this process. Besides exfoleatied MoS, high-

quality crystals of monalyer M0, as grown by CVD wi tfl9,wereai n s
also transferred onto the same substrate. Gold grid marks written on the substrate were used to
locate the target MaSlakes. A sketch of the sample configuration is showiigare 41 (d). The
nativeoxide-covered Si substrates proved effective at preventing charging that is present with a
thicker SiQ substrate, as reported by Heatral.[20]. In this caseresidual photoionization charge
apparently tunnels through the natwede laye making photoemission electron microscopy

(PEEM) and HARPES measurements possible.

Figure 4.1 (a)c) Optical microscope images of the exfoliated Ms&mples. The background is
from the Si/SiQ substrate with PMMA overlayer and the areas with diffemntrast are from

MoS;f | akes of di fferent t hhi ckness. The areas t
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correspond to monolayer, bilayer, and trilayer, respectively. (d) Sketch of sample configuration.
Monolayer MoS (honeycomb lattice) was transfed onto silicon chip (blue) with native oxide
(purple). (e) First Brillouin zone of monolayer MoSf) Schematic representation of the

photoemission process and configuration. Normal incident light excites electron§from

orbital of the sample.

4.2.2 Instrumentation

Our measurements were performed on the Spectroscopic Photoemission and Low Energy
Electron Microscope (SPELEEM) system at the National Synchrotron Light Source (NSLS)
beamline USUA[21][22]. Prior to the measurements, the sample was annealed for 6 hours at
350°C under ultrahigh vacuum (UHV) to degas and remove contamiaadtsesidual PMMA
before transfer into the SPELEEM chamber. In one instance invaBiiyyMoS,, potassium was
deposited ohe sample surfada-situusing a commercial alkali metal dispenser (SEAS Getters)
to eliminate surface charging, while monitoring the associated change in the work function using
LEEM [23]. The deposition was stopped when the workfunction shift hachsatlSubsequently,
the potassium was removed from the surface prior to measurebyeartaealing at 100°C for 1hr.

Low energy electron microscopy (LEEM) was used to locate the macroscopic fldi&s of
interest. Each selected Moffake was characteridewvith PEEM (spatial resolution < 50 nm) and
micro-spot low energy electron diffraction (miet&cED) to investigate surface morphology and
crystalline structure, respectively-ARPES data were collected using synchrotron ultraviolet
radiation b =42eV)withinazds e m di ameter spot, foll owing

in Refs.[22][24]. A depiction of the ARPES process and configurasshown inFigure 41 (f).
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Linearpolarized light is incident at an angle normal to the samplasurihe inelastic mean free

path of the emitted electrons at ~40 eV is estimated to be [25]Awhich is comparable to the
thickness of monolayer MaS~6.5A)[6][13]. Therefore, the photoelectron signal from the
substrate is much weaker than that frdfoS,. Electronic band structure measurements were
carried out at room temperaturesitu with an energy resolution of ~200 meV. In particular, the
energyfiltered photoelectron angular distributions in reciprocal space were measured using the
electron opts and detector system of the SPELEEM instrument. The raw data contained
photoelectrork-space measurements for kinetic energies ranging from 30 eV to 40 eV at an energy
step of 0.1 eV. Projections along higmmetry directions includingz 3z y andy z3zy in the

Brillouin zone were used to generate band dispersion plots.

4.3 Experimental Results

4 .3.1Photoionization Cross-Section, Orbitals, and Fermi Cutoff

The measured valence bands of Ma& derived from hybridization of the Ma énd S
3p orbitals[4][ 14]. As shown inFigure 42 (a), the calculated atomic photoionization cross section
of the Mo 4 and S P subshell as a function of photon enefg§] demonstrates that our incident
photon energy of 42 eV is near the Cooper minimum of tBe @bital. Therefore, the dominant
features probed here are derived from Mbotbital contributions. Moreover, in our normal
incidence ARPES configuration, the vector potential associated with the incident light can be

expressed as
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whered0 ando are the iaplane components. The photoemission sti@esition matrix element

is given by

0 AGALISQ

wherer is the position operator, agfilands@denote the initial and final statesspectivel\j27].

In such a geometry, theaxis contribution of) vanishes since m, and therefore, the
spectral intensity of iplane states including@ andQ orbitals are stronger than that of the
out-of-planestates such & ,Q ,andQ orbitals, which is in agreement with our experimental

results.

As seen irFigure 42 (b), angleintegrated photoemission spectra of exfoliated monolayer
MoS; were acquired along higgymmetry directionand over the full BZ. These spectra, which
were rescaletkelative to the intensity até&Vv binding energy, show a eaff feature approximately
1.75 eV above the VBM. The constant energy planes around to# cat not show any coherent
structure in mom@tum space, from which we rule out this feature being derived from a non
amorphous region of the substrate. Instead we ascribe this feature to the Ferfhandtfit it
with a FermiDirac distribution The value of Fermi leveEg) was also independepttonfirmed
by measuringhe photoemission spectrum of the gold grid marks on the substrate asslinying
a lack of a Schottky barrier at the Au/substrate interface. Since the bandgap of monolayer MoS
~1.9 eV, obtained both by calculations and expents[11][ 28], this measurement also indicates
that our sample is heavily electrdoped, possibly by impurities acquired during the transfer

process. The strong peaks at binding energies of ~2 eV and ~4 eV, i.e. the main staldsepeobe
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can be assigrd toMo 4d states, based on a parg#nsityof-statesdecomposition calculation

[28].
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Figure 4.2 (a) Atomic photoionization cross section for Mo 4d and S 3p subshells as a function of
photon energy. The dashed line marks incident photon energy e¥ 4fb) Angleintegrated
photoemission spectra of exfoliated monolayer MeSracted from higtsymmetry directions

(yz3zy andy z3zy) of the BZ and over the whole BZ.

4.3.2 ARPES Band Mapping

Figure4.3 provides the measured band dispersions of exfoliated monolayerditofg
they z3zy high-symmetry directions of the BZ. As shown figure 43 (a), the measured
electronic band structure is generally in good agreement with DFT band calculations with spin
orbit interaction taken into accouf. In the spectra the maodistinct features include the VBM

at3 and Y originating from MoQ orbitals, the VBM aty induced by MaoQ andQ

orbitals, and a saddle point at binding energy ~4 eV, as derived fro@ Mo andQ orbitals
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[15][29]. These features are further displayed in the corresponding edmstgipution curves
(EDCs) (seeFigure 43 (b)) and momentum distribution curves (MDCs) ($@égure 43 (C)).
According to the above matrelement analysis, the VBM athas a weak intensity as expected.
Other bands, which arise from $ Grbitals andVlo Q ,'Q orbitals[15][29] are too weak to be
seen due either to their small cross sections or vanishing matrix eledlémbsigh our energy
resolution does not allow us to resolve the theoretically predicteebdpiirsplitting nearK , it is
apparent that the VBM of the tepost band is located & instead of G. A detailed analysis is
shown inFigure 44 (a). The data ifrigure 43, thus, provide an evidence for the indireetirect

bandgap transition in going from felayer to monolayeMo,.

Figure 4.3 (d)-(f) show the evolution of band structure with monolayer thickness by
displaying the pARPES band maps of bilayer, trilayer, and bulk ia8spectively. The spacing
between VBM andr is ~1.5 eV, which indicates that our féayer and bulk MoS samples are
also heavily electrodoped. A remarkable feature of these dayer and bulk Mossamples is
that the VBM aty are all lower than that at This striking difference between monolayer and
few-layer and bulk Mosshows clearlyhat the band structure changes with thickness. This change
has been previously ascribed to quantum confinement. Note that in samples with thickness >1ML,
vdW interactions allow coupling of the layers and thickrgsendent changes in confinement.
Moreove, the VBM at3 vanishes due to weak spectral intensity, which has also been reported in
bulk MoS experiments by Mahathet al. [16]. Since this state is also derived from the ©o

orbital in fewlayer and bulk Mo5[29], the weak spectral intensity has beaplained as due to
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the small inplane lattice parameter of bulk MpF], which allows for greater shielding by the S

3p orbitals[3], which otherwise provide the dominant contribution to the transition strength.
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Figure 4.3(@) ARPES band map of exfated monolayer Mofalong they z3zy high symmetry
lines. DFT band calculations with inclusion of spirbit interaction adapted from Ref. 7 (red
curves) are overlaid onto it for comparison- (@) Corresponding EDCs and MDCs, respectively.

(d)-(f) ARPES band maps of exfoliateddyer, trilayer, and bulk MoSrespectively.
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4.3.3 Second Derivative Band Analysis

To fully investigate the thickness dependence of thedoergy dispersive states, we
extract the ARPES features of the uppermost valence band (UVB) alongztey high
symmetry line by 2Bcurvature analysig80], shown inFigure 44 (a)(d). The UVB of exfoliated
1-3 ML and bulk Mo$ closely match the corresponding calculated bands. These results provide
direct experimental evidence for the trend, in which the VBBIghift upwards in energy relative
to that ofy as the number of layers increases. The thickness dependence of the energy difference
between the VBM oy ands is further displayed ifigure 44 (e) and compared with theory. This
evolution in bandtsucture has been attributed to change in quantum confinement as the number
of layers increases. To be specific, the VBM atvhich is derived from the localized-plane Mo

Q and’Q orbitals, is unlikely to be affected by theaium confinement modifications

along inz direction. By comparison, however, the VBM3satwhich originates from the rather
delocalized oubf-planeMo 'Q orbitals and $) orbitals, is lowered in energy when interlayer
interaction decreas in the decreasing number of layémsaddition, one important result is that
we reproducibly measure a compression of WMB in monolayer Mog while the rest of the
measured valence bands are identical to the computed bands. Here we define camgmessio
(UVBmax UVBmin)experiment(UVBmax UVBmin)theory Where UVBnin and UVBnaxare the minimum

and maximum values of the UVB within tiiez 3z y directions. The measuredmpression of the
monolayer UVB is ~80%We tentatively attribute this compression to the interaction with the
substrate, as confirmed by calculations for Mo model Si substrate (see below). A second and

separate sking effect is that the VBM of monolayer Ma&t 3 is relatively flat compared to its
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bulk counterpart, indicating a substantially larger effective mass of holes in the monolayer. A
simple parabolic fit allows us to estimate the experimental hole teHemass at3 of

¢8 T & (mois the electron mass) in exfoliated Mo®hich is in approximate agreement
with a theoretical prediction ¢®a ) [31]. The same fit to the bulk band gives a value of
™ X T a , which is very close to ththeoretically predicted valueXof® q@ [31]. From

bulk to monolayer Mog% the hole effective mass yatonly slightly increasesThe overall hole
effective mass of monolayer MgfS thus remarkably larger than that of bdlkis result evidently
explains the relatively poor carrier mobility (less tipamA | j 6 ¢Q [2][32] of monolayer Mo$

compared to that of bulk (in the BD0A | j 6 ¢Orange at room temperatuf&gl.
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Figure 4.4(a)(d) 2D curvature intensity plot of the low energylarece band of exfoliated
monolayer, bilayer, trilayer, and bulk MgSespectively. Red curves are the corresponding DFT
calculated bands. (e) Thickness dependence of the energy difference between Wwahiat

The theoretical and experimental réswre plotted together for comparison.
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4.3.4 ARPES Study on CVD Monolayer Mo

In addition to the experiments on exfoliated Mo®e have also carried out electronic
structure measurements on CA\gbwn monolayer Mo$ Prior to ARPES measurements, high
resolution PEEM was employed to examine the quality of CVD NN&&hds Figure4.5 (a) shows
a PEEM image of a wellefined triangular CVD Mo&island with a grain size of ~¥m. T h e
uniform contrast in PEEM confirms that the island used for our ARPES measurements is
composed of a highuality monolayer Moscrystab except for a very small region of bilayer or
few-layer Mo$S at the center of the triang]&9]. The surface is eln and smooth without visible
impurities or potassium ions; the sharp and straight emgésate that the island consists of a
singlecrystalline Mo$S grain with Mo zigzag terminatiofi9]. Figure4.5 (b) shows the band
structure of CVD monolayer MeSalong highsymmetry directions of the BZ. The dispersion
generally matches that of the DFT calculations, with the same distinct band features as in the
exfoliated case. An unexpected difference between CVD and exfoliated monolayeisMus
the energy bah compression for the CVD Ma@$ even more pronounced, as shown in the 2D
curvature intensity plot of the UVB (s&&ure 45 (c)). The measuredompression of the UVB
for CVD MoS is ~50%. Note that{ARPES measurements were also performed on a-G\dian
monolayer Mo$ crystal without potassium deposition and yielded a similar amount of band
compression. Furthermore, interaction with substrate, defects, doping, or stress, which are
relatively more important in CVD films, may also play a role in the mosagunced compression

in the CVD case.
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Figure 4.5(a) PEEM image of a wellefined triangle CVD monolayer Me®land with a small

bilayer or multilayerregion at its center. (b)AARPES band map alongz3zy direction,
respectively. DFT band caltations with inclusion of sphorbit interaction adapted froiRef. 8

(red curves) are overlaid onto ARPES band maps for comparison. (c) 2D curvature intensity plot
of the uppermost valence band of CVD monolayer p¥8M of the calculated band (red curve)

is set to be the reference line of energy (black dashed line). The experimental band is shifted in
energy to best match the theory. (d) Calculated band structures (red curves) for monolayer MoS
on top ofpseudeSi. Calculated bands of fretanding monalyer MoS (blue dashed curves) are

superimposed onto the hybridized bands for comparison.
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4.4 Simulation Using DFT

In an attempt to explain the compression of the UVB observed for both exfoliated and CVD
monolayer Mog we tested several possible assuom® by conducting preliminary first
principles calculations using the ABINIT cof®4][35]. The generalized gradient approximation
(GGA) was applied to describe the exchanggelation potential. One possible explanation is the
presence of a relaxatiorf the atomic positions in the monolayer Mo&ue to the missing
interlayer interactions. In this case, we performed structural calculations of monolaygbyoS
relaxing the atomic positions: {plane only & lattice-spacing), oubf-plane only ¢ lattice-
spacing), and both iplane and oubf-plane & andc lattice-spacings were scaled equally). Our
results indicate that the band structure is very sensitive to relaxation as previously reported by
others[10]. A 10% expansion of bothandc lattice spacingan indeed compress the band width
of the UVB, but it also significantly changes the calculated higher binding energy bands and, in
fact, calculated bands results do not match our experimental observations. Therefore, relaxation is
unlikely to be the prirary reason for the discrepancy between experiment and theory. Another
explanation is that interactions with the substrate could modify the electronic structure of
monolayer Mo& To check for this possibility, we simulated the interaction with substrate by
putting monolayer Mogon top of three layers of@seudeSi(111) plane. To simplify the model,
we assumed that the lattice parameters and crystal structure of Si(111) are the same as those of
MoS,, thus avoiding the complications of lattice mismatch;aaraccurate theoretical model is
beyond the scope oféhdiscussion heréOur calculations shown iRigure 45 (d) indicate that

when the spacing between the lower S layer of Mol the top of the Si layer is set to be 3 A,
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which is comparable to thetarlayer distance of bilayer M@$L0], the UVB at3 is compressed

by ~50% while the valence bands at higher binding energy remain nearly unaffected. These results
suggest that dielectric interactions with the substrate are likely the main reasondbsenesd

UVB compression in monolayer MeSf indeed this is the case, this opens up one possible route

to modifying band dispersion, and with it the hole effective mass and mobility in bjo8ay of

substrate engineering.

4.5 Conclusion

In conclusion,we have used 4ARPES measurements to probe the valence bahds
monolayer MoSderived from the Modorbitals. The results match the DFT predictions generally
well and show a striking difference when compared with-tegyer and bulk Mo% The observed
increase inthe VBM aty in monolayer Mo% provides a direct measurement of the inditeet
direct band gap transition in going from fdayer to monolayer MoS The concomitant decrease
in the dispersion of the VBM & leads to a substantially largeold effectivemass, which

explains the low hole mobility of monolayer Mo&®mpared to bulk MoS
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Chapter 5

Layer-dependent electronic structure of an atomically heavy

2D dichalcogenide’ A WSe; Study Using SPELEEM

In this chapter, wedescribe angletesolved photoemission spectroscopic
measurements of the evolution of the thickr#sgendent electronic band structure of the
heavyatom twatlimensional layered, dichalcogenide, tungsieelenide (WSg. Our
data, taken on mechanically exfoliated WSmglecrystals, provide direct evidence for
shifting of the valencdand maximum from (multilayer WSe), to +, (singledayer
WSe). Further, our measurements also set a lower bound on the energy of the direct band

gap and provide direct measuremehthe hole effective mass.
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5.1 Introduction

Single layers of twalimensional metal dichalcogenides (TMDCs) such asJivioS
have emerged as a new class of -nentrosymmetric diredbandgap materials with
potential photonic and spintronic@jations[7][8]. Among the TMDC family, ingsten
based dichalcogenides, such as We&ehibit high irplane carrier mobility and allow
electrostatic modulation of the conductaéd2][43], characteristics, which make them
promising for device applicatien For example,dlk WSe possesses an indirect bandgap
of 1.2 eV[40][44] and has been used as the channel of adfégtt transistor (FET) with
an intrinsic hole mobility of up to 500 &\V-s) [45]. By comparison, WSein its
monolayer form (ML), shold have a direct band gap, as predicted by theory
[46][47][48][49][50][51], and a promising intrinsic hole mobility @50 cnt/(V-s), as
recently demonstrated in the performance ofdgafedFETs[43]. In addition, ML WSe
has been demonstrated to be yingt TMDC material possessing ambipolar, i.e., beth p
type and rype conducting behavi¢43][51], thusmaking it possible to design additional

electronic functionality, such asrpjunctions or complementary logic circuits.

Despite these intriguing claateristics, measurements of ML W®ave generally
been limited to probing of optical and transport propefd@&§44][45]. In this work, we
report thicknesslependent measurements of the surface and electronic sruaftur
exfoliatedWSe, using loweneagy electron microscopy (LEEM), diffraction (LEED), and
micrometebicale angl&esolved photoemission spectroscopyYARPES) of samples
supported on a nativexide terminated silicon substrate. Our experimental results provide

direct evidence for a predicted valedzand maximum (VBM) symmetrgoint change,
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which leads @ an indirectto-direct bandgap transition. Because TMDCs have a large
carrier effective mass and reduced screening in two dimensions, elécli®mteractions

are much stronger tham conventional semiconductojs2][53][54]. Our results allow us

to oltain a direct measurement of the hole effective mass. Finally, our measurements allow

us to directly infer a lower bound on the energy of the direct band gap.

5.2 Experimental Methods

Our measurements were performed using the spectroscopic photoemiss$ion a
low-energy electron microscope (SHEEM) system at the National Synchrotrorght
Source (NSLS) beamline U5UB9][56]. The spectrometer energy resolution of this
instrument was set to 100 meV at 33 eV incident photon energy with a beam spofisize of
em in diameter. The momentum resolution is ~0802 Exfoliated WSe samples were
transferred to a nativexide covered Si substrate; prior to measurements, these samples
were annealed at 35C for ~12 hours under UHV conditions. The layer number of the

sample is determined by Raman and photoluminescence spectr¢SeHp§].

5.2.1 Sample Preparation and Characterization

The samples examined here were first mechanically exfoliated with sacrificial
PMMA/PVA thin films on Si. The films have a thickness2#0 + 5 nm which provides
the same optical contrast as on a 28@hitk SiG;-coated Si substrate. The layer number
of the sample was determined by Raman and photoluminescence spectroscopy using the
method described iRef. [18][19] and in its supplementargaterial section. The samples

were excited using a commercial Renishaw InVia Raman Microscope with a 532nm laser
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and an 1800 lines/mm grating. The spectra were normalized to Raigya®ak for Raman

shift study. For photoluminescence study, the samples ®eamined for wavelengths

from 5001000nm, which correspond to 2.48.24 eV in photon energy. A na@ontacting

atomic force microscope was used to help determine the sample thickness. Later, the
samples were wdtansferred onto a nativ@xide Si subsate b eliminate the charging
effect[16][25][47]. An example of the optical and LEEM images of the samples before
and after transfer is shownkigure 51 (c). After the transfer, the samples were then rinsed

in acetone for 24 hours to complete the sfanprocedure. Prior to any measurements, the
samples were degassed and annealed t6@%0r several hours under UHV conditions.
Also, careful examination using LEEM to investigate unwanted surface residues was

essential for our ARPES measurements.

Sampe quality and crystal orientation were examined using both LEEM and p
LEED (Figure 51). Diffraction patterns (at a primary electron energy ofeXg of
exfoliated WSeflakes of 1- 3 ML and bulk are shown iRigure 52 (a)-(d), respectively,
and cleary display the sixfold crystal symmetry. At an electron energy of 48eV, the mean
free path of the lovenergy electrons is ~52 [59] which is comparable to the thickness
of a single covalently bound S&-Se unit of monolayer WSé~7 A)[43][60]. With
increasing WSethickness, the LEED spots become sharper due, in part, to decreased
scattering from the substrafl]. This assertion is supported by the monotonically
decreasindull-width-at-half- maximum(FWHM) of the (00) diffraction spot, plotted for

different electron energies Figure 52 (e) [61].
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Figure 5.1 (a) Side view and (b) top view of the trigonal prismatic coordination of the atoms
in 2H-WSe. (c) LEEM image of 1ML WSe after transfer (detector artifacts and
background signal have beemm@ved.) The inset is the corresponding optical microscope

image of the same sample. LEEM images were taken at an electron energy of 1.8 eV.
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Figure 5.2 (a)d) Micro-LEED patterns at 48eV electron energy on exfoliated Y 3¢L
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(@), 2 ML (b), 3 ML (c), ad bulk (d) after transfer to Si. The halo around 1ML (00) spot
came from edge deflection of electrons due to a limited sample size. (e) Measured FWHM
of the (00) LEED spot for-BML WSe flakes relative to that of bulk, measured at 20.5,
30, and 40 eV et#ron energy. The FWHM decreases with increasing number of layers,

since electrons elastically backscattered from the Si substrate are progressively decreased.
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5.3 Experimental Results

5.3.1Photoionization CrossSection, Orbitals, and Fermi Cutoff

The ekctronic structure of the tdging valence bands of Wis derived from the
W 5d and Se 4prbitals[62][63], each of which possesses a strongly varying photon
energydependenphotoionization crossection[64], as displayed ifrigure 53 (b). Prior
work [64] has shown that the cressction of the W 5d subshell is an order of magnitude
larger than that of Se 4p at the photon energy @\88sed in our experiments (indicated
by the vertical line inFigure 53 (b).) Thus the primary contributions to oufARPES
measurements, shown iAgure 54, are from the W 5d orbitals. Angietegrated
photoemission spectra of 1ML WSalong high symmetry directions and over the full
Brillouin Zone (BZ) are shown iRigure 53 (c). These spectra show a clear energyodf
at about 1.& 0.1eV above the VBM, which we identify as the position of the Fermi level
EF. The bandgap of ML WSaas previously been reporteda® in the range of 1.4 to 2.3
eV [58][65][66]. Basal on our identification of the Fermi energy, thenimum bandgap
value of WSe must be greater than at least £9; this result also suggests that our
exfoliated ML WSeis heavily electrordoped, i.e. the Fermi level falls near the conduction
band minimum®’1®8l The energy differences between the Fdawel (E) and the VBM
for 2ML, 3ML, and bulk, are approximately 168/, 1.5eV, and 1.1eV, respectively.
Taking into account the previously reported bandgap energies of these materials, we find
that these energy differences are consistent with ourleam@ing heavily electredoped,
regardless of thickness. This result suggests that our eletiping is more likely to be

intrinsic to the layered material and not due to charge transfer from the substrate.
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Figure 53 (a) Brillouin zone and higeymnetry points of WSg (b) Atomic
photoionization crossection for W 5d and Se 4p subshells as a function of ARPES photon
energy[64]. At 33 eV, the crossection between W 5d and Se 4p has an asfler
magnitude difference. Therefore, the dominant featuresir ARPES measurement are
the contribution of W 5d subshell. Note that the Cooper minimum of the Se orbital is ~50
eV. (c) Angleintegrated photoemission spectra of monolayer \éR&acted from high
symmetry directions--3-+ and- -3-- , and over the full BZ, referenced with respect to

the Fermi level.

5.3.2 ARPES Band Mapping

Our +ARPES measurements of BML and bulk WSgalong the high symmetry
directions- -3-+, given inFigure 54, clearly show a trasition in the occupied electronic
structure with change in layer thickness. Superimposed on the measured data are the
corresponding DFLDA band calculations, computed using ABINIT without spibit

interaction[69][70]. In the spectra, the distinctivedtures include the VBM at derived
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from the WQ and Sa) orbitals, the VBM at+, derived from the \\Q FQ and Se
n 7 orbitals, and the valley betweenand+, derived from a crossover to the W
Q 7Q orbitals from the WQ and Se) orbitals[50][71][72], as shown and labeled

in Figure 54 (a). Bands of higher binding energies and along other-$ygimetry
directions have been previously calculatemhd discussed in the literature
[50][62][63][71][72][73]. These features are further displayed in the corresponding energy
distribution curves (EDCs) [sé&gure 54 (b)] and momentum distribution curves (MDCSs)
[seeFigure 54 (c)]. Note that several of the WSkands are not detected in our ARPES
measurements due to matglement selection rules as well as the aboeationed
difference in the photoionization cressction between Wand Sederived states. In our
experiments, the incident photon flux was directed normal to the sample surfhaeito t
polarization is in the plane of the WSrystal, thus suppressing excitation of states with
out-of-plane character. This result explains why theaMd Sederived states with a z or
out-of-plane component, i.€Q orn orbital, in he uppermost valence band (UVB) near

3 have a consistently relatively weaker, but+zeno, intensity for 2 3ML and bulk WSe
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Figure 5.4 JARPES band mapping of exfoliated WSer (a) 1ML (d) 2ML (c) 3ML and

(f) bulk along the higksymmetry path -3-+ in the Brillouin zone. E=0 denotes the Fermi
level. The overlaid white lines are our Di€dlculated band structures. The calculations do
not include the effect of spiorbit coupling. (b), (c) Corresponding EDCs and MDCs of

1ML WSe, respectivel.

5.3.3 Second Derivative Band Analysis

An important feature of our measurements is the change in the energy of the upper
most valence band (UVB) atand+ for 1ML WSe compared to that of fesayer WSe.

Our tARPES spectra show that the valencedobaraximum is at for 1ML WSe and
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shifts tos for multilayer WSe. Previous report§74][75][76][77][78] using traditional
ARPES and inverse photoemission instruments have confirmed that the location of the
VBM in bulk WSe to be at3; note that fobulk WSe, ARPES measurements over a large
enough photon energy range are required in order to take into accounptipekdence

of the observed states. To fully quantify the VBM transition as a function of tgskwe

used curvature analysig9], or the secondlerivative method, to help delineate the
electronic band structure, as showririgure 55. Figure 55 (a)-(d) give the bands for the

1 - 3ML and bulk WSe samples, derived from the dataRigure 54 using this method,

and with the zero energgferenced to the VBM. The UVB of exfoliated WS#osely
matches the corresponding calculated bands (white curves), except for the monolayer case
where the measured energy difference betveeand+ is less than that predicted by
theory, and where éhdispersion at is greater than that in the calculated bands. The
experimentally measured and theoretically predi¢s€] energy differences betweean

and+ for monolayer and multilayer Wgeare plotted inFigure 55 (e). The measured
energy diffeences are: 0.2&V, -0.14eV, and-0.25eV for 1 - 3ML; the value for bulk

WSe has beenaported previously to bed.3 eV [75][77]. The error bars denote the
standard deviation of the fittings from all six high symmetry equivalent directions, and they
are well under the detector error af 0.10 eV. Thus, these results provide direct
experimental evidence for a thicknasspendent shift in the relative energy of the VBM

at3 and at+ and, hence, strong support for a shift from an indirect to a direct bandgap in

going from 2 to 1 ML WSg
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Figure 5.5 (a)(d) Second derivative plotsf the lowenergy valence bands along high
symmetry points of exfoliated-13ML and bulkWSe, respectively, generated from the p
ARPES band maps d¢figure 54. The white lines are the corresponding Bdélculated
bands as irFigure 54. The dashewhite lines refer to the top valence bands, which
illustrate the layenumber dependence of takectronic structure near the VBM. Here the
energy scale is set to zero at the VBM. (e) Layamberdependent VBM transitioaf the
energy difference betweenands points. The error bars denote the standard deviation of
the fittings from all six high symmetry equivalent directions, and they are well under the
detector error ott 0.10 eV.The theoretical and experimental results are plotted for

comparison.

5.3.4 Hfective Mass

An analysis of the curvature of the bands from tFeRPES measurements also
allows us to deduce the effective mass of monolayer and bilayes. \W&emonolayer
WSe, we determined an experimentally derived hole effective mass af .8img [80]
(where my is the electron mass) at, which is~3x larger than theoretical predictions, and

a hole effective mass of 3451.8 mg[80] at3. The later quantity is approximately half as
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large as theoretical predictions (£0.2mo) [46][47][48][49][81]. For the case of bilayer
WSe, however, we determined an experimentally derived hole effective masst00.0.4

mo at +, which agrees &l with theoretical predictiong46][48]. The origin of the
discrepancy between experiment and DFT calculations for the case of a monolayer is
uncertain at this time. Our finite energy resolution does contribute to the measurement
error. However, it is lao apparent that there is an overall difference in band dispersion
between our relatively simple theory calculation and experiment. This reasoning indicates
that the above discrepancy is more complicated than simple instrumentation limits. Note
that our OFT-derived effectivemass value of 0.44no for monolayer WSgat + is in

reasonable agreement with previous theoretical redd6H47][48][49]. Also since

a & — | slight measurement errors are accentuated by thékigatispersion

curve in the vicinity oB. ARenor mali zati ono igenidbsdave s of
also been reportg®2][83], though the reason for this remains in question. Other possible
explanations beyond that of an intrinsic nature of WiBelude effects of substrate

interaction, such as strain, dielectric screening, etc.

Note that the lattice constant of WSman have a variation of up to 1% between
DFT calculationg7][8][9][10][11] and bulk experiments. This contributes insignificantly
to the variation of the effective mass, as the effective mass is approximately inversely
proportional to & Therefore, we are able to compare the hole effective mass across
different literature values. In our analysis, we use the experimentally measuréattbzdk

constant, i.e. 3.28 A..
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5.3.5 SpinrOrbit Coupling

In comparison to monolayer MgSmonolayer WSgis expected to have an even
larger spirorbit splitting in the vicinity oft, with a theoretically predicted value of ~0.46
eV v.s. ~0.16V of MoS [50][84]. The expected splitting of the valence band along the
3 - + direction of monolayer WSés due to the strong spiorbit coupling originating from
the high mass of the constituent elements and the lack of inversion symmetry
[50][84][85][86]. The theoretically predicted value (~0.48/) is larger than our
experiment energy resolution and thus, should have been resolved directly in our
measurements. However, despite the presence of an increasing linewidth of the UVB in the
direction of3-+, which may be attributed to sporbit-splitting of the bands, weodhot see
two clear peaks in the vicinity af. We conjecture sample roughness, induced in the
transfer process, is broadening the linew[8H of the spirorbit split bands, leading to a
broad unresolved band in our ARPES measurements. We have shpvavious works
[61][83], using an analysis of LEED spot widths, that the transfer process introduces
corrugation in monolayer MeS Thus, resolving the spiorbit-splitting in monolayer

dichalcogenides is demanding in terms of a flat transfer procedure.

5.4 Conclusion

In conclusion, we have probed the surface structure and occupied electronic bands
of 17 3 layer exfoliated WSeerystals prepared by transfer to a natbxede-terminated Si
substrate. LEEM and -UEED provided reabpace and reciprocapa@ structural
measurements of Wgerevealing clearly resolved thicknedspendent contrast and

diffraction spot widths, respectively. OurARPES measurements have probed the



126

occupied valencband structure and confirmed the transition of the valence band
maximum from3 to + as the thickness is reduced from flawer to 1ML WSe; this
observation provides support for an indigetirect bandgap transition. For monolayer
WSe, we have found a lower bound of 1e® for the bandgap and measured a hole
effective mass of 1.4 ¢grat+ and 3.5 m at3. We expect that these results will provide
insight to the understanding of the optical aedctronic properties of monolayer and
multilayer WSe that is important for novel devices made from this transitnatat

dichalcogenide material.
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Chapter 6

Substrate Interactions with Suspended and Supported

Monolayer MoS: T An ARPES Study

In this chapterwe report the direcineasurement of thelectronic structure of
exfoliated monolayer molybdenum disulfide (M9Susing micrometescale angle
resolved phaiemssion spectroscopy. Measureme@fitboth suspended and supported
monolayer Mo$ elucidate the effects of interaction with a substrate. A suggested
relaxation of the irplane lattice constant is found for both suspended and supported
monolayer Mo$% crystls. For suspended MgSa careful investigation of the measured
uppermost valence band gives an effective massaady of 2.00 mp and 0.43mo,
respectively. We also measure an increase in the band linewidth from the midoint of

y to the vicinty of y and briefly discuss its possible origin.
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6.1 Introduction

Two-dimensional(2D) crystals of monolayer transition metal dichalcogenides
(TMD) are of increasing interest both for their unusual physics and for their potential use
in novel nanolkectronic device$l][2]. In particular, their substantial intrinsic bandgap of
1.31.9eV [3], which is thickness dependent, makes them a promising alternative to the
most well studied 2D material, graphene, which lacks an intrinsic bandgap. Several
fabrication techniques, including micromechanical exfoliation, chemical vapor deposition,
and molecular beam epitaxy have been used to produce atomically thin TMD sheets on a
variety of substrates. However, the substrate and any adsorbates may affect th@electr
structure of TMD crystals and films via a modification of their dielectric environment or
by the introduction of shortor longrange disorder. The latter is caused by chemical
bonding or surface roughness. Particularly, in their monolayer formaati@ns with a
supporting substrate or adsorbed impurities are also known to influence the electronic
structuregl4] and significantly affect the electrical performanceah der Waals materials
[5][6]. In addition, it has been shown that the substrateeaiee constant plays an
important role in determining the excitonic binding eneagyvell as quasiparticle lifetime
in 2D layered materials [[8B]. Such phenomena thus make understanding of the effects of
the substrate on 2D materials of pressing ingrar¢ for both fundamental studies and

potential applications in devices.

In order to minimize the effect of substrate interactions on atomically thin crystals,
one of two different ameliorating procedures is typically utilized. One approach is to

decoupleghe sample from the substrate by intercalating alkali metals such as Li and K, and,
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in the process, induce electron doping of the sarfjle Another approach reduces
interaction by placing samples over patterned cavities or trenches etched into arggipporti
substratg10][ 11]. Samples prepared using either of these approaches have shown that
suspended MaSsamples exhibit altered electronic properties from those of 2MoS
supported directly on the substrate, including a photoluminescence blueshift inithé opt
gap in freestanding monolayer MoR2] and a 2to 10fold improvement in the carrier

mobility in suspended Ma$13].

In thischapteywe study the properties and key parameters of suspended monolayer
MoS; by measuring its electronic structure gsimicrometerscale angleresolved
photoemission spectroscopp-ARPES). For comparison, measurements on substrate
supported monolayer M@Svere also carried out to provide a baseline case, in which a
substrate was present. In additidme tesults were irgpendently cross examined using a
spectroscopic photoemissibow energyelectronmicroscope (SPELEEM) system. First,
our measurements sugg#sdt there is a change in the lattice constant of monolayes MoS
vs.that in its bulk crystal form. In particuly determining the absolute size of the surface
Brillouin zone (SBZ) of monolayer MeSwe find a~3.6% decrease in the SBZ, indicative
of a 3.6% expansion of the iplane lattice parameter (denotedaam Figure 61(d)),
compared to bulk MoS Secondgpur results provide insight into the effect of the substrate
on the monolayer MaSelectronic structure. Due to interactions with the substrate in
supported monolayer MeSband structure distortion is observed in comparison to the
suspended caseé&hird, by fitting our measured band dispersions, we extract the effective

mass aB andy in both suspended and supported monolayeravioS
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6.2 Experimental Methods

Our experiments were performed at two synchrotron beamlines. The first was the
Spectromicroscopy Beamline at the Elettra Synchrotron light sgld¢ewhich provided
scaming photoemission microscopy (SPEM) and miBRPES measurements of
suspended and supported monolayer Md®ie spectrometer energy resolution of this
instrument was set to 100 meV at a 27 eV incident photon energy and with a beam spot
size ofle m i meted AR®ES band structure measurements were also obtained on a
SPELEEM system at the National Synchrotron Light Source (NSLS) beam line USUA
[15][16]. The SPELEEM instrument also allowed imaging by phwoission electran
microscopy (PEEM). For both measments, the samples were anneafedltra-high

vacuum for 2 hours at ~35Q prior to the acquisition of photoemission spectra.

Our crystal samples were exfoliated monolayer Mttkes, which were examined
and calibrated using Raman spectroscopy. Taiolareas of suspended MoSoexisting
with supported regions of the flakes, substrates patterned by lithography and etching were
used. As schematically shown kigure 61(a), a grid pattern of cylindrical cavities with
di ameters of 2 olembwereetohed iato al Si \datep dovered wath a
native oxide; monolayer MoSflakes were then exfoliated and transferred onto the
patterned substrate using the samegdare as described Ref.[17]. SPEM was used to
characterize the sample before investigating the band struotsiel with p-ARPES.
Figure 6.1(b) &(c) show an optical image of an exfoliated monolayer Mttke before
transfer onto the patterned subst, and the corresponding SPEM image of the partially

suspended flake after transfer to the patterned substrate, respeCioveitgst between the
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suspended MaS$Ssupported Mo% andthe baresubstrate is obtaindaly acquiring locally
excitedphotodectronsin akinetic energy window of 122 eV, imaged by scanning the
sample Figures6.1(e) & (f) show an optical image of a Mpflake before transfer, and

the corresponding PEEM image of the same flake after transfer to the patterned substrate.
Both SPEMand PEEM measurements show clear contrast between suspended and
supported Mog thus allowing accurate selection of regions of interestut&RPES

measurements in the two different sample regions.

Low

(d)

- N

Figure 6.1 (a) Sketch of the sample configuration. Mayer MoS flakes were transferred

onto patterned silicon chips (blue) with native oxide (purpié).Atomic structure of

monolayer Mo% The inplane lattice constant is denotedaaand the interplane distance

between Mo and S atomic planesinthestrnmeon ol ayer 6 s h ép&t(e)i s deno
Optical microscope images of the exfoliated monolayer M&8nples. (c)Scanning

photoemission microscopy map corresponding to the sample shown in panel (b), acquired
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with aphoton energy of 27 eV by collectipiotoelectrons with an energy window of 18
22 eV. The area of monolayer Moffake is enclosed by a dashed pink frame, and the
suspended regions are marked with black circles. (f) PEEM image of sample shown in

panel (e)

6.3 Experimental Results

6.3.1 ARFES Band Mapping

Figures6.2(a}(b) show theu-ARPES band maps of suspended monolayer MoS
along the3-0 and3-0 high-symmetry lines of the SBZ, respectively. To better visualize
the ARPES features, we perform 2Drvature processinfi8], which is similar to the
widely used 1D seconderivative method. The 2Purvature intensity plot is shown in
Figure6.2(c). For theu-ARPES measurements performed at Elettra, thaafnal photon
angleof-incidence uses different selection rules than that of the normal photoro@ngle
incidence configuration of the SPELEEM system at USUA; this difference enabled
observe the previously invisible $-8erived band$19]. By measuring beyond tHast
SBZ, we determined the positionstofand0 , and found that+ = 1.28+ 0.04v , and
3- =1.11+0.04v , values which are 3.583.01% smaller than those of the bulk SBZ
(3+=1.3256v ,3- =1.1479%v ); see Figurés.3. While this result is limited by the
largeerror, our measurement suggests the presence of a ~3.6% lateral lattice expansion in
monolayer Mo% compared to bulk, yielding a lattice constant of 32810 A . In Xray
diffraction and Ramasscattering studies of single layer Mg@epared by exfoliabin of

Li-intercalated Mogpowder immersed in water, Yaegal.also reported that the-plane
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lattice constant expands to 32D.015v, about 3.5% larger than the accepted bulk value
(3.16v) [20]. The authors attributed this lattice expansion to a change in the Mo
coordination from trigonal prismatic for the case of dry MtsSbulk octahedral for the
water immersed MaoSOn a differat but related note, there have also been several reports
of a blueshift in the irplaneO phonon mode of monolayer Mg21], which has been
attributed to reduced interlayer interact[@2]. Our observation of a larger-plane lattice
constanfor monolayer Moswould be expected to produce a redshift in thplane’O

phonon mode. It thus appears that the reduced interlayer interaction has more of an effect
on this phonon mode than our experimentally suggestpldire lattice constaexpansion.

We should also note that in our previous SPELEEM measurements, we calibrated the
momentum space by assuming that the lattice spacing is unaffected when er{}4t

is thinned down to a monolayer, i.e., we assumed the sapt&ria lattice prameter as for

bulk MoS [19].
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Figure 6.2(a)(b) Micro-ARPES band maps of suspended Ma®ng3s y and3 vy,
respectively. (c) 2Bcurvature intensity plot of the suspended Mb&nds along 3

0 high symmetry line. (dje) ARPES band maps of supported Ma®ng3 y ands

y, respectively. (f) 2Bcurvature intensity plot of theupported MoSbands alon@

3 U high symmetry line. DFTtalculated bands using the relaxed lattice parameters are

overlaid onto all the band maps for comparison.
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denote the positions ef andy using the lattice constant of bulk MS
6.3.2 DFT Calculation

There are a plethora of density functional theory (DFT) calculations on the band
structure of monolayer MeSIn addition, there have been several studies of the relaxation
of the inplane lattice constant by way of structural optimization calculajaB25].

While a thorough theoretical understanding of the full lattice relaxation o Mdfgeyond

the scope of this experimenttldy, we have performed DFT calculations using a range

of different outof-plane lattice constants with the primary purposes@éking better
agreement with our measured electronics structure. In particular, we used the ABINIT code
[26, 27] with a generalized gradient approximation (GGA) functi¢28d]; note that Van

der Waals interactions are not pertinent for calculation ofesperimentally realized

suspended monolayer Mp$rystal. These calculations investigated the corresponding
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modification of the intraplane distanatefoted ag in Figure 61(b)) between the Mo and

S atomic planes while utilizing the experimentally deteed inplane lattice constant
stated aboveOur result shows that whenis allowed to increase by ~2% compared to its
bulk value (z= 1.5868) [29], the calculated bands agree surprisingly closely with the
experimental measurements, even though ouulzion does not capture many of the
detailed physics of our crystal, such as gpibit coupling. Note that our suggested increase
in z is in contrast to a lovenergyelectrondiffraction study of the top layer of single
crystal bulk Mo$S, which reportec ~5% decrease afwithin the topmost lay€i30]. We
again note that our deduction of an expansion of th@pplane lattice constant is driven
simply by a desire to seek better agreement of the-@d#ived bands with measurements

and is not a definitie finding.

6.3.3 Discussion

The intrinsic nature of the experimentally suggested increase in tpiane
monolayer lattice constant is supported by ppARPES measurements of supported
monolayer Mog from which an approximately identical relaxed lattbmastant, within
our error, is extracted @3.30+ 0.10A , see supplementary material&yures6.2(d)-(e)
show the ARPES band maps of supported monolayer.dlo8g thes-- and3-+ high
symmetry lines of the SBZ, respectively. Fig6t2(f) is the corresponding 2ourvature
intensity plot{18]. Our calculated bands (using the relaxed lattice parameters) are overlaid
onto Figure 62(a)(f) for comparison. Note thaFigure 62(a)(b) & (d)-(e) are all

normalized to the highest intensity of thesspective band maps.
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Note that, as shown fgure 62 (e)& (f), the valence band maximum-ats still
higher than that &, which means that the relaxation of the lattice constant for monolayer
MoS, does not alter the location of the valence band maximum in the BZ. This result
indicates that the key conclusion in our previous Wbk, i.e., the valence band maximum
shift from 3 to +, when MoS is thinned down to 1ML, remains intact.

Il n our previous study, we had also tenta
measured dispersion of the UVB, relative to the DFT derived UVB, to surface interaction.
The present workwhich measures both supported and suspended monolayef, MoS
suggests, on the other hand, that the compression is predominately due to lattice relaxation.
While surface interactions are present, we deduce them to be relatively weak, due to the
fact that eletronic structure of the substragapported monolayer Me®loes not differ

significantly from that of the suspended case.

TABLE | : Effective mass xdracted from DFT calculation @. [18], [23}[26]) and

ARPES measurements.

Package/functional ® Q
S.W. Yuret al FLAPW/GGA 3.524  0.637
Andor Kormanyoet al VASP/HSE06 2.24 0.53
H. Peelaert al VASP/HSE06 2.8 0.44
T. Cheiwchanchamnanggi al Quasiparticle GWWLDA 3.108 0.428
Experiment on suspended MoS N/A 2.00 0.43
Experiment on sumpted MoS N/A 1.85 0.48
This work (without sphorbit interaction) ABINIT/ GGA 2.65 0.52
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6.3.4 Effective Mass

Figure6.4(a) shows the UVB of suspended monolayer Mm&IFigure 64(b)-(c)
along with the corresponding energy distribution curves (EDGs). measurements of
suspended MaShat are free from substrate interaction, and the access to precise absolute
parallel momentum values afforded by the spectromicroscopy instrumentation, enable us
to fully investigate the effective massdgnof intrinsic MoS. Note that effective mass is
a particularly important parameter in transport measurements since it plays a crucial role
in determining the sample mobility. Despite many theoretical predictions of the effective
mass of monolayer MeSthere remains glaring lack of agreement. Further transport
measurements of the effective mass have thus far been lacking. Table | summarizes several
predicted values of the effective mass reported by different theoretical groups using
different DFT techniques/functiolsa(Ref. [7], [25], [33]-[35].) The simplest approach to
fitting the data uses a parabolic fitting over a range of +8:88wve extract the effective
mass ag andy to be(2.00+ 0.35)m and (0.43t 0.02)my, respectivelyThe value ay
agrees mostlosely with the value reported t§ormanyoset al, while the value at is
very close to the value reported Gfieiwchanchamnanggt al

In the substratsupported case, we extract values of the hole effective mass that
are not too different from #t of intrinsic, i.e., suspended Mo3$Ve find values of r at
3 andy of (1.85+ 0.22)my and (0.48+ 0.02)my, respectively. We note that the effective
mass value stated here is somewhat lower than that quoted in our previo(is9jokike

attribute that difference to the improved energy resolution and better signal to noise
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available using the SPEM,; also, the inverse relation between dispersion and effective mass

accentuates small differences in the relatively flat dispersion amund
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Figure 64 (a) UVB of suspended monolayer Mo®)-(c) EDCs of the UVB along the

y ands-y direction, respectively. (daussian linewidtlvs momentum plot. The blue
dashed lines are the guide to the eyes to trace the evolution of the linewidth withtmwom

The black dashed boxes in (a) & (d) enclose the transition region where the linewidth

increases.
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6.3.5 SpirOrbit Coupling

At y in crystal momentum space, the UVB of monolayer Me$erived primarily

from the MoQ /'Q orbitals. Due to broken inversion symmetry and strong-sbit

coupling, a spirsplitting of 148 meV ay has been predicted by thed®g]. This splitting

in the upper valence band has been of recent interest for exploration of the coupling of spin
and valley degree of freedom in Mg[S6]. Since we were not able to directly resolve this
spintorbit splitting in our ARPES measurememnt®, did examine carefully the variation of

the linewidth of the uppemost valence band with change in crystal momentanu
observe the following. We performed single Gaussian peak fitting (with a linear
background) to the EDCs of the uppeost valence band to extract the FWHM of the
Gaussian peak. The linewidth vs momentum plot is showigure 64 (d). Using the blue
dashed line as a guide to the eye, we find that the EDC linewidth remains constant with a
small variation 450+ 19 me\) from0 to the midpoint (defined &%) of oo 0 Note that

the relatively bigger error bars in the vicinity of % -0.5A is due to the vanishing
spectrum intensity. In the vicinity of the midpoint@fi which is enclosed by a black
dashed box ifrigure 6.4a) & (d), the linewidth gradually increases. In the vicinityof

the linewidth(528+ 13 meV)is found to be largr than that ab anda.

Regarding the origin of this increased linewidth, we make the following
observation. There are two possible explanations for this sharp linewidth increéhse
vicinity of 6fto 0: 1) a decrease in the qugsarticlelifetime or 2) a splitting of the spin
degenerate band into two bands due to-spiit coupling. We favor the latter explanation

due tothe location being consistent with theoretical calculations of the splitting in.MoS
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However it is clear that a deftive conclusion of this linewidth increase awaits higher

resolution studies.

6.4 Conclusion

In conclusion, we have performed ARPES measurements on the valence bands of
suspended and supported monolayer M@&Ir ARPES measurements of suspended2MoS
reveal good qualitative and quantitative agreement with theory and elucidate the effects of
a nativeoxide covered Si substrate on the band structure of monolayer. MESfind a
suggested expansion of theglane lattice constant and deduce an expansidmedhtra
plane lattice constant, which may be indicative of an atomic structure that is sensitive to
stacking. Fitting of the measured valence band dispersion provides an experimentally
derived value for the effective mass of both suspended and suisapptated monolayer
MoS,. We also measure an increase in the linewidth over the band region from the midpoint

of 3y to the vicinity ofy 8
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Chapter 7

Direct Measurement of the Tunable Electronic Structure of

Bilayer MoS: by Interlayer Twisting

In this chapter, we explore beyond tieect bandgapenergy stablé-B stacled
monolayer2H-MoS,, and began a study of van der Waals bounded, ttdandgap
bilayer MoS. In particular, we investigate this simple stack withaatificial interlayer
twist. Thus,using angl&esolved photoemission, we directly measure the interlayer-angle
dependent electronic band structure of bilayer M@&ir measwementsareperformed on
a chemicalvapordepositionsample, with arbitrarihstacked bilayer MoSflakes Our
measurementgprovide direct evidence for the evolution of the valebaad at3 with
interlayer coupling tuned by the interlayer twist an@ech a twistleads to arenergy
variation of ~200 meV foran interlayer twist angle of 39°. Further, our direct
measurements of the valence band provide a detailed outlook on the band dispersion that
evolves with twist angle, sh that we can extract thelbeeffective mass as a function of
the interlayer couplingTheseresults directly confirm theoretical explanations given in
recently published photoluminescence reports, and provide insight to the understanding of
twistedbilayer dichalcogenide device ydics. This twisted bilayer Mogis also an ideal

model system for other bilayer heterostructure studies.
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7.1 Introduction

Van der Waals layered materials, especially the transition metal dichalcogenides
(TMDs), can be prepared as atomically thin semicotatg1] with high-quality home or
hetergjunction interfaces without restriction of lattice matching or interlayer
crystallographic alignment. The utilization of layered materials opens up potential
applications for bandgap engineering by using sti@instacking up of layerg3][4], or
building of heterojuntion$5]. For TMDs such as MeSMoSe, WS, and WSeg their
electrical, optica[1][6], and vibrational propertigg] are also known to be significantly
dependent on interlayer coupling. One oé tivelkknown consequences of interlayer
coupling in TMDs is the diredb-indirect bandgap transition from monolayer to multilayer
films. The magnitude of the indirect band gap has also been predicted to vary with both the
number of layers and the interk&xyseparation distan¢é] due to interlayer electronic
coupling .To date, however, the experimentalgsolved electronic band structure of
interlayer interaction in TMDs has only been studied in the case of crystallographically
aligned layers, as founth samples exfoliated from bulk material$][6][7][8][9] .
Recently, photoluminescence (FALP][11][12][13] and density functional theory (DFT)

[14] studies on arbitrargligned bilayer MoSflakes prepared by stacking chemigalpor

deposition (CVD) monlayer MoS have been reported.

Based on these recent PL results and their corresponding Raman measurements on
characteristic phonon modesgnd A for twistedbilayer MoS [10][11][12][13], one
can conclude that (1) the interlayer coupling of bilay@Svhas a local maximum for 60

degree twist angle, (2) the interlayer coupling has a global maximumdegi@e twist
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angle, and (3) the interlayer coupling is at a minimum when the twist angle approaches 30
40 degrees. By way of density functional thedhgese reports all attribute their results to

a twistangledependent layer separation, which consequently determines the amount of
energy splitting of the highest occupied states ardurite extent of this energy splitting

is reflected as a variation the photon energy of the photoluminescence measurements. In
light of these recent reports, it is important to confirm their findings using a different probe,
and to verify their theoretical predictions via direct experimental measurements of the
energymomentum dispersion that is not accessible through photoluminescence studies.
Furthermore, given the current intense interest in the field to the fabrication and electronic
engineering of heterostructures composed ofdimeensionalmonolayer materialst is
important to characterize the electronic structure via a direct band structure probing tool,

such as angle resolved photoemission (ARPES).

In this chapterwe directly measure the enermyomentumdispersion of CVD
grown and transferred twisted bilay®loS, (TBMo0S,) for several twist angles ranging
from 0° to 60° using micromet&cale angl&esolved photoemission spectroscopy (U
ARPES). Utilizing brightfield (BF) lowenergy electron microscopy (LEEM) we locate
twisted bilayer regions of interest and determine their relative twist angle and region
boundaries by way of micromelscale lowenergy electron diffraction (LEED) and
darkfield (DF) LEEM imaging. Our pARPES measurements over the whole surface
Brillouin zone reveal thé state is, indeed, the highest lying occupied state for all twist
angles, affirming the indirectamdgap designation for bilayer MgSrespective of twist

angle, made by the photoluminescence refld@jgl1][12]. We directly quantify the
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energy separation between the high symmetry pdirasdK of the highest occupied
states; this energy sepaoat is predicted to be directly proportional to the interlayer
separation, which is a function of twist angle. We confirm this with o#RFPES
measurements and we observe the same trend reported by the above mentioned
photoluminescence and Raman studws. also confirm that this trend is a result of the
energy shifting of the temost occupied state @t, which was predicted by DFT

calculationd10]-[14]. Finally, we also report on the variation of the hole effective mass at

0 andK with respect to twist angle and compare it with theory.

Figure7.1 Bright field and dark field LEEM images of TBMe®f twist angle (a), (b) at
47°and (c), (d) at ~0°, respectively. The C\gpown Mo$S exhibits islands and a continent

of patches. Both were used in our experiment. The markers in (a) and (c) indicate where
the measurement were taken. In (a), the spds bsithe top layer (triangular) and the spot

2 lies on the large flake that extended outside the top layer. The same goes in (c), where
the top and bottom flakes are both triangular. Since their twist angle is nearly zero, their
(d) DF image shows almosif contrast difference, and their (e), (f) LEED pattern
orientation is the same. The electron energies used were (a) 3.5eV (b) 40eV (c) 4.6eV (d)

36.4eV (e), (f) 40eV.
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7.2 Experimental Methods

Our measurements were performed using the spectroscopic presioenand
low-energy electron microscope (SBREEM) system at the National Synchrotron Light
Source (NSLS) beamline USUAS5][16]. The spectrometer energy step of this instrument
was set to 100 meV at 42 eV incident photon energy with a beam spot size of
diameter. The momentum resolution is ~0.02 Ahe TBMoS samples were stacked and
pretransferred to a nativexide covered Si substrate. After transfer, the sample was
checked by Scanning Electron Microscopy (SEM) to confirm whether the transfer wa
successful (Figre 7.1(a)), since fewayer Mo$S films lack optical contrast on a native
oxide Si substrate. Prior to measurements, these samples were annealed at 350°C for ~12
hours under UHV conditions to remove contaminants. BF/DF LEEM and PEEM were
utilized as they provide rich information on surface morphology and work function

information for the postransferred TBMog(Figure7.1(b)-(d)).

7.2.1Sample Preparation

Measuring bilayer Mogof different twist angles is made possible by transferring
two sheets of chemical vapor deposition (CVD) grown monolayer.Mw& on top of
another, on a nativexide Si substratf8][17]. The monolayer CVD Mofsamples were
prepared using the solid precursor growth technj@i@on a 285nm Si@coated Si chip.
The growth substrates were grkeaned in acetone and isopropanol, followed by 2 hr
rinsing in Piranha solution and 2 minutes afpflasma etching. More details on the growth

procedure can be found iRef. [18]. The CVD growth yields monolayer MeSvith
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different shaped flakes ranging from triangular/polygonal islands to large continuous
patches. The thickness of the sample is examined by Raman and photoluminescence
spectroscopy{19][20] prior to transfer. Two sheets of ML CVD MgS&ontaining
randomlyorientded flakes are transferred on a natoxede Si substrate; this allows one

to create arbitrary bilayer Me3akes and patches exhibiting different twist angles.

280nm Si0,/Sichip ~ Etchin KOHto Pick up and clean in
remove substrate vacuum desiccator

1 ¢

Stamp on another Spin-coat CAB and Transfer the flakes on a Remove CAB
CVD MoS, add PDMS support native oxide Si chip with acetone

Figure 7.2The making of TBMo% via transferring two monolayer CVD grown MpS
sheets on aative-oxide Si substrate. Note that the interface of the two ML Me®ains

clean during transfer, only exposed to air for a short time.

Figure 7.2 shows the flowchart of the transfer method. CvVD grown Mo®
SiO,/Si (flake A) was carefully laid afloatnoa 1M KOH solution, with a PDMS stamp
pressed on the MeSurface to support the flakes and to protect the surface cleanness. The
KOH etched away the SiCeptlayer, causing the chips to fall off, and leaving the

PDMS/MoS stack in solution. Later, theagtk was rinsed with DI water, left dried for a



157

day, and scooped up using a PDMS sample holder. After removing the first PDMS cover
from the stack, the MaSvas cleaned in a vacuum desiccator, and then was stamped onto
another CVD Mo$ (flake B) on SiQ/Si. Notice that the interface of the two MoS
monolayers are clean and untouched by any solution. Now, the PDMS sample holder used
earlier was removed from the MgBloS/substrate stack and a layer of cellulose acetate
butyrate (CAB) polymer was sptpated a top of the stack. Extra CAB polymer was cut
out, leaving only a square of CAB covering the Mti&es. A drop of water was put along

the cut to help peel off the SiSi substrate. Note that the Moffakes are prone to attach

to the CAB film instead ofhe SiQ/Si substrate. The CAB/Me®10S; stack was then
stamped on a nativexide Si substrate that has been cleaned anggiterned with Au
alignment marks. Now, the whole chip was immersed in acetone to dissolve the CAB layer,

then rinsed in DI wategnd then dried in a vacuum desiccator to complete the transfer.

7.2.2Sample ldentification and Quality Check

Sample quality and crystal orientation of TBMo&ere examined using bothFB
and DF LEEM and pLEED (Figure 7.1).DFLEEM greatly enhances theomtrast
between ML Mo$S flakes of diferent crystal orientations (Figuel(b) and7.1(d)), as
compared to BEEEEM (Figure7.1(a) and7.1(c)). DRLEEM also allows us to identify the
boundary of the regimof interest. Note that inigure 7.1(d), for the ase of the ~0° twist
angle, the DHLEEM image shows the same relative contrast between the top (red line) and
bottom (yellow line) layer as in the case of-BEEM, as expected for identically oriented
layers. The corresponding diffraction patterns (atimgmy electron energy of 40 eV) of

the top and bottom layer of thedggree TBMoSare shown irFigure 7.1(e) and7.1(f),
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respectively. At this energy, the LEED patterns clearly showad3symmetry, and can
be used to identify crystal orientation. Ndtat the LEED pattern of TBM@&t this energy
corresponds to the orientation of the-topst layer due to the limited electron penetration

depth[21].

7.3 Experimental Results
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functon of ARPES photon energpt 42eV, Mo 4d has a higher photoionization cross
section than that of S 3p by an ordémagnitude difference. Therefore, the dominant
features in our ARPES measurement are the contributions of Mo 4d subsitelalsb
that the Cooper minimum of the S orbital is ~34eV. (b) E2&lculated electronic structure

of TBMoS, at 60° (solid lines) and 30° (dashed lines), highlighting the impact of layer

separati on, i n which the i nctoemmplaaryeedr tsoe ptahraatt i
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60° by ~0.3 A. The band of the tomst valence band atvaries strongly with the
interlayer spacing change, while thgoint at conduction band minimum and valence
band remains intact.-ARPES measurements of TBMp&ut alorg - -3-+ at (c) 0° (d)
13°(e) 265° (f) 39°(g) 47.5° (h)60°. The overlaying white lines are DF€Rlculated bands.
ARPES intensity maps were normalized for each directienands-- , independently to

achieve better contrast.

7.3.1 ARPES Bam Mapping

Our HtARPES measurements of twisted bilayer Ma®ng the high symmetry
directions- -3-+, covering twist angles d = 0A ( AA
(AB stacking, nomal bilayer), are shown inigure 7.3 (The 60° data was tak from an
earlier report3]). The electronic structure of the tbpng valence bands of MeSs
derived from hybridization of the Mo 4d and S 3p orbfa®}[23] each of which possesses
a strongly varying photeenergydependent photoionization cressction[24], as shown
in Figure7.3(a). In our measurement, a photon energy of 42eV was utilized, for which the
corresponding photon ionization cressction of the Mo 4d subshell is an order of
magnitude larger than that of S 3p (indicated by the védeshed line irFigure 7.3a)).

Thus, the primary contribution to ourARPES measurements, shownHigure 7.3(c)

(h), are from the Mo 4d orbitals. In our experiments, the incident photon flux was directed
normal to the sample surface so that its poddion is in the plane of the Melyers, thus
suppressing excitation of states with-otiplane character. This explains why the-Nod

S-derived states with a z or eaf-plane component, i.eQ orn , located in the
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uppermost valence band (UVB) neanave a consistently relatively weaker, butzemno,

intensity.

The bandgap of bilayer MeShas previously been reported to be an indirect
transition of ~1.6 ef3][6] between the alence band maximum (VBM) atand the
conduction band minimum (CBM) at, as shownin Figure 7.3b). Based on our
measurement of the Fermi energy, the lower bound of the bandgap of TRMeSbe
greater than 0.9 eV; this result also suggests thaCub-grown TBMoS is slightly
electrondoped. As deduced from theoretical calculatifh4] and photoluminescence
measurement§l0][11][12][13], the evolution of the uppermost valence band and the
lowermost conduction with twist angle in TBMp&hanges oyl the VBM at3, while
leaving the VBM at+ andtheCBMatal most i ntact (the direct
between 30° and 60° of twist andl£0]). This situation is confirmed by DFT calculations
for twist angles between 30° and 60°, showifrigure 7.3b) ard in our ARPESmeasured
band structure ifigure 7.3(c)}(h), which shows a changiragstate and a fixed state for
several twist angles and referenced to the Fermi level. To seedfaite evolution more
clearly, we used the secodérivative fillering method to extract the topost valence
band for each twist angle as showrFigure 7.4 The bands were referenced with respect

to the+ state maximum for this latter case.
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Figure7.4 (a)(f): The corresponding secottdrivativefiltered topmod valence band of
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Fig. 2 (c}(h), respectively. The number overlaid on each bands is an averaged value of the

energy difference of and+ over all six high symmetry directiors3-+.

7.3.2 Twist Angle Dependent Bandgap Transition

In Figure 7.4 it is clear that for TBMoSthe VBM lies at3 instead of+, contrary
to the ML case, in agreement with earlier ARPEH25] and photoluminescence
[10][11][12][13] reports which correspond to an indirect transition shoviigare 7.3b).
The VBM at3 shifts downward in energy as the twist angle is varied from 0° or 60° to
~40°. This is explained by the weakening of interlageupling that affects only the out
of-plane MoQ and Sr} orbitals, i.e., the states located ab®utNote that ifFigure 7.4
the indicated values, which denote the energy difference betweeanatitke + valence
band maxima, were deriggrom the averaged value of all six highmmetry equivalent
directions 3-+, via careful peak fittings. These extracted values are further compared to

the PL measurements and theoretical calculatiofgyure 7.%c).






























































































































