A Thesis Submitted for the Degree of PhD at the University of Warwick

Permanent WRAP URL:

http://wrap.warwick.ac.uk/160899

Copyright and reuse:

This thesis is made available online and is protected by original copyright.

Please scroll down to view the document itself.

Please refer to the repository record for this item for information to help you to cite it.
Our policy information is available from the repository home page.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk

warwick.ac.uk/lib-publications


http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/160899
mailto:wrap@warwick.ac.uk

MENS| TAT
AGI [MOLEM|

Do S o S

(MIVIVIVIVI
WNANNANNY

Atomic and Electronic Structure of Random and
Ordered 2D Alloys
by

Xue Xia

Thesis
Submitted to the University of Warwick
for the degree of

Doctor of Philosophy

Department of Physics
September 2020
\ A 4
WARWICK

THE UNIVERSITY OF WARWICK



Table of Contents

Table of Contents I
List of Figures \%
List of Tables IX
Acknowledgements X
Declarations XII
Publications X
Abstract XV
Abbreviations XVI1
Chapter 1: Electronic Properties of TMDs and TMD AllOYS ........ccoceevveecruerinccseecnne 1
1.1 Two-dimensional (2D) materials and their heterostructures..........c..ccceeverveennennee. 1
1.2 Transition metal dichalcogenides (TMDS) ........ccccceeviieeriieeriieeieeee e 3
1.2.1 Crystal structure of MOWSeS MX2 .ooeiiiiiiiiiiieeieeeeeee e 4

1.2.2 Electronic (band) structure of TMDS........ccccccveriiienieeiiieiieeieeieeie e 6
1.2.2.1 Indirect-to-direct gap tranSitionS. ........cceeereeerieenieerie ettt 6

1.2.2.2 Optical and electroniC Gap ......c.cueveeriirierienierieeie ettt st 8

1.2.2.3 Spin-orbit coupling (SOC) SPIItLING........cccvvrerireriiieriierieeieeerreeree e erreereeeeneas 9

1.2.2.4 SpIn-valley 10CKING........ccccviiiiiiiiiiiiiecie ettt sre e ereesreesreesbeeseveeseree e 10

1.2.3 APPICATIONS ....utiiiiiieeiiie ettt et e et e e eeae e e eaa e e e saeeesaaeesasaeenaseeas 12

1.3 TIMD @lIOYS.ccuutiiiiiieeiiieeiee ettt ettt e et e e e e e e e e essaeesnnneeenseeesnsneennsnaenns 14
1.3.1 Synthesis Of TIMD @llOYS ......ceovieiiiiiieiierie ettt ens 14
1.3.1.1 Chemical vapor deposition (CVD) ......cccceviiriiiiiiiiiiieieeiee et 14

1.3.2.1 Chemical vapor transport (CVT) ...ccceevieriiiiiiniiiiiiienieeeeeteeeeeie e 16

1.3.2 Tuning the electronic structures of 2D TMDs by alloying...........c.ccccuueee..e. 17
1.3.2.1. Band gap engiNEEriNg ........ccceeviirieriieniieiinieeteeteete ettt 17

1.3.2.2 SpIN-0rbit ENZINEETING ....cuveeeereererierrieeieerieerreesireesseesreessaesseessseesseessesssseenns 18

1.3.3 Applications of TMD allOyS ......ceeeviieriiieiiieeieeeiee e 19

1.4 ThesiS OULINE. .....couiiiieeieiieiee ettt sttt 20



Chapter 2: Experimental TeChNIQUES ......cccceeerrunrecsicrniecsssnnicssssnsrecssssssssssssssssssssssssecs 22

2.1 Material SYNERESIS ....cccuiiieiieeiiie ettt et et e e e e e e e esaeesseeesneeenns 22
2.1.1 Chemical vapor transport (CVT) .....ccoeviiriieiieniieeecieeieeeie et 22
2.1.2 Mechanical exXfolIation ..........cccoveerieiiinieniiienieeeeeeee e 23

2.2 RAMAN SPECIIOSCOPY veeeeurrrreeerirrrreerierreeeeaisreeeeassseeeeessseeeasssseeeesssssseesssssssesessseeees 24
2.2.1 Light-matter INteTacCtiON ........ccecuvieeiiieeeiiieeeiieeeieeesieeerveeeveeeareeeaeeeeaeeeenes 24
2.2.2 Confocal Raman SPECIIOMELETS ......cccuieruiervieriierieeiieereeiee e eieeeaeeseeseneens 28

2.2.2.1 RamMan SHiftS ......cuieeiiiiiieiiiecie ettt ettt et et 29
2.2.2.2 Linearly polarised Raman SPeCtra.............cccueeriierveeniieiiiieeieesieesieeeieesseesneenes 31

2.3 ElECtION MICTOSCOPY ..uvvveeereeeiurieesirieesiteeeseteeeseeenseeeaseeessseeesssesassseeessseesssseesssnesnns 31
2.3. 1 TEM and STEM...c.ciiiiiiiiiiiiiiicteeee ettt 35
2.3.2 Aberration-corrected CTEM and STEM .........ccccooiiiiiiiniininiiciceicee 38

0 B 1< 4 215 10 TR 38
2.3.2.2 Spherical aberration-CoOITECtION. .......ccuvereeeirirereiiieeeiieeeeteeesireeeeeaeeeesereeesereeennns 41
2.3.3 Annular dark field-STEM 1mages...........ccccueeriiriienieniieiieeie e 42
2.3.4 Electron energy loss spectroscopy (EELS).......cooiiiiiiiiiiiieiiees 43
2.3.5 Radiation damage ............ccocueeeiuiieeiiieeiie e eeieeeeree e e e aee s 45
2.3.5.1 Atomic displacement (knock-on damage) ...........ccceeveveriierieereenciieeiee e 45
2.3.5.2 Electron beam SPULLEIING ........c.ccvviervierreerieeriieesieeeseeeesreesseeesseeessesssesssessseenns 46
2.3.5.3 Electron beam Neating ...........ccceevvieriieriieiieeie e esite e esieeeeeesreeereessreeesnneens 46
2.3.5.4 Electrostatic Charging ..........coooueeiiieiiieriieie ettt ettt 46
2.3.5.5 Radiolysis effect (ionisation damage)..........cceccueeeeeerirenieesieeiie e eriee e 47

2.4 Introduction to angle-resolved photoemission spectroscopy (ARPES) ............... 47
2.4.1 Fundamentals of ARPES .......cccooiiiiiieeeceeee e 47
2.4.2 Key parameters of band StrUCtUIe ...........ceevviieiiiieeriieeciie e 50

Chapter 3: Synthesis of TMD Alloys and Hetero-structure Assembly .................... 52

3.1 INEOAUCION ...ttt et sttt st be e 52

3.2 Crystals SYNRESIS ...couviiiiiiiieiie ettt ettt 53
3.2.1 Compounds PreParation..........c.eeeeeveeerrveeesrreerireeesiseeesseeesseesssseesssseessseeesssees 53
3.2.2 Chemical vapor transport (CVT) ...ccecvieeiiieiiiieciieeciee e 57

3.2.2.1 Synthesis of M01xWxS> Single Crystals.........ccccveveiirriiriiieeriieiiiesiiesieesiee e 57
3.2.2.2 Synthesis of Nbi1xWyS> and NbixW,Se; single crystals .........ccccoceevveninineenenne. 59
3.2.2.3 Synthesis of other single crystals (Re-MoS; and WSe2) ....ccvevvvveicrieinieeiieeenienns 62

II



3.3 MeChaniCal €XTOIIAtION .. ..eeeeeeeeeeeeee e e e e e e e e e e e e e e e e e eeaaeaaeens 62

3.3.1 S1O2 SUDSIIALE. ....eeiiieiiieiie ettt 63
3.3.2 Other SUDSIIALES. ... .covuiiiiriieiieie ettt ettt 63
3.4 Van der Waals heterostructures assembly ...........cccceeviieriierieeiienieeniesie e 64
3.4.1 Pick-and-place transfer...........cceevviiieeiieeiiieceecee e 65
3.4.2 PMMA Dry transfer........cccviiiiiiiiiiie ettt 69
3.4.3 Comparison of PDMS and PMMA transfer ..........c.ccccceevvvevieecieeneenieeneene, 72
3.4.4 Sample fabrication for ARPES ..........cooiiiiiii e 73
3.5 A novel way to prepare TEM Samples ........ccceeeviieeiiieeiiieeieeciee e 74
3.5.1 Preparation of TEM samples of single 2DMS .........ccccvveviveeviieeciiecieeee. 74
3.5.2 A novel way for encapsulated TEM samples preparation...............ccoeeueeee. 74
3.5.3 Encapsulated TEM sample via dry transfer...........cccoccveevieenienciieneenieeieenne 77
3.5.4 ANNCALING.....ccoiuiiiiiiieeiie ettt e et e e sab e e et e e e aae e e aaeeearee s 79
3.5.5 Comparison of TEM Samples.......ccccecvuieiiiiiiiiieiiieeciee e 79
3.6 CONCIUSION ...ttt sttt ettt ettt et e b enees 80
Chapter 4: Atomic and Electronic Structure of Random Distributed Alloys......... 82
4.1 INEFOAUCTION ...ttt ettt e et e e st e e st e e esbeeessaeessseessnaeesnneeenns 82
4.2 Sample fabriCatION........eieiiieeciiecciie ettt et e e e e aa e e eaaeeenaeeeneeens 84
4.2.1 Material SYNtRESIS .....ccuveiiieiieiiieiieeie ettt ettt beeseaeeseeenaeens 84
4.2.2 TEM sample Preparation .........c.eeceeeeveerreeeueenieesueenseesreenseesaeesseessessseesseens 84
4.3 Characterisation of Mo1.xWxS2 Crystals........cccveviiiiiiiiieciiieceeeeeeee e 86
4.3.1 Calibration of Mo1xWxS2 bulk crystalS.........cccvveeviieeniiiieiieeieeceeeeeee 86
4.3.1.1 CryStal SLIUCLUTE ....c.vvveviveeiieerieeriieeseeeteeeieeeteeeteeeseeeesseeeseessseesnsaessseessseesseenns 87
4.3.1.2 Compositional analySiS.........ceereeruieriereerieeiieie et 90
4.3.2 Optical properties of Mo1xWxS> monolayer flakes...........cccoeeveeecvieninnnee. 93
4.4 ALOMIC SITUCTULE ....eeneieeitieite ettt ettt sttt et e st e bt e st e ebeesaneens 95
4.4.1 ADF-STEM IMAZES .....eeriieiieiiieiiieeieetiesiteeieesteeseesreeseessaeeseessnesseessseens 96
4.4.2 Short-range order (SRO) analysisS........ccceeeuieriiiriiienieiieeiieeieeee e 97
4.4.3 Monte Carlo SIMulations...........cocueeiiiiiiiiniiiiieieeeeeeee e 100
4.5 E1eCtrONIC SIUCLUIE......eetiiiiiieiieeiieeiie ettt ettt ettt st 103
4.5.1 Valence band...........ccccoeeeririeiiiiieieeieeee e 103
4.5.2 Comparison of experimental data, DFT and VCA calculations................. 105
4.6 Spin-valley 1oCKING. ......cc.eiiiiiiiiie e e 110



Q.7 CONCIUSIONS ..ottt e e e e e e e e e e e e aae e e e e e et e aeeeeeeeeeeanaaaaaeeas 112

Chapter 5: Atomic and Electronic Structure of Ordered Alloys.........ccceeenerecccnnnes 113
5.1 INEPOAUCHION ..ttt sttt sttt ettt 113
5.2 Synthesis of the single crystals and calibrations ............cccccceevcveevierciienieenieennen. 114
5.3 ALOIMIC SEIUCTUTE ....eevetieiiieiie ettt ettt ettt ettt et sttt e st enbee st e e b e s neeenneas 115

5.3.1 STEM IMAZES ...eeevvieeiieeeiiieeieeeeieeeeieeeeveeessreeeseseeesaeeesseesssseesnsaeesnsesesnnes 116
5.3.1.1 ADF-STEM images of Nbo.1W0.0S2 MONOIayer..........ccceevuirieniiniinienieeieeens 116
5.3.1.2 ADF-STEM images of Nbo.17Wo.83S€2 monolayer ............cccceevvverveenrennnveennnnnn 117

5.3.2 Warren-Cowley SRO parameters analysis ..........ccceeeveeeeieeerieencieesnieenne 118

5.3.3 DFT calCulations........cooueeuieiiiiiieniceiee ettt 121

5.3.3 Multi-layer Nbo.1W0.9S2 c..eeoueiiiiiiieieeeeeeeeee e 124

5.4 Optical properties of short-range ordered Nbo.1Wo.9S> monolayers................... 125

5.4.1 In-plane polarisation Raman Spectra............ccceeevvieerieeeiieeeieeciee e 125
5.4.1.1 Polarised Raman SPECLIa..........ccccvierrieriieriieriieesireeire e eseeeesneeseneesseeessaeesenees 128
5.4.1.2 Angle-resolved polarised Raman spectroscopy (ARPRS) of WS, monolayers. 129
5.4.1.3 Polarization dependent measurements of Nbo 1 Wy 9S; monolayer..................... 130

5.4.2 PL measurements on Nbo.1Wo.0S2 monolayers ..........ccoecceevieenienieeniennenns 132

5.5 Optical and electronic measurements on random Nbg 17Wo s3Se> alloys............ 133
5.5.1 Optical MEASUTCIMENES........eeeriieeeiieeeiieeeieeeriieeerteeereeeeeeeeareeeaaeesseeeenns 133
5.5.2 ARPES MEaSUICMENTS ....cc.ueeriiiriiiniiieiieiieeieesite ettt 134
5.6 STEM plasmon SPECITOSCOPY -.vevveeuueerueeerieerieeiiesiteentiesteenseeseeeseesnseeseessnesnsens 137
5.7 CONCIUSIONS ..cuetiiniieiiieiteee ettt ettt ettt e st e e st e et e e sateenbeesnaeenneas 138

Chapter 6: Conclusions and Future Works.......c.eiceeicnceicssnicssnnscsssnssssanssssasssssanes 140
6.1 Conclusions of this thesiS .........ceveririiriiinieieeeeee e 140
6.2 FULUIE WOTK ..ottt 142

REFCIEIICES c.cuuveiinniiiiniiiiniiistticsnticinnessntessnnesssnsssssnsssssnessssnssssssssssssssssssssssssssssssssssnee 144

v



List of Figures

Chapter 1

Figure 1.1. The two-dimensional (2D) library. ........cccccoevieriiiieiiiieeceee e, 2
Figure 1.2. Layered transition metal dichalcogenides (TMDs) MX, indicated on a
PEIIOAIC TADIC. ...eitiiiiieiieie e et naeenbee e 3
Figure 1.3. Crystal and reciprocal lattice of MX2 monolayers. ........ccoceeverveneeneneennnne 4
Figure 1.4. Atomic structure of TMD crystals.........ccoceeiiiiiiiiiiiiiieeee e, 5

Figure 1.5. Band structure of bulk and monolayer MoS; via density function theory (DFT)

CAICULATIONS. ...ttt sttt s 6
Figure 1.6. Photoluminescence (PL) spectra of MoS> samples. .......c.ccoeeeevieenieniieienne. 7
Figure 1.7. Electronic band structures for the MX> monolayers.............cceceeveeriueenennne. 10
Figure 1.8. Optical selection rule. ...........cooouiiiiiiiiiiiiiiieee e 11
Figure 1.9. MoS:-based van der Waals heterostructure optoelectronics. ...........cccueuee.. 12
Figure 1.10. Van der Waals heterostructure optoelectronics. .........ccceeeveveevueriereeniennnen. 13

Figure 1.12. Atomic resolution STEM images of different regions on the same monolayer

Mo1xWxS2 flake via CVD.....oiiiiiiiii e 15
Figure 1.11. Schematic of a typical setup for CVD. .......cccoeviieiiiniiiiiieeiieiecieeeee 15
Figure 1.13. Schematic diagram of a typical setup of CVT.....ccccoooiriiiiiiiiiiniiiiee 16
Figure 1.14. Evolution of PL emission peaks as a function of S compositions in WSxSe:.
P 10102310] B} <) TP 17
Figure 1.15. Spin-orbit engineering of Mo1xWxSe> alloy monolayers................c.cc....... 18
Figure 1.16. Vertical stacked homojunction p-n diode in MoSe2. .....ccceevvveriieniieniennnne 19

Chapter 2

Figure 2.1. Box furnace for preparation of the alloy powders. ..........cccccveeviriiniincnnnn. 22
Figure 2.2. A tube or three-zone furnace for CVT........cccooiiiiiiiiiiiiieee 23

Figure 2.3. The mechanical exfoliation procedure and optical images of exfoliated flakes.



Figure 2.4. Schematic diagram of a scattering ProCess. ........ceevueereerueenieeseeeneesieeieeens 25
Figure 2.5. The polarizability of a molecule changes as a function of the nuclear
AISPIACEIMENLS. ....eeviieiiieiieeieeee ettt ettt ettt ete et e ssbeeteeesbeesseeesseensaeenseenseeenns 27
Figure 2.6. Schematic illustrations for the setups of typical confocal Raman
] 011 18] 1011153 o FO PSRRI 28

Figure 2.7. A summary of phonon modes for 2H-M X, monolayer and bulk crystals....29

Figure 2.8. Raman spectra of bulk and monolayer MoS; crystals. .........cccccceeevieniennnnnn. 30
Figure 2.9. Schematic cross-section of a modern TEM. ........c.cccoeciiiiiiniiiinieniiiciee 33
Figure 2.10. Schematic ray diagram of three basic operation modes in a TEM. ............ 34
Figure 2.11. The electron beam in CTEM and STEM instruments. ...........ccccceeveerneennn. 35
Figure 2.12. Schematic diagram of the bright field (BF) and concentric ADF detectors in
STEM MOME. ...ttt ettt ettt st b et eae ettt st e b enees 36
Figure 2.13. Wave and ray aberration. ...........cceoeeeiieerieeiiieniie ettt 38
Figure 2.14. Aberration coefficients from 0" to 5™ order............ccocoevvveeeeeeeiieen 40
Figure 2.15. Aberrations in the [eNSes...........cccvevviieiiiiiieiieciiceece e 41
Figure 2.16. An EELS spectrum in logarithmic intensity mode. ..........ccccceeerieneeniennne. 44
Figure 2.17. Schematic diagrams of a typical ARPES setup. ........ccccceeviiiieiiienieeene 49
Figure 2.18. Bands structures of WSe» with different thickness via ARPES. ................ 51

Chapter 3

Figure 3.1. Heat profiles for TMD powder preparation..............ceecueeveerieenieeneeeneennenns 54
Figure 3.2. Photos of compound preparation in an ampoule before and after heating. ..55

Figure 3.3. X-ray diffraction patterns of Mo1.xWxS> compounds in powder form before

......................................................................................................................................... 57
Figure 3.5. Influence of growth parameters on the single crystal products. ................... 58
Figure 3.6. Optical images showing exfoliated flakes of different 2D materials. .......... 63
Figure 3.7. Optical images of exfoliated TMD flake on different substrates. ................ 64

Figure 3.8. Photo of the dry transfer system in the laboratory at the University of Warwick
for pick-and-place (PDMS) and PMMA transfer techniques. ..........ccocceevieinieniiennennne 65

VI



Figure 3.9. Schematic diagrams showing, step-by-step, the pick-and-place (PDMS)

ETATISTOT ..t ettt et e s bbb et e st b e et e e beenaeeens 68
Figure 3.10. Schematic diagrams showing the PMMA transfer step-by-step................. 71
Figure 3.11. ARPES sample fabrication via the pick-and-place technique..................... 73
Figure 3.12. Wet transfer of TMD flakes exfoliated on Si0; wafer...........ccccceereenennne 75
Figure 3.13. Schematic diagrams showing the technique developed for fabrication of
TEM samples of encapsulated TMD flaKes. ........cccceeveriereriienieniienieseeieeeeseeeie e 76
Figure 3.14. TEM sample fabriCation. ..........cccceevieriereriinienieeienieeieseesiceieeee e 78
Figure 3.15. Comparison of ADF-STEM images of TEM samples prepared via different
tranSTer tECANIQUES. ...c.vviiiiiieciie e e e e e et e e entae e e reeesaneees 81
Chapter 4

Figure 4.1. Atomic structure of Mo xWxS2 monolayer. .........cccccooceriiiniiiniieniinneenne. 83
Figure 4.2. Photos of as-grown Mo1xWxSz bulk crystals. ..........ccccceiiiiniinininnnnn. 84
Figure 4.3. TEM sample of graphene encapsulated Moo.7sWo.22S> flake..........cceenenee. 85
Figure 4.4. XRD patterns of as-grown Mo1.xWxS: single crystals compared with predicted
XRD patterns from most cOmmon POLYLYPES......c.ueeeruvieeriieiriiieeieeeiee e 88
Figure 4.5. Raman spectra of 2H-Mo1xWxS2 single crystals............cccocceoiviniiinninnn. 90
Figure 4.6. X-ray photoelectron spectroscopy on Mo1xWxSz single crystals................. 92
Figure 4.7. PL emission spectra from Mo1xWxS> monolayers...........ccccevverveeriieenienne 95
Figure 4.8. ADF-STEM images of Mo1xWxS: single layers..........ccoccevieiiiiniinnnne. 96
Figure 4.9. Define the nearest neighbours around a metal atom.............cccccceevieneenennn. 98
Figure 4.10. Schematic images show how to count the nearest neighbours................... 99
Figure 4.11. Atomic configuration selected for DFT calculations...........ccccceeveennennen. 101

Figure 4.12. Comparison of SRO parameters of the Monte Carlo simulation and real

ADF-STEM IMAZE. ......eeiiieiieeiieeiieeiieeteeeteeteesiteeteesteeeseessaesseesseessseenseessseesseessseensens 102
Figure 4.13. ARPES energy-momentum slices from bulk crystals of (from left to right)
Mo00.63W0.37S2, M00.5sW0.552 and M0O020W0.71S2. ceeeeiiiiieiiiiiiiee e 104
Figure 4.14. Schematic of the evolution of bands at K valley from MoS; to WS>
MONOIAYET f1AKES. ....eiiiiieiiieiiee e e 106
Figure 4.15. Comparison of experimental data and ONETEP calculations.................. 108

VII



Figure 4.16. Polarization resolved PL spectra of a hBN encapsulated Moo sWo.5S2

MONOLAYET SAMPIE. ..eeeiiieiiiiecie et e e e et e e et eesreeeebeeesnseeesenes 110

Chapter 5

Figure 5.1. Atomic structure of a Nbo.1Wo.0S2 monolayer. .........cccccoecveeiieniieieeniennnen. 113
Figure 5.2. SEM-EDX spectra on Nbo.1Wo.9S, and WS, single crystals. ..................... 115
Figure 5.3. ADF-STEM images of a Nbo.1W0.9S2 monolayer............ccccceeeveenenuennnnne. 116
Figure 5.4. ADF-STEM images of a Nbo.17Wo.g3Se2 monolayer. ..........cccccoceevveeiennnnne. 117
Figure 5.5. Statistical SRO analysis of the Nbo.1Wo.9S> structure..........ccceeeveevueennennnen. 118
Figure 5.6. Statistical SRO analysis. .......ccccccvieeiiieriiieciieeciee e 120
Figure 5.7. ADF-STEM images of bilayer Nbo.1Wo.0S2.....ccovveeeiieriiiiieiieieeeeeveenen, 124
Figure 5.8. Schematic diagrams of ARPRS. ..........cccooiiiiiiiee e, 126
Figure 5.9. Polarized Raman spectra of a WS; and a Nbo.1Wo.9S2 monolayer.............. 129

Figure 5.10. Polarization dependence of the intensity of the Raman modes in the parallel
CONTIGUIALION. ....tiiiiieiieeii ettt ettt ettt et e st e et e e s taeesbeestaeesseessseensaessseenseensseensens 130

Figure 5.11. Polarization-dependent Raman spectra of a monolayer Nbo.1Wo.9S> in

parallel and cross CONTIGUIALION. ......cccviieiiiieeiie ettt e 131
Figure 5.12. PL measurements on a Nbo.1Wo.9S, and a WS, single layer..................... 133
Figure 5.13. Optical measurements on an exfoliated Nbo.17Wo.83Se> monolayer. ........ 134
Figure 5.14. ARPES measurements for Nbo.17Wo.83Se2 flake. .......ccoceeveriiniiniiniennnne 135

Figure 5.15. Comparison of ARPES measurements on the Nbo.17Wo.g3Se> alloy and pure
TNALETIAL ...ttt ettt et ettt e b e et eeeas 136
Figure 5.16. Low loss STEM-EELS of the ROI on a monolayer Nbo.1 Wo.9S> encapsulated
WIth GEAPRENE. .....iiiiiiiie e 137
Figure 5.17. Low loss STEM-EELS of monolayer Nbo1W0.9S2.....cccoerviiniieiieniennen. 138

VIII



List of Tables

Chapter 2

Table 2.1. Raman tensors for hexagonal point group. ..........ccecceevieiiienieniieenieneeeee 31

Chapter 3

Table 3.1. CVT growth conditions for Mo1xWxS» single crystals. .........ccccccevvevveennnnnnn. 60
Table 3.2. CVT growth conditions for NbixWxS> and Nbi.«\WxSe; single crystals. ...... 61
Table 3.3. CVT growth conditions for other single crystal samples............cccceevurennnnee. 61

Table 3.4. Optimised mechanical exfoliation conditions for various 2D materials, on SiO2

LTS, ettt —aeee e e e et a—————————aeeeetua——————————aettuana———————aaaeoes 63

Chapter 4

Table 4.1. Lattice parameters of CVT-grown Mo1xWxS> crystals calculated from XRD
1S 4 1 1RSSR 89
Table 4.2. Comparison between compositions determined by EDX and XPS from Mo:.
xWixS2 SINELE CIYSTALS. ..eoiiiiiiiiie ettt e 94
Table 4.3. Count of the 1 and 2" nearest neighbour of a W atom surrounded by jW
1 70) 14 OO PP TOP PP SORUPIOPRRRP 100

Chapter 5

Table 5.1. Calculated binding energies of atomic configurations selected from the STEM
image of Nbo.1W0.0S2 MONOIAYETS. .....cc.eeviriiriiiiiiiiiieieeteieee e 122
Table 5.2. Calculated binding energies of selected atomic configurations in an 8 x 8

SUPCTCEIL. oottt et e e et e et e e e saeeetaeeensaeesnaeeenneeenns 123

IX



Acknowledgements

During this course of my Ph.D. research, I have received helps from many people.
First of all, I would like to thank my supervisor Prof. Neil Wilson and co-supervisor Prof.
Ana Sanchez Fuentes for giving me the opportunity to initiate my Ph.D. in Microscopy
group at the University of Warwick. I sincerely appreciate their guidance, encouragement
and endless patience over the last few years. This thesis might not be possible without
their guidance and support. I am so fortunate to work with them. The knowledge, skills
and the attitude that I learnt from them in the past few years would encourage and guide

me in my future career.

I wish to thank Prof. Richard Beanland and Dr. Jeremy Sloan for giving me useful
advices and helps during my Ph.D. Also, I would like to thank Prof. Geetha Balakrishnan
who gave me assistances in the early stage of my Ph.D. I need to say thanks to Mr. Steve
York, Mr. Steve Hindmarsh, Dr. Yisong Han, Dr. Marc Walker, Dr. Ben Breeze and Dr.
David Walker, for training me and useful discussion about my works. Moreover, my
particular thanks to my colleagues, Dr. Jonathan Peters, Abi Graham, James Nunn,
Charlie Slade, James Gott, Maria Burdanova and Dr. Aruni Fonseka, especially Dr. Zac
Laker and Dr. Natalie Teutsch, for helping my works and giving me warm friendship

during my Ph.D.

I would also like to acknowledge the numerous collaborators who made contributions
to the work that I presented in this thesis. Many thanks to Miss Siow Mean Loh and her
supervisor Dr. Nicholas D. M. Hine for Monte Carlo simulation and first principles
calculations. Thanks to Dr. Viktor Kandyba and his supervisor Dr. Alexei Barinov for u-
ARPES at Elettra-Sincrotrone in Trieste, Italy. Thanks to Prof. David C. Smith for
polarisation-resolved PL measurements at the University of Southampton. Thanks to Mr.
Clive Downing for LL-STEM-EELS at the Advanced Microscopy Laboratory, Trinity
College Dublin, Ireland.

I express gratitude towards the technical and administrative staff in the Department of
Physics. Additionally, I express gratitude towards the financial support from the

University of Warwick.



Lastly and most importantly, I want to thank my parents, my mother and father, for
their endless encouragement and support. Without you, I could not get through all the

darkness and setbacks that I was struggling with during my Ph.D. I love you all.

XI



Declarations

I declare all data presented in this thesis is my own work except where stated. The
research reported here has not been submitted and approved, either fully and in part, for

the award of Doctor of Philosophy by this or any other institutions.

The XRD data in Chapter 3 and 4 was obtained with the assistance of Dr. David
Walker. The XPS data in Chapter 4 was obtained with the assistance of Dr. Marc Walker.
The Monte Carlo simulation and first principles calculations in Chapter 4 were performed
by Miss Siow Mean Loh and Dr. Nicholas D. M. Hine. The u-ARPES data in Chapter 4
and 5 was obtained and processed with the assistance of Miss Abi Graham, Prof. Neil
Wilson, Dr. Viktor Kandyba and Dr. Alexei Barinov. The data of polarisation resolved
PL spectra in Chapter 4 was obtained with the assistance Prof. David C. Smith. The LL-
STEM-EELS data in Chapter 5 was obtained with assistance of Mr. Clive Downing and
Prof. Ana Sanchez Fuentes. In these cases, the author was the dominant experimentalist.

All the other data and interpretations have been carried out by the author.

Xue Xia

September 2020

XII



Publications

2019

1.

Hamer, M. J., Zultak, J., Tyurnina, A. V., Zélyomi, V., Terry, D., Barinov, A.,
Garner, A., Donoghue, J., Rooney, A. P., Kandyba, V., Giampietri, A., Graham, A.,
Teutsch, N., Xia, X., Koperski, M., Haigh, S. J., Fal’ko, V. L., Gorbachev, R. V. &
Wilson, N. R. Indirect to Direct Gap Crossover in Two-Dimensional InSe Revealed
by Angle-Resolved Photoemission Spectroscopy. ACS Nano 13, 2136-2142
(2019).

Nguyen, P. V., Teutsch, N. C., Wilson, N. P., Kahn, J., Xia, X., Graham, A. J.,
Kandyba, V., Giampietri, A., Barinov, A., Constantinescu, G. C., Yeung, N., Hine,
N. D. M., Xu, X. D., Cobden, D. H. & Wilson, N. R. Visualizing Electrostatic
Gating Effects in Two-dimensional Heterostructures. Nature 572, 220-223 (2019).

2020

3.

Luo, Z. D., Xia, X., Yang, M. M., Wilson, N. R., Gruverman, A. & Alexe, M.
Artificial Optoelectronic Synapses Based on Ferroelectric Field-Effect Enabled 2D
Transition Metal Dichalcogenide Memristive Transistors. ACS Nano 14, 746754
(2020).

Burdanova, M. G., Kashtiban, R. J., Zheng, Y., Xiang, R., Chiashi, S., Woolley, J.
M., Woolley, J. M., Staniforth, M., Sakamoto-Rablah, E., Xia, X., Broome, M.,
Sloan, J., Anisimov, A., Kauppinen, E. 1., Maruyama, S. & Lloyd-Hughes, J.
Ultrafast Optoelectronic Processes in 1d Radial van der Waals Heterostructures:
Carbon, Boron Nitride, and MoS> Nanotubes with Coexisting Excitons and Highly
Mobile Charges. Nano Lett. 20, 3560-3567 (2020).

Xia, X., Loh, S. M., Viner, J., Teutsch, N., Graham, A., Kandyba, V., Barinov, A.,
Sanchez, A., Smith, D., Hine, N. D. M. & Wilson, N. R. Atomic and Electronic
Structure of Two-dimensional Mo1xWxS> Alloys. J. Phys. Mater. (2021).

XIII



6. Loh, S. M., Xia, X., Wilson, N. R. & Hine, N. D. M. Strong In-plane Anisotropy in
the Electronic Properties of the Doped Transition Metal Dichalcogenide W1.xNbxS,.
(2021). In preparation.

XIvV



Abstract

Recently, transition metal dichalcogenides (TMDs) have attracted increasing research
interest as promising two-dimensional materials for a range of electronic and
optoelectronic applications and for the fundamental science that can be studied in them.
This interest stretches beyond the properties of pure TMD materials, with an increasing
number of reports on doped-TMD and TMD alloys to increase the functionality of these
materials. For example, by substituting or alloying the metals or chalcogens of the TMDs,

it is possible to tune their electronic structure.

In this thesis, single crystals of pure TMDs and of TMD alloys have been synthesised
via chemical vapor transport (CVT). Techniques for the fabrication of van der Waals
stacks with artificial sequences have been developed, specifically to allow the direct
measurement of atomic and electronic structure in the alloys and to correlate these

properties to optical spectroscopy measurements.

The atomic structure of Mo1.xWxS; alloys are visualised by annular dark field (ADF)
scanning transmission electron microscopy (STEM). Statistical analysis of the images
allows the atomic distributions to be compared to those from Monte Carlo simulations
and first principles calculations. Mo1xWxS; alloys show random distributions as expected
from thermodynamic considerations. The evolution of the band structure of the Mo;.-
xWxS; alloys is determined by angle-resolved photoemission spectroscopy (ARPES)
measurements and compared to first principles calculations. Combined, these results

demonstrate that TMD alloying is a powerful approach for band structure engineering.

In contrast to the Mo1.xWxS; alloys, short-range ordering is found in Nbo.1Wo.9S2, with
the Nb atoms forming atomic lines along one of the equivalent crystallographic
directions. This ordering is confirmed by quantitative statistical analysis through the
Warren-Cowley short-range order (SRO) parameters. Meanwhile, density function theory
(DFT) calculations have been applied to explain this ordering, revealing this structure

results from a combination of thermodynamic and kinetic considerations.
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Chapter 1: Electronic Properties of TMDs and TMD Alloys

Chapter 1: Electronic Properties of
TMDs and TMD Alloys

1.1 Two-dimensional (2D) materials and their heterostructures

The development of the semiconductor industry has followed Moore’s Law: the
number of transistors in a dense integrated circuit (IC) doubles roughly every two years'.
As a result, the feature size of silicon transistors is approaching the quantum limit. This
motivates the exploration and development of new alternative materials for electronics
and optoelectronics!?. The family of two-dimensional (2D) materials represents a
promising candidate due to their physical scaling properties and their novel behaviours in

the atomically thin regime®®.

The first report of the isolation and electrical characterisation of graphene was A. K.
Geim and K. Novoselov in 2004 at University of Manchester’. Soon afterwards, they
were awarded the Nobel prize in Physics in 2010 “for ground-breaking experiments

» 8, Although it has been a decade since the discovery

regarding the 2D material graphene
of graphene, this field is still young and in its early stages compared to traditional three-

dimensional semiconductor electronics’.

A typical 2D material is isolated from a 3D layered structure, where strong covalent
bonds provide in-plane stability within each layer, while weak van der Waals force
between adjacent layers keeps the layers together’. In principle, hundreds of materials
fulfil these conditions. However, since the melting temperature decreases with reducing
thickness of materials and most materials survive via forming naturally passivated
surfaces under ambient condition™'?, 2D materials with high thermal and chemical

stability so that they can exist in atomically thin form are not so abundant.

In general, 2D materials cover three sub-groups within the 2D family: the graphene-
like sub-group that includes graphene, hBN, BCN, fluorographene and graphene oxide
etc.; the 2D chalcogenide-like sub-group such as MoS,, WS>, MoSez, WSe», ZrS;, NbSe:

and InSe efc.; and 2D oxides that involve micas, MoOs;, MnQO,, perovskite-type and
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Graphene hBN

family Graphene ‘white graphene’ BCN Fluorographene Graphene oxide

Metallic dichalcogenides:

o Semiconducting NbSe,, NbS,, TaS,, TiS,, NiSe, and so on
dichalcogenides:
chalcogenldes MoS,, WS,, MoSe,, WSe, MoTe,, WTe,,
Zs, T e el Layered semiconductors:
: 2 GaSe, GaTe, InSe, Bi,Se, and so on
Micas, Hydroxides:
BSCCO MOOG' WOO Perovskite-type: Ni(OH),, Eu(OH), and so on
LaNb,Q,, (Ca,Sr),Nb,O,,,
Y7 2ND3t g
i Bi,Ti,O, . Ca,Ta,TiO,, and so on
Layered TiO,, MnO,, V,O,,
. 2 2 2T H Others
Cu oxides | TaO,, RuO, and so on

Figure 1.1. The two-dimensional (2D) library. Monolayers proved to be stable under ambient
conditions are in blue colour, those properly stable in air are in green, the materials in pink are
unstable in air but properly stable in inert atmosphere, and the grey colour are material

compounds that could be cleaved to monolayers. Adapted from Ref. 5.

hydroxides™'!. This includes a diverse range of electronic properties, from insulators such
as hBN, semiconductors like MoS; and WS; etc., semimetals including MoTe> and WTe>

etc., metals like VSe,, and superconductors such as NbS; and NbSe; erc.>!!

These materials in their monolayer form have novel properties and show promise for
electronic and optoelectronic applications. But this is over-shadowed by the potential for
fabricating artificial stacks at the atomic scale by combining this extensive library of 2D
materials to form heterostructures with selectable material properties, opening up the
possibility to create novel hybrid structures that display new physics and enable unique

functionality>%!2,

There are many reports using van der Waals stacks in devices to engineer improved
optoelectronic performance. For example, field-effect tunnelling transistors (FETTs) with
a tunnelling junction formed by graphene combined with semiconductor and insulator 2D
crystals can achieve a high on-off ratio of 10° for WS,' and 10° to 10* for MoS,!* as the
semiconductors. Another example is simple and efficient phototransistors that are
composed of a combination of graphene and transition metal dichalcogenides (TMDs) as
a channel material. These TMDs are light-sensitive materials such that charge can be
generated and controlled via illumination®®. When the light sensitive materials are
replaced by TMD heterostructures that stack different single layer TMDs (e.g.

MoS,/WSe;) with different work functions, this can lead to photoexcited electron and
2
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holes accumulating in different layers, so giving rise to indirect excitons®!>. Moreover,
more complicated heterostructures composed of p- and n-doped TMDs can form an
atomically sharp p-n junction, combining for example GaTe and MoS>%!®!7. This kind of
device is extremely efficient in carrier separation, demonstrating very high quantum

efficiency!'®. All of these can be made by simply stacking 2D layers of different materials.

To fulfil this potential and to explore the possible combinations of 2D materials, there
has been rapid development in the techniques required for the fabrication of van der
Waals solids with artificial sequences'®. The approaches can be divided into two broad
categories: synthesis and transfer. Synthesis most commonly involves chemical vapor

11,19

deposition (CVD)'"!? or physical vapor deposition'""!°, while many techniques have been

developed for transfer of the layers as will be discussed in detail in Chapter 3.

1.2 Transition metal dichalcogenides (TMDs)

Among all these 2D materials, the TMDs are one of the most significant sets of
building blocks for artificial van der Waals stacks'!'%?%2!_ TMDs have unique layer-
dependent properties, such as direct bandgaps in monolayer form that lead to strong
photoluminescence (PL) emission and potential applications in optoelectronics such as

photovoltaics and solar cells efc.?! Therefore, the TMD family has attracted increasing

H sz He
M = Transition metal
Li Be X = Chalcogen B G N (o] F Ne

Na Mg 3 4 5 6 7 8 9 10 1 12 Al Si B S Cl Ar

Rb  Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te Xe

Cs Ba La-Lu| Hf Ta w Re Os Ir Pt Au Hg il Pb Bi Po At Rn

Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Cn  Uut FI  Uup Lv Uus Uuo

Figure 1.2. Layered transition metal dichalcogenides (TMDs) MX. indicated on a periodic
table. The transition metals (M) are highlighted, while the chalcogen atoms (X) are in orange.
The partially highlighted metals indicate those for which only some of the dichalcogenides
from a layered structure. Adapted from Ref. 21.



Chapter 1: Electronic Properties of TMDs and TMD Alloys

attention and there is an explosive increase in the number of publications on these

materials?®2!.

The TMDs are also a big family with up to 40 different categories, covering a wide
range of electronic properties from insulating to semiconducting to superconducting®!-*2,
Their chemical formula is MX», in which M is a transition metal atom and X a chalcogen
atom?!. As shown in Figure 1.2, the highlighted group 4-7 transition metals can combine
with the orange-highlighted chalcogens to form MX,, while for the metals with partial
highlighting only some of them form MX,2!. Unlike single-atom-thick graphene, the MX»
layers are composed of a layer of transition metal atoms sandwiched between two layers
of chalcogen atoms, as shown in Figure 1.321"23,

The most extensively studied TMD materials, for their novel optical and electronic
properties, are the MoWSeS group of MX; where M represents Mo and W, while X is S
and Se.

1.2.1 Crystal structure of MoWSeS MX>

In the bulk form, TMD layers are held together by weak van der Waals force that
enable exfoliation?>. The TMDs are usually found in three polytypes 1T (trigonal), 2H
(hexagonal) and 3R (rhombohedral) as shown schematically in Figure 1.4%. For the most

common 2H polytype/stacking, they have a unit cell of a bilayer with space group

(@)

Figure 1.3. Crystal and reciprocal lattice of M X, monolayers. (a) Honeycomb lattice structure
of MX:, monolayer. (b) Side view of MX, monolayer. (c) The reciprocal lattice with Brillouin

zones (BZ) and high-symmetry points marked, adapted from Ref. 26.

4
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P63/mmc (in Figure 1.4b) and restored inversion symmetry!’?}. The lattice parameters
within the layers of the TMD are a = b = 3.16 A, varying slightly for each of the MoWSeS
group, and it is normally made of three stacked layers X-M-X as shown in Figure 1.3b'!.
For 3R polytype/stacking, they have a unit cell of a trilayer with space group R3m (in
Figure 1.4b) and broken inversion symmetry!!. These different stack sequences in bulk
crystals can give different properties e.g. band structures and Raman shifts!!-2423,

The monolayer structure can be described in 2D. The primitive lattice vectors, a; and

a,, of the real-space 2D MX lattice are shown in Figure 1.3a!! and given by?®:

a

a; = (V32 +9), az = S (=32 + ). 1.1

The reciprocal lattice vectors, by and b, in Figure 1.3c, are given by'!?°,

2 A3 i~

3 7 2 V3~
by = (T ke + k), b2=£(—?kx+ky). 1.2

The first Brillouin zone (BZ), defined as the Wigner-Seitz cell in reciprocal space, of

a 2D layer of MX; is shown in Figure 1.3¢*%27

with high-symmetry points labelled. These
groups of wave vectors are important since the invariance of the Hamiltonian under
symmetry operations can lead to degeneracies at these high-symmetry points or directions
in the BZ!". The K points are the corners of the hexagonal BZ, and they can be divided

into K and -K due to lack of inversion symmetry in the real lattice of TMD crystals!!?>%°,

Figure 1.4. Atomic structure of TMD crystals. (a) Schematics of a few layer MX,. (b)
Schematics of 2H, 3R and 1T MX: polytypes. Adapted from Ref. 23.
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Meanwhile the M point is at half of a reciprocal basis vector as shown in Figure

1 301 1,22,26

1.2.2 Electronic (band) structure of TMDs

1.2.2.1 Indirect-to-direct gap transitions

The weak interactions between layers are still significant enough to cause important

changes in electronic structure with thickness. For the 2H polytypes of the MoWSeS

group, the signature is a change from being indirect band gap semiconductors in bulk or

multilayer materials, to being direct gap semiconductors in their monolayer form,

fundamentally altering their optical response**»?*2?°, These changes are captured by first

@

E (eV)

(b)

E (eV)

;

= beefom

_|
= |ewe

bulk MoS,

monolayer MoS,

\/:J

-

(c)

U e 20% Mo dyy + 20% Mo dyaye +

12% Mo dzz + 6% S p
E,=0.88 eV
m ....... 60% Mo dy2 + 40% S p,

B0% Mo dyz + 10% S py +
10% S py

s 50%: N0 dxy + 50% Mo dxz_yz
Ark=0218V

/—\ 60% Mo dz2 + 40% S p,

K r

Figure 1.5. Band structure of bulk and monolayer MoS; via density function theory (DFT)

calculations. (a) Band structure of bulk 2H-MoS,. (b) Band structure of monolayer MoS,. (c)

and (d) Schematic drawings of low energy bands in bulk and monolayer MoS,, respectively.

Adapted from Ref. 28.
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principles calculations, as shown in Figure 1.5. For bulk materials, the conduction band
minimum (CBM) is located at a point Q along I to K and the valence band maximum
(VBM) at T' (see Figure 1.3c for the position of these high-symmetry points). For
monolayers, both the CBM and VBM are located at high symmetry valley points £K (the
corners of the first BZ).

The bandgap narrows from monolayer to bulk, showing that the change in band
position is due to the interactions between layers that result in dispersion in k, for some
of the bands. For MoS,, at the valence band (VB) edge at the K point the states are
primarily composed of dy, and d,2_, orbitals of the metal hybridized with p, and p,,
orbitals of the chalcogen atoms?*?®. These are all oriented within the plane of the layer,

as a result they have almost no k, dispersion and so do not change with thickness.

@) (b)7 =
; 64 | x10
b 1 @ 6lay
=~ 1 o 2k xAo
3 5 . Slay
- 3 *T {xs
% - % 5 T 4lay
E . 5 L | U la
- — 1lay 2 4 S - A
= - 2lay 1 / ~ [ N —2lay
_ P o -
e gy = = 5 _J\ 1lay
T r T v T v T v T T T T T T T T
14 1.6 18 20 22 1.4 1.6 1.8 2.0 22
Photon Energy (eV) Photon Energy (eV)
(©) 45

1.8 <
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2
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x 4
2 1.4 4
8 Mmoo St )
1 Bulk Band gap
12 4+——T—TT——T——T7—T 77
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Figure 1.6. Photoluminescence (PL) spectra of MoS; samples with different thickness. (a) PL
spectra for mono- and bilayer MoS; flakes. (b) PL spectra, normalised by the intensity of peak
A, of thin layers of MoS, for layer number N = 1 to 6. (c) Optical gap energy as a function of
layer number, the dashed line represents the band gap energy of bulk MoS,. Adapted from
Ref. 29.
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Similarly, the main contribution to the conduction band (CB) edge at K is from the
d3,2_,2 orbital of the metal with minor contributions from p, and p,, orbitals of the
chalcogens??®, Again, these orbitals are localised in the xy plane and are not affected by
the distance between layers along the z axis?>?%. By contrast, the states at the VB edge at
the I' point originate from a linear combination of p, orbitals of S atoms and d 2 orbitals
of Mo atoms, they are rather delocalised and have an antibonding nature’>?%, They are
oriented perpendicular to the layers and when the interlayer distance increases the
interaction between layers decreases, leading to a lowering in energy of these antibonding
states'!?2?8, Therefore, the strong k, dispersion of the states at T' result in a strong layer
dependence to their VB edge, resulting in an increase in band gap as the thickness is

decreased and eventually the indirect to direct band gap transition in the monolayer limit.

The first experimental evidence for the validity of these first principles calculations
came from PL measurements?”>°, PL emission from monolayer MoS; shows a strong
peak at around 1.9 eV which corresponds to its optical gap?’, Figure 1.6. As the thickness
of MoS; increases to 2 layers, the intensity of the PL peak drastically decreases by more
than an order of magnitude as shown in Figure 1.6a which can be attributed to the indirect-
to-direct band transition?**°. Moreover, the peak redshifts and broadens, approaching the
indirect optical gap of 1.29 eV as the layer number increases, as shown in Figures 1.6b
and 1.6¢®. Qualitatively similar results are obtained from both the first principles

calculations and PL measurements of the other materials MoSes, WS, and WSe»*'2.
1.2.2.2 Optical and electronic gap

The band gaps of 1H-MX:; monolayers can be measured by transport or optical
methods, however, they give different results because of the excitonic effects in optical
processes'"?2. The electronic band gap is defined as the sum of the energy required to
tunnel an electron and a hole into the system, separately*>34. The optical band gap is the
energy to create an exciton: during the optical excitation process the absorption of a
photon creates an electron in the CB and a hole in the VB which combine to form an
exciton due to the Coulomb interaction’>*’. The exciton binding energy decreases the
optical gap relative to the electronic gap, and in monolayer TMD it can be large, up to

several hundred meV.
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The optical band gaps can be determined by PL measurements, as shown in Figure 1.6,
while the electronic band gaps can be revealed by scanning tunneling spectroscopy
(STS)*** or angle-resolved photoemission spectroscopy (ARPES) as shown in Figure
2.17%. First-principles calculations are also widely applied to determine the band gaps
and the excitonic effects in monolayers, as shown in Figure 1.5b. The exciton binding

energy can be obtained from the difference between the electronic and optical band

gaps?.
1.2.2.3 Spin-orbit coupling (SOC) splitting

Spin-orbit coupling (SOC) arises from the interaction between the magnetic moments
of the electron spin and the orbital momentum of the shell electrons of atoms>®37. The
SOC is significant in TMD and plays an important role in determining the optoelectronic
properties of these materials. Including SOC in density functional theory (DFT)
calculations of MX; monolayers, a sizable spin splitting is found in their electronic band

structures, as shown in Figure 1.7,

The spin splitting at the K valley of the VBM caused by SOC and inversion symmetry
breaking can be fully determined by symmetry analysis®*. The first restriction is mirror
symmetry: under the mirror reflection operation about the metal plane, the in-plane spin
vector is its opposite, while the out-of-plane spin vector remains the same. Therefore the
spin splitting has to be along the z direction (out-of-plane)*’. Due to time reversal
symmetry, the spin splitting at an arbitrary pair of momentum space points K and -K
must have identical magnitude but opposite sign®2. Inversion symmetry conflicts with the
time reversal symmetry such that inversion symmetry breaking is a necessary condition

for band splitting®>.

The two excitonic absorption peaks observed in Figure 1.6b, labelled as A and B,
originate from the SOC splitting of the direct gap transition at the K point, as indicated
by the arrows in Figure 1.7c. The energy difference between the A and B peaks is related
to the strength of the SOC: it is stronger in WX (around 400 meV)***° than MoX;

(around 160 meV)***°. This is also consistent with first principles calculations as shown
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(c) (d)

Figure 1.7. Electronic band structures for the MX, monolayers. Electronic band structures
calculated for (a) MoS,, (b) MoSe,, (¢c) WS, and (d) WSe, monolayers, with SOC in solid lines
and without SOC in dotted lines, respectively. Adapted from Ref. 38.

in Figure 1.7°%. Note that the SOC splitting at K cannot be directly determined from the
optical measurements: equating the difference between the A and B exciton peaks to the
magnitude of the SOC splitting makes several assumptions, such as that the exciton

binding energies of the A and B excitons are the same.
1.2.2.4 Spin-valley locking

As a result of the giant SOC, the VBM in monolayer TMDs has the spin index locked
with the valley index. For example, valley K (-K) has only the spin up (down) holes as
shown schematically in Figure 1.8a*!. Another consequence of the SOC is that the valley-
dependent selection rules also become spin dependent??*>*3, This selection rule gives the

possibility of quantum control of the valley pseudospin through e.g. optical generation
10
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Figure 1.8. Optical selection rule. (a) Schematic diagram of the band structure at the band
edges located at the =K points. (b) Polarization resolved PL spectra of monolayer WS, under

o + (right hand circularly polarized) excitation at 10 K, adapted from Ref. 41.

and detection of valley polarization and valley coherence*'**. For example, valley
polarization can be achieved by the polarization of the optical excitation, carried out

experimentally by polarization resolved PL measurements*!.

Figure 1.8b shows PL spectra from monolayer WS, at 10 K*!. The PL is dominated by
the emission from the band-edge excitons (A exciton) at K and -K valleys*'. The excitons
carry a clear circular dichroism under near resonant excitation with circular polarization,
confirming the valley-selective optical selection rules: the right-hand (o +) polarization
corresponds to the interband optical transition at K valley*'**. The degree of circular

polarization can be defined as*!**

_ I(o+)-I(o-)
- I1(c+)+I(c-)’

1.3
in which I(o +) is the intensity of the right-handed circular polarization component,

while I(c —) is the intensity of the left-handed circular polarization*!. Under o +

excitation, the degree of circular polarization is found to be P = 0.4%!,

11
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1.2.3 Applications

As described above, TMDs exhibit unique electrical and optical properties making
them promising candidate for a variety of optoelectronic applications such as solar cells*,

photodetectors*, light-emitting diodes'” and phototransistors*’.

For phototransistors, photons of energy greater than the band gap incident on a
semiconductor create bound electron-hole pairs (excitons) or free carriers depending on
the exciton binding energy in the semiconductor'!. The bound excitons are separated by
an applied or built-in electric field, generating a photocurrent!!. A typical TMD-based
photodiode is show in Figure 1.9a. When a laser with 514 nm excitation illuminates the
MoS,, a highly distinct photo-response can be observed under different gate voltages in
scanning photocurrent mapping, as shown in Figure 1.9b*. By varying the thickness of
the MoS; layer, as the band gap changes the detection range of the phototransistor can be

tuned to absorb light of different wavelengths from ultraviolet (UV) to infra-red*’.

In general, there are three basic types of van der Waals heterostructures that have been
explored as unique platforms for creating tunable photodetectors®!!*°. The first type has
been shown in Figure 1.9. Figure 1.10b shows a device constructed from a p-n diode
composed of a p-type and an n-type TMD flake. This kind of detector can achieve

dynamic modulation of the diode characteristics, e.g. photoresponsivity and gain, since

(a)

Lon (RA)

Si0,/Si (Vgg)

Figure 1.9. MoS;-based van der Waals heterostructure optoelectronics. (a) Schematic diagram
of the van der Waals vertical photodiode structure. (b) Colored scanning electron microscope
image (left); scanning photocurrent images at gate voltage of -60 V (middle) and +60 V (right)

under 514 nm laser excitation. Adapted from Ref. 48.
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the majority carrier density can be tuned by applying external gate electric fields'>!".

However, the carrier mobility of these devices is low while the series resistance for the
charge transfer in the lateral channels is high, hence the high diffusion time of the majority
carriers limits the responsivity and detection speed'®!”. To avoid these limitations,
graphene can be introduced as the electrodes, as shown in Figure 1.10c¢!'>°. The generated
carriers can be collected via direct vertical charge transfer instead of lateral diffusion. As
a result, the interlayer recombination losses are reduced, leading to significantly increased

charge collection efficiency!'?.

According to the energy of photons detected, photodetectors can be divided into
different categories, such as X-ray, UV, visible and infrared (IR), and terahertz (THz)
detectors®. Since the band gaps of the TMDs range from less than 1 eV to above 2.5 eV,
the corresponding TMD-based photodetectors can cover visible and near infrared (NIR)
of the electromagnetic spectrum as shown in Figure 1.10d*. As this figure shows, 2D
materials continuously cover a large range of the spectrum, including for example an
alloy of black phosphorous (BP), Pi.xAsx, whose band gap is tunable through the mid-
infrared (MIR) in the range 0.15 - 0.3 eV>"%2. Moreover, p-n junctions can be formed in

these devices by alloying or doping of the constituent layers. For example, MoSe> is

(a) (b) (©)
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Gate oxide

(d) Bandgap (eV)
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Figure 1.10. Van der Waals heterostructure optoelectronics. (a-c) Schematic diagrams of van
der Waals vertical photodiode structures. Adapted from Ref. 12. (d) Band gap values of
different 2D materials and their corresponding detection range. Adapted from Ref. 49.
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usually a naturally n-type material but it can be p-type doped by the addition of Nb;
stacking a layer of n-doped material onto a layer of p-doped material is a simple way of
forming a vertical p-n junction with large interfacial area®®. Therefore, alloying TMDs
can make significant contributions to the abundance of useful building blocks for 2D

optoelectronic devices®.
1.3 TMD alloys

Ternary TMD alloys can be made through either addition of an extra type of metal
atom to MXg, or an extra type of chalcogen atom!!. Creation of semiconductor alloys is
an efficient way for the band gap and even spin-orbit engineering of bulk and thin
materials, to be tuned for applications in specific optoelectronic devices®. As a result,
there are many reports of 2D-TMD alloys with tunable band gaps and optical

properties*>4-38,

1.3.1 Synthesis of TMD alloys

There are two approaches that are widely used in nanomaterials fabrication: top-down
and bottom-up techniques''. For synthesis of 2D TMDs, the top-down methods are to
cleave bulk crystals into multi-layers or mono-layers by, for example, mechanical
exfoliation, liquid exfoliation or electrochemical exfoliation etc. Bottom-up approaches
include growth methods such as CVD, physical vapour transport and atomic layer

deposition (ALD)'!.

Although there are many techniques introduced above for pure materials synthesis,
among these there are only a few methods that can be used for fabricating TMD alloys'!.

CVD and chemical vapor transport (CVT) are the most widely used!""’.
1.3.1.1 Chemical vapor deposition (CVD)

Many different setups have been reported for the CVD method, but Figure 1.11 shows

a typical system!5>8%0_ The chalcogen (X = S and Se) powders are vaporised by heating
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H>
_—
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O —— \— — . & 4
X powder
e e ]

Figure 1.12. Schematic of a typical setup for chemical vapor deposition (CVD). Chalcogen (X
=S, Se and Te) and transition metal (M = Mo, W and Nb etc.) powder are placed at left side
and centre of the furnace, while the substrates (e.g. SiO,/Si and sapphire) are located

downstream.

to high temperature, T1 and T>!!*®. Metal oxide powders are heated to T3 and T4 (higher
temperature) for vaporisation®>*°. The carrier gas (H,) reacts with the chalcogen and with
the metal oxide vapor, transporting them through the tube furnace. At the downstream
end of the furnace, alloy flakes (e.g. Mo1xWxX2, M0S22xSeax and WS2.04Seax) are formed

via chemical reaction and deposited onto substrates. Normally this method produces

Figure 1.11. Atomic resolution scanning transmission electron microscopy (STEM) images of
different regions on the same monolayer Mo;xWxS; flake via CVD. (a) Dark field STEM
image of a single layer Mo;xWxS; on a TEM grid. ADF-STEM images of monolayer alloy
Mo xWxS, from regions marked via (b) blue, (c) green and (c) red squares. The lower panels
show distribution of W atoms in corresponding STEM images. (¢) Intensity profile along the

box with dash line. Adapted from Ref. 60.
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triangular or hexagonal monolayer or bilayer alloy flakes with lateral dimensions of up

to several tens of micrometers>-%->°,

A typical alloy MoixWxS> synthesized by CVD, using a similar system to that
described above, is shown in Figure 1.12%°%°, The atomic structure is visualised by
annular dark field (ADF) scanning transmission electron microscopy (STEM) images.
The atomic concentrations are different at the edge compared to the centre of the alloy
flake®. This inhomogeneous distribution of W atoms leads to inhomogeneous properties
of the same flake, for example the optical band gaps measured by PL emission depend on
the composition of the alloy and so vary across the flake*>%°. Therefore, visualisation of

the atomic structure is essential for understanding the properties of these alloys.
1.3.2.1 Chemical vapor transport (CVT)

CVT is used to grow single crystals rather than isolated monolayers. For monolayers
it has the key advantage that the powder precursors can be made stoichiometrically correct
before the CVT process. In this way, unlike for CVD, the TMD compounds are already
formed before the vapor transport process and as a result the distribution of alloy elements
in the synthesised crystals is more homogeneous. A typical setup is shown in Figure

1.135!, The source materials and transport agent (CCls, Cla, Br or I, crystals) are mixed

Termperalure T
B g - e e
AT=T, T,

-
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Figure 1.13. Schematic diagram of a typical setup of chemical vapor transport (CVT). Adapted
from Ref. 61.
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and placed at the end of an evacuated ampoule at the source zone of the tube furnace. The
source and growth zone are heated to temperatures Ts and T, respectively (Ts>Tg)® %,
The compounds sublime and react with the transport agent in the source zone. The vapor
phases diffuse down the ampoule towards the growth end, depositing on the cooler wall

of the quartz ampoule at the growth end to nucleate and grow alloy crystals®! 63,

1.3.2 Tuning the electronic structures of 2D TMDs by alloying

There are many parameters for the electronic band structure of a TMD that can be

tuned by alloying. However, the most important for optoelectronic devices are the band

ga'p56—58,64 and SOC39.
1.3.2.1. Band gap engineering

PL emission from WS>Se>.ox monolayers can be tuned continuously from 626.6 nm
(pure WS») to 751.9 nm (pure WSe») by changing the composition as shown in Figure
1.14a%, Plotting the band gap against the S concentration, Figure 1.14b, shows a linear
relationship®. Similar results have been observed in other ternary alloys e.g. Mo1xWxS2,
and Mo1xWxSez etc.”®*>’. However, the evolution of PL emission peaks against the alloy
compositions are not linear for the various alloys, with different bowing factors found for
each®®’. The fact that the band gaps can be continuously tuned over a large range, with
high optical quality material, makes alloying a very promising technique for optimising

2D semiconductor devices to specific applications.

(a) (®),0F
§
—_— }
5 S0} §
i d 1.9 ; b
Z §1 8 :
2 i "
8 © )
o Soagk
T s
&
600 650 700 750 800 0 20 40 60 80 100
Wavelength (nm) S/(S+Se)%

Figure 1.14. Evolution of PL emission peaks as a function of S compositions in WS»,Ses.o«
monolayers. (a) PL emission peaks as a function of S compositions. (b) Plot of band gaps

against S/(S+Se) ratio. Adapted from Ref. 64.
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1.3.2.2 Spin-orbit engineering

The large SOC at the VBM of the monolayer TMDs at K leads to important properties
such as spin-valley locking, as discussed previously. As a result, there is interest in
controlling the magnitude of SOC through alloying. The ternary MoixWxSe> alloy is an
interesting example. The sign of the spin-splitting in the CB depends on the transition
metal, the order of the spin polarised states in the K valley at the CBM change from
MoSe; to WSe», as shown schematically in Figure 1.15%. In the same set of alloys, the
SOC induced spin-splitting of the upper VBs at K also changes significantly with
composition, with magnitudes of up to hundreds of meV that are much larger than the
splitting in the CB of around tens of meV>’. Figure 1.15b shows the evolution of the
energy difference between A and B excitons with W composition®”. Although DFT
predicts a linear change with composition, the optical measurements suggest that the

change is non-linear.
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Figure 1.15. Spin-orbit engineering of Mo .«WxSe> alloy monolayers. (a) Schematics of the
evolution of the band structure at the K valley from MoSe, to WSe, showing the different
signs and magnitudes of the VB and CB spin splittings. (b) Plot of the energy difference
between A and B excitons against the W content. Adapted from Ref. 39.
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Optical spectroscopy, measuring the difference in energy of the A and B exciton
emission, has also been used to infer the spin-splitting in pure monolayer flakes of
MoS2%>%, WS, and WSex®>7. However, the PL measures excitons, it is not a direct
measurement of the electronic structure®. As shown schematically in Figure 1.15b, the
energy difference between A and B exciton depends on the band gaps and the SOC
splitting of both CB and VB, complicating determination of SOC splitting from these
measurements®®. The significant exciton binding energies must also be taken into
consideration. Hence, finding an alternative technique that can give direct and precise

results on determination of the electronic structure becomes an outstanding question.
1.3.3 Applications of TMD alloys

As described before, the Mo atoms in MoSe> can be replaced by Nb atoms that make
the Nb-doped MoSe; a p-type material. Using this, a van der Waals homojunction p-n
diode can be fabricated which exhibits typical rectifying behaviour at room temperature,
as shown in Figure 1.16b°*. Compared to heterojunctions composed of different TMDs,
the homojunction p-n diode displays more efficient current rectification and photovoltaic
response since its interface with continuous band bending contains fewer carrier trap sites
than those of the heterojunctions>. Therefore, TMD alloys not only provide abundant
building blocks with control over the material properties, but also present novel ways for

constructing active devices>>-%¢.

Undoped MoSe, Nb-doped MoSe,

Nb-doping
(n-MaoSe;) (p-MoSe,)
/ﬂ Mo 2
N ey 1. 3.8.8. 8.1
OO0 A, AR 8t
L PO,

Figure 1.16. Vertical stacked homojunction p-n diode in MoSe;. (a) Schematic on Nb-doping
mechanism for p-type MoSe;. (b) Vg-dependent rectifying behaviour of the MoSe;
homojunction p-n diode in the log scale. Inset: Schematic and optical micrograph of the

homojunction p-n diode. Adapted from Ref. 53.
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1.4 Thesis outline

This thesis focuses on exploring the atomic and electronic structure of 2D TMD alloys.
The synthesis of single crystals of TMD alloys by CVT is presented, along with
techniques to reduce the materials to monolayer form on target substrates by mechanical
exfoliation. Various procedures for the subsequent assembly of van der Waals stacks have
been developed as part of this work, in order to achieve high-quality heterostructures
suitable for high-resolution microscopy and spectroscopy investigations. The atomic
structure of the TMD alloys Mo1xWxSz and NbixWxS> have been characterised via ADF-
STEM images, with quantitative statistical analysis such as calculation of the Warren-
Cowley short-range order (SRO) parameters. The electronic structure of these materials
has been investigated by ARPES. First principles calculations have been performed to

compare with and explain the experimental results.

Chapter 2 introduces the core experimental techniques that are applied in this thesis,
e.g. CVT, Raman spectroscopy and PL, ADF-STEM and ARPES. The procedures for the
growth of 2D single crystals by CVT and for the isolation of monolayers by mechanical

exfoliation are also described.

Chapter 3 presents the optimised synthesis conditions for single crystals of Mo1.xWxS:
and NbixWxS; alloys via CVT. Various techniques for the assembly of van der Waals
stacks are explained with examples, e.g. the pick-and-place and PMMA transfer method.
In addition, a novel way has been developed for the fabrication of encapsulated TMD
samples in such a way as to enable high-resolution ADF-STEM imaging with large

contamination-free regions.

Chapter 4 presents quantitative analysis of the atomic structures of MoixWxS:2
monolayers, as revealed by ADF-STEM imaging. Quantitative comparison with Monte
Carlo simulations, parameterised by first principles calculations, shows that the atomic
distributions are random, as expected from a growth process at high temperature. ARPES
measurements of Mo1xWxS» bulk crystals are used to directly determine the changes in
VB structure with composition and are compared to optical spectroscopy and linear
scaling DFT predictions. The changes with composition of key parameters, such as band

gaps, VB SOC splittings and effective mass etc., are presented.
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Chapter 5 demonstrates the atomic structures of the Nbo.1Wo.9S2 and Nbo.17Wo.s3Se:
monolayers via ADF-STEM images. The Nbo.1Wo.9S2 shows obvious ordered atomic
lines along one of the equivalent crystallographic directions, while Nbo.17Wo.33Se> reveals
random atomic distributions. Linearly polarised Raman spectroscopy is applied to explore
how these atomic lines affect the lattice vibrations. To support these measurements of the
atomic structure, PL and ARPES measurements are used to explore the electronic

structure of Nbo.17Wo.83Ses.

Chapter 6 summarises the results and contributions of this thesis and includes an

outlook over the future work that should be continued in this area.
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Chapter 2: Experimental Techniques

2.1 Material synthesis

As described in Chapter 1, for the experimental work presented in this thesis, CVT
followed by mechanical exfoliation and stacking was the preferred method for sample
fabrication. Since the bonding between grown monolayer TMD flakes and their substrates
is much stronger than that of exfoliated samples, mechanical exfoliation is more suited to
the fabrication of artificial heterostructures by stacking'®. Compared to CVD-grown
TMD materials, monolayer TMD flakes isolated by mechanical exfoliation are clean and
highly crystalline, so exfoliated TMD based devices are cleaner and more stable!!.
Moreover, in terms of TMD alloy growth, the atomic distribution in TMD alloy flakes
synthesised by CVT is more homogeneous than those grown by CVD method, as

introduced in section 1.3.1.
2.1.1 Chemical vapor transport (CVT)

For CVT, there are two steps in the synthesis process: TMD alloy powder preparation;
and CVT from this powder to single crystals. During compound preparation, powders of
the metal and chalcogenide elements are mixed and added to a small ampoule,

stoichiometrically. The ampoule is evacuated and sealed and placed in a box furnace, as

(b)

==
o000

Figure 2.1. Box furnace for preparation of the alloy powders. (a) Photo of a box furnace. (b)

Schematic diagram showing the furnace during the heating cycle.
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shown in Figure 2.1, to heat up to a high temperature for the formation of the alloy TMD

compounds.

A mixture of the alloy compounds and transport agent, here iodine, is added to a new
quartz ampoule with larger inner diameter which is evacuated and sealed for crystal
growth. A tube furnace with three zones with independent temperature control is used, as
shown schematically in Figure 2.2b. The temperature of the source and growth zone is
ramped to (T + AT) and T, respectively, and maintained at those temperatures for the
required time period. The temperature profile along the furnace is shown in Figure 2.2b.

Finally, the furnace is allowed to cool to room temperature.

1t m
urce zone Growth zone Source
Furnace position (cm)

sl o gl
i 5

== == |
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Figure 2.2. A tube or three-zone furnace for CVT. (a) Photo of three-zone furnace. (b)
Schematic diagram of the furnace during heating for CVT, with measured heating profile along

the tube.

2.1.2 Mechanical exfoliation

Figure 2.3 schematically shows a typical process for mechanical exfoliation: a scotch
tape is placed on thin graphite or TMD crystals to peel off a few layers, then the tape with
these layers is stuck to a substrate, normally a SiO»/Si wafer®. These layers are further
cleaved after the tape is removed, single or multi-layer TMD flakes can be observed under

an optical microscopy as shown in Figures 2.3a and 2.3b!!.
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Figure 2.3. The mechanical exfoliation procedure and optical images of exfoliated flakes. Top:
Schematic diagram showing the procedure for micromechanical exfoliation using scotch tape.
Adapted from Ref. 11. Bottom: optical image of exfoliated graphene on 300 nm SiO,/Si with
(a) white light and (b) 560 nm light. Adapted from Ref. 69.

This process has been developed and improved to obtain bigger flakes via optimising
the fabrication conditions. For example, gold (Au) substrates can be excellent alternatives
to Si02/Si wafers, since the chemical adhesion between Au and sulphur is stronger than
between sulphur and SiO,”°. The polymer adhesion layer of tape can be optimised.
Moreover, the exfoliated flakes increase from several tens of microns to hundred microns

via raising the exfoliation temperature’’.
2.2 Raman spectroscopy

2.2.1 Light-matter interaction

Incident photons interacting with atoms and molecules can be absorbed or scattered.
The scattering mechanisms can be divided into two types, elastic (Rayleigh scattering)
and inelastic (such as Raman scattering) as shown in Figure 2.4a’>. For Rayleigh

scattering, the energy and momentum of the incident and transmitted photons will be
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Figure 2.4. Schematic diagram of a scattering process. (a) Schematic diagram shows the virtual
state reached by the excitation and the emission processes corresponding to the different

transitions. (b) Schematic of the corresponding Raman spectrum.

conserved during the scattering processes’>’>. While for an inelastic scattering process,
72,73

the scattered photons have different energies compared to the incident photons

Figure 2.4b shows schematically the scattering intensity versus frequency for a photon
incident on a material, with peaks corresponding to Stokes and anti-Stokes Raman
scattering as well as Rayleigh scattering’>">. In the Stokes Raman scattering process, an
incident photon creates a scattered photon of lower energy as well as a phonon, so the
Stokes scattering line is shifted to lower energy compared to the Rayleigh scattered line,
as indicated in red colour’>”3. In contrast, in anti-Stokes Raman scattering a phonon and
incident photon combine to emit a scattered photon of higher energy, so the anti-Stokes

line is blue-shifted, as indicated by the blue-coloured transition in Figure 2.47%73,

When a material is placed in the electric field (E) of an incident light, an electric dipole
will be induced within the material. The dipole moment () can be related to the electric

field (E) as following’> 7
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u=aE, 2.1

in which @ is the molecular polarizability’*°.

The external electric field can be written as’>’°

E = Egycos(wpt) , 2.2

in which E is the vector amplitude of the external electric field, and w,, is its oscillation

frequency’> 7.

For a small nuclear displacement, the change of polarizability can be expanded as a

Taylor series’>®,

a=a0+<g—2)qq+~-. 2.3
0

where q is individual normal mode. Oscillations with characteristic frequency w, along

each normal coordinate g can be excited, thus’>’¢

q = qocos (wgt) . 2.4

To insert equation 2.2 and 2.3 into 2.1, then it yields’> "¢

1 /0«
u(t) = ay- Eg - cos(wot) + > (%) “qo - Eg - cos[(wo - wq)t]
q0

+ % (Z—Z)qo “qo - Eg - cos[(wo + wq)t] 2.5

There are three terms in this equation. The first term a - E - cos(wgt) oscillates at the
same frequency as the incident radiation, corresponding to Rayleigh scattering’* . The
second term is red-shifted to lower frequency, corresponding to Stokes scattering’®.
The last term is characterised by the frequency (wo + wg), blue-shifted compared to the

frequency of the incident radiation, hence it represents anti-Stokes scattering’>°.
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Following Equation 2.5, the selection rule for Raman scattering is that the derivative

of the polarizability along the g-th normal coordinate must be non-zero value, (Z—Z) * 0.
0

This is illustrated schematically for the example of a small molecule in Figure 2.5"*76,

two vibrational modes are indicated by the light-yellow arrows. The vibration mode with

. . .. (D . . . o oy .
anisotropic polarizability (ﬁ) # 0 is Raman active, while the vibration with isotropic
0

L (D . .
polarizability (ﬁ) = 0 is Raman inactive”’®.

0

There are many limitations of the classical theory of Raman scattering’®. For example,
one of the failures is that the ratio of the Stokes and anti-Stokes intensities in experiments
is not in agreement with the prediction of the classical theory. Specifically, the ratio of
the Stokes and anti-Stokes intensities according to the classical theory yields
Istokes/Ianti-stokes % (Wo + wg)*/(wy — wy)*. However, the intensity of Stokes
Raman scattering is much higher than anti-Stokes Raman scattering from experiments.
Hence, quantum mechanics model is introduced and explains the intensity in

experiments’>7°,

Symmetric stretching vibration
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Figure 2.5. The polarizability of a molecule changes as a function of the nuclear
displacements. The graphs schematically indicate the derivatives of the polarizability for

different vibrational modes’?7°.
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2.2.2 Confocal Raman spectrometers

For a confocal Raman spectrometer, a typical experiment setup is shown schematically
in Figure 2.6a. There are three main parts to the Raman spectrometer, a laser source, a
microscope and a spectrometer with CCD detector’®. Since the Raman signals are weak,
each part of this system has to be optimised to allow a reasonable signal passing through

to the detector’>.

Figure 2.6b and 2.6¢ schematically show two typical setups for angle-resolved
polarised Raman spectroscopy (ARPRS)”*7"-8 In the first, the laser polarisation is fixed
along the y axis while the analyser direction is set to either horizontal or vertical with
respect to the laboratory coordinates’”-’. The sample is rotated around the z axis by an
angle 0 (the angle between the sample coordinate and the laboratory coordinate) and the
spectra are collected as a function of 7778, Figure 2.6¢ shows a setup with a half-wave
plate, in this case the sample and laboratory coordinates are fixed and hence 0 is known.
However, the polarisation state of the laser can be controlled by rotating the fast axis of
the half-wave plate. When the half-wave plate is rotated o/2 from its fast axis, the incident
laser polarisation is rotated o with respect to the y axis of the laboratory coordinate, in

this way the spectra are collected as a function of o/2.

(@) Spectrometer () Spectrometer © Spectrometer

Polarizer 11 Polarizer 11

Polarizer 1 Polarizer ] /2

N
Laser Edge filter L aSCr s Edge filter Laser U Edge filter

Hall-wave plate
Objective Objective Objective
Sample Sample 3] Sample V

Figure 2.6. Schematic illustrations for the setups of typical confocal Raman spectrometers. (a)
Schematic diagram shows a typical Raman spectroscope. Two setups for angle-resolved
polarised Raman spectroscope (ARPRS) are shown in (b) and (¢). In (b) the sample is rotated
for angle-resolved measurements, while in (c) the polarisation state of the incident laser is

controlled by a half-wave plate.
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2.2.2.1 Raman shifts

For 2H-MX; polytype bulk crystals, the point group is De; (space group P6s/mmc)**7.

There are 6 atoms in the unit cell, with 18 phonon modes, as shown in Figure 2.7: 3
acoustic and 15 optical modes’. Hence, the lattice vibrations at the T point can be

expressed as the irreducible representations’
= A1g+2A2u+232g+Blu+E1g+2E1u+2E2g +E2|J-' 26

Among these vibrations, one A,, and Ej, are acoustic modes that are inactive; A, g4, Eq g4
and E;, are Raman active modes; the other A;, and E;, are infrared active modes; and

B4, By, and E,, are silent modes that are optically inactive”.

A typical Raman spectrum of a 2H-TMD bulk crystal is shown in Figure 2.8a%. In the
back-scattering configuration, the £;, mode, associated with an in-plane motion of only

chalcogen atoms, is forbidden™. The EZ; is a shared mode originating from the relative
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Figure 2.7. A summary of phonon modes for 2H-MX, monolayer and bulk crystals. Normal
displacements of vibration modes for (a) monolayer and (b) bulk crystals. Adapted from Ref.
79. Calculated phonon dispersion curves of (¢) monolayer and (d) bulk crystals for MoS,.
Adapted from Ref. 79.
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motion of the atoms in different layers and is only observed in the very low frequency
region’®. Therefore, the dominant Raman scattering features are the two first-order
Raman modes, E%g and A, 4, as indicated in Figure 2.8a. The E%g mode corresponds to
the in-plane vibration of the metal and chalcogen atoms, while the A;,; mode is for the

out-of-plane motion of the chalcogen atoms, as shown in Figure 2.7.

When the thickness of MX5 is reduced to a monolayer, its symmetry is reduced to Dsp
point group (space group P6m?2), reducing the number of phonon modes to 9, as shown
in Figure 2.7. The vibrations can then be expressed via the irreducible representations at

the T point™
I' = 2A2u+Elg +Alg+2Ezg 5 27

in which one of the A, and the E;; are acoustic modes; the other A, is infrared active;
A14 and E; 4 are Raman active modes; and the other E3 4 mode is both Raman and infrared

active”’.

A typical Raman spectrum from a TMD monolayer is shown in Figure 2.82*°. Due to

the back-scattering geometry of the measurement, E; 4 is again absent®®. Therefore, the

Raman modes Ezlg and A, 4 are still the dominant peaks in the Raman spectrum of the
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Figure 2.8. Raman spectra of bulk and monolayer MoS; crystals. (a) Raman spectrum of MoS,

crystals with different layer numbers under 532 nm laser excitation. (b) Peak frequency of E. 21g

and A, 4, modes as a function of sample thickness. Adapted from Ref. 80.
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monolayer. Compared to bulk crystals, the Ezlg mode upshifts while the A, , mode shifts

to lower frequency, hence the Raman modes are sensitive to the number of layers, as

shown in Figure 2.8b%.
2.2.2.2 Linearly polarised Raman spectra
For a given Raman mode, the Raman scattering efficiency can be expressed as?*72 765!
S=2Ale;-R-eg|?, 2.8

where e; is vector representing the polarisation direction of incident light and ey
represents the polarisation direction of the scattering light. R is the Raman tensor of the
given Raman mode of the material. The Raman tensors are only related to the point group
and the symmetry of the Raman modes, as listed in Table 2.12*8!, Finally, to detect the

Raman signals, this efficiency needs to be a non-zero value.

Table 2.1. Raman tensors for hexagonal point group. Adapted from Ref 24,81.

Crysal  Point Irreducible representations of Raman active
system  group modes and their Raman tensor

Hexagonal Dy A E; E; E, E,
Cev Ay Ey Ey E; E>
D3y A E" E" E’ E’
Dep, Agg Eig Eyg Exg Exg

@y 0O 0 0 0 0 0 0 —ay, 0 ay 0
0 ay 0 0 0 ay ( 0 0 0 ) ay, 0 0
0 0 a/ \0 a, 0 —az, 0 0 0 0 0

2.3 Electron microscopy

Experimental work using electron microscopy and related techniques is an essential
part of this work, since allows direct imaging and provides direct structural information
of the material. The latest generation of electron microscopes can resolve individual
atoms, an essential requirement in 2D materials. Ernest Abbe worked out that the
resolution of the optical instruments is limited by diffraction of the light®?, so the
resolution of high quality visible light microscopes is limited by the wavelength of the

illumination source and the optic apertures. Thus, the resolving power in light
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microscopy, defined as the smallest distinguishable distance, dy, is determined by the

equation 2.9%

do = 0614 2. 9

nsina’

where A is the wavelength of the radiation, # is the refractive index of the medium, and «
is the collection semi-angle®>. Additionally, the diffraction barrier restricts the optical
instruments to distinguish two objects separated by a lateral distance less than ~A/2, with
A being the wavelength of light used by the instrument. This diffraction limits the
resolution of a good optical microscope to approximately 200 nm®2. However, this

resolution is not enough to image many features in materials, e.g. dislocations and grain

boundaries®?.

Using high energy electrons as an illumination source, electron microscopy can
achieve improved spatial resolution compared with other microscopy techniques®’.
According to de Broglie’s equation, and taking into consideration relativistic corrections
for voltages higher than 100 kV, the wavelength of the electrons when accelerated by a

potential difference V' can be calculated using equation 2.10:

A= h . 2.10

1/2
eV
[ZmoeV<1+2m0C2)]

where h is the Planck’s constant, my is the electron mass and c is the speed of light®?.
The calculated wavelength of electrons at 80 and 200kV (accelerating voltages in the
TEMs used in this thesis) are ~ 0.04 and 0.03 A, respectively®’. These wavelengths are
even smaller than atomic diameters and therefore theoretically, any electron microscope
operating at 200 kV should be able to image individual atoms®?>. However, the diffraction
and spherical and chromatic aberrations limit the resolution of conventional electron
microscopes, and the resolution limit of an electron microscope at 200 kV is ~2 A, which
is not enough to resolve individual atoms in a non-periodic structure. Both spherical and
chromatic aberrations are unavoidable in the static rotational symmetric electromagnetic
lenses that constitute the electron microscope. Further details about the aberration

correction in electron microscopy can be found in section 2.3.2.
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Figure 2.9. Schematic cross-section of a modern TEM. The vacuum system is not shown here.

Adapted from Ref. §3.

In a conventional transmission electron microscopy (CTEM), the sample is
illuminated by a plane wave of electrons generated by the electron gun either through a
thermionic or field emission process. After the interaction of this plane wave with the
specimen, the transmitted electrons are projected onto an electron detector, forming an

image. Figure 2.9 corresponds to a schematic diagram of a TEM®. The electrons are
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Figure 2.10. Schematic ray diagram of three basic operation modes in a TEM. (a) Bright-field
(BF) image. (b) Dark-field (DF) image. (c) Selected area diffraction mode. Adapted from Ref.
82.

generated by the electron gun either through a thermionic or field-emission process before
accelerated to the typical working voltage, 80 or 200 kV for the analysis carried out in

this PhD.

Once extracted, the condenser lens system (upper lenses) of the TEM allows the probe
formation to certain size. The condenser system (lenses and apertures) also determines
the type of illumination, i.e. parallel or convergent electron beam. In a microscope, the
objective lenses are the most important lens which generate the first intermediate image
determining the resolution of the final image. The objective lens may focus the
transmitted and scattered beams into the back focal plane (BFP), forming a diffraction
pattern, or further down into the image plane, forming an image of the specimen. The
intermediate and projector lens magnify the image/diffraction pattern onto the detection

system, i.e. a CCD camera to capture the signal.

Additional electron beam deflectors may be installed before the specimen, called scan

coils, which have different uses. Although the key use is to scan the electron beam across
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the specimen in STEM mode, they can also be used to tilt a parallel electron beam to work

in conventional dark-field TEM imaging mode.

Nowadays, state-of-the-art microscopes incorporate further lenses to correct for
example the spherical aberration before and after the specimen (probe and image

correction) improving enormously the spatial resolution of the electron microscopes.
2.3.1 TEM and STEM

In conventional TEM mode (Figure 2.11), a broad close-to-parallel electron beam
illuminates the area of interest in the specimen®*. The electrons interact with the matter
through a range of different mechanisms, generating a wide range of signals that can be
used to analyse the material. Different modes of imaging can be achieved by selecting
different electrons. The two basic modes of TEM imaging operation are bright-field (BF)
and dark-field (DF) mode as shown in Figure 2.10a and 2.10b, respectively®>*°. An
aperture is positioned to pass only the un-deflected (direct) transmitted electrons in the
former and to pass some diffracted electrons in a particular diffraction condition in the

latter. These operating modes in TEM using an objective aperture will provide strong

From condenser lenses Electron From probe-forming
beam \lenses

% % vV

44— scanned

‘ Specimen ‘ |
.’I | ."; 1
¥ f Yoy
To lenses and camera "'.‘ Td detecf“g)rs
CTEM STEM

Figure 2.11. The electron beam in CTEM and STEM instruments. Schematic ray diagram of
a CTEM (at left) and STEM (at right) passing through the specimen. There are STEM

instruments with the beam travelling upwards. Adapted from Ref. 84.

35



Chapter 2: Experimental Techniques

diffraction contrast imaging since the diffracted intensity does not recombine with the

straight through beam intensity (or vice versa) to form the image.

If no aperture is used, a mass-thickness contrast image is formed. To obtain lattice
images, a large objective aperture will be introduced allowing many beams, including the
direct beam, to pass. This generates a phase contrast image formed by the interference of
the diffracted beams with the direct beam. This technique, also called high-resolution
TEM (HRTEM), can be used to investigate the atomic structure of crystalline materials.
The microscope affects the image contrast, and this is described by the Contrast Transfer
Function (CTF), which is expressed as the contrast dependence on reciprocal lattice

spacing for a given objective lens defocus.

Figure 2.10c is a ray diagram corresponding to the generation of a diffraction pattern
in the TEM®2. Here another aperture (different to the objective one) is introduced to limit

the diffraction pattern to a selected area of the sample. This technique is known as selected

electrons

scan coils % g

objective aperture —— ——

objective lens
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2
o
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scanned beam
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high angle
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|
: ADF detector

=
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Figure 2.12. Schematic diagram of the bright field (BF) and concentric ADF detectors in
STEM mode. Adapted from Ref. 86.
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area electron diffraction (SAED). A diffraction pattern consisting of the direct and the
diffracted beams coming from the ROI will be imaged in the viewing screen and collected

by a CCD device.

In STEM mode, the electron beam is converged into a single narrow probe on the
specimen (Figure 2.11), forming a convergent beam electron diffraction pattern (with
overlapping disks) in the BFP®*. The convergent beam is scanned across the specimen,
originating in a convergent beam diffraction pattern for each pixel. The size of the disks
depends on the convergence angle and overlapping of the disks is required in order to
resolve the structure®>®. The probe size is inversely proportional to the convergence
semi-angle®>®*. Each diffraction disk subtends the same semi-angle, and overlapping
disks are required to allow atomic resolution imaging in STEM®*#, At each point (x,y)
on the specimen an intensity of electrons is collected to form the image. Depending on
the position of the detector and the detection angle different images can be formed (see
Figure 2.12)*. The most common imaging detector is an ADF detector that is a ring
centred on the optic axis (see Figure 2.12)%. Usually, the inner radius of this detector is
chosen such that no directly transmitted electrons are detected and the signal depends
only on electrons deflected by a sufficiently large angle. A small on-axis detector, with

an outer collection angle typically less than 5 mrad, produces a BF-STEM image.

Although there are many different modes to work in TEM and STEM, the achievable
resolution of the electron microscopes is mainly limited by the inherent aberration of the
lenses, as mentioned before. This has been a key point to obtain 2D-materials images, so
the aberrations, how to correct them and the main imaging technique used to analyse 2D

materials are as follow.
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2.3.2 Aberration-corrected CTEM and STEM
2.3.2.1 Aberrations

Conventional magnetic electron lenses are ~ 100 times worse than the optical lenses,
due to aberrations. The Scherzer theorem states “Spherical and chromatic aberrations
are unavoidable for static rotationally symmetric charge-particle lenses free of space
charges” ¥, Nevertheless, there are many aberrations in the convergent electromagnetic

lenses, affecting the path of the electrons.

For high resolution TEM the wave aberration function is defined as the phase
difference X, , or distance difference W, ,, in the path of the ideal spherical wave and an

actual wavefronts in the diffraction plane due to the lenses®’

x==w. 2. 11

W (wave aberration)
x=2miA W

I; (Gaussian image point)

& (ray aberration)
VW

I, (aberrated image point)

aberrated wavefront

spherical, un-aberrated, wavefront

Figure 2.13. Wave and ray aberration. The wave aberration W measures the distance by which
an aberrated wavefront deviates from the ideal spherical case. The corresponding phase
difference is called the aberration function y. The shift of the Gaussian image point due to the
aberrations is called the ray aberration. The ray aberration J is proportional to the gradient of

the wave aberration W. Adapted from Ref. 87.
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Figure 2.13 corresponds to a schematic representation of the wave aberration function
Xxy and the ray aberration (6,). The 2D surface can be expressed as a function of the

angle 0 to the optic axis and the azimuthal angle ¢ around the optical axis®’.

The wave aberration function expanded as a Taylor series is described in equation
2.12. Using polar notation makes the azimuthal and radial dependence of some of the

terms more apparent®’-#8,

N+1

x(6,9) =cst + N__I_l{CNSa cos(S¢) + Cyspsin (S¢)}

= cst + 0{Co1a cos(@) + Coy1p sin(@)}

2
+ 7{610 + C124 c0s(2¢) + Cy3p sin(2¢)}

03
+ ?{Cz3a cos(3@) + Cy3p sin(3¢) + Cy14 cos(@) + Cp1p sin(p)}

94-
+ T{C30 +C342€08(4@) + C34p, Sin(4@) + C334 c0s(2¢) + C3p sin(2¢)}

95
+ ?{545 cos(5¢) +Cysp Sin(5¢) + Cy34 c0s(3¢) + Cy3p5in(3¢)
+ Cy14 cOs(@) + Cu1p sin(e)}

6
+ ?{Cso +C564€05(69) + Cs6p,Sin(6¢)

+ Cs4a c0S(4@) + Csyp Sin(4@) + Cs, c0s(2¢) + Csypp, sin(2¢)}
+ 2. 12

where the numerical coefficient Cys is defined as the aberration coefficients, N is the
order of the aberration, S denotes azimuthal symmetry of the aberration, and cst is initial
constant term®”®, Figure 2.14 shows the surface plots of individual terms in the
aberration function from 0™ to 5" order. For N = odd and S = 0, it means a round

aberration with no azimuthal dependence, e.g. defocus and spherical aberration etc.3”®
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Figure 2.14. Aberration coefficients from 0" to 5™ order. Adapted from Ref. 87.

For non-round aberrations (S # 0), the Cys, and Cygj, coefficients represent the projection

of the overall aberration Cyg along two orthogonal axes®”%,

Figure 2.15 shows the ray diagrams illustrating the change in focus for some of the
main aberrations of the electron optics, such as chromatic aberration, spherical aberration,
astigmatism and coma®. Explained in simple terms, the chromatic aberration of the lenses
causes electrons with different wavelengths to focus at different points on the optic axis
as shown in Figure 2.15a%. For spherical aberrations, Cj, the electrons through the
periphery of the lens are focused more strongly than those close to the axis. As a
consequence, in the image plane each point of an object is imaged as a disk due to
different distances at the optical axis as shown in Figure 2.15b%. The two-fold axial
astigmatism, C; , brings the incoming wavefront of the electron rays traveling at different
azimuths to different focus points as shown in Figure 2.15¢%°. Axial coma aberration,
C,1 will displace radially the centers of concentric circles (Figure 2.15d*’) and distorts a

round beam into a characteristic comet shape.
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(a) Chromatic aberration
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Figure 2.15. Aberrations in the lenses. (a) Chromatic aberrations in the lenses result waves of
different wavelengths and energies are focused to different points along the optic axis. (b)

Spherical aberration. (c) Astigmatism. (d) Coma aberrations cause the beam to focus off-axis.

Adapted from Ref. 89.

2.3.2.2 Spherical aberration-correction

Electromagnetic lens aberrations affect not only image formation but also the resolving
power in STEM, since the probe-forming depends on a combination of the diffraction
limit and the aberrations of the lenses. In an aberration-corrected STEM, a multi-
multipole lens probe aberration corrector is inserted between the condenser system and
the probe forming lens®’. However, for an aberration-corrected TEM, an image corrector
is placed after the objective lens®’. The first step to compensate the aberrations in the

microscope illumination system is to measure such aberrations. This can be achieved
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using Zemlin-tableau method”. In the image corrector, the aberrations are measured
using diffractograms of an amorphous area recorded at different tilt angles. The probe
correctors use similar principle to measure the aberrations but the Zemlin-tablau is built
using images over- and under-focus for different tilts and compare them with the image
close to focus. The CEOS correctors used in the ARM200 microscope used in this work
employ a symmetric hexapole doublet to compensate for the spherical aberration of the
objective lens in TEM. The same principle and a similar design are used for the CEOS
hexapole STEM corrector. The first hexapole of the corrector deforms the beam which
is projected into a second hexapole that compensates for this deformation leaving
only a higher order effect, acting like a negative Cs and compensating the positive Cs in

the objective lens.

The next section describes the main imaging technique used in a double-corrected

ARM200 to characterise the 2D-TMD layers in this research.
2.3.3 Annular dark field-STEM images

Probe corrected electron microscopes can generate focused spots with a diameter
smaller than 0.1 nm. Additionally, the stable electronics make positioning of the probe to
pm accuracy possible, allowing atomically resolved images. The direct transmitted
electrons are collected using a BF detector. A concentric ADF detector (Figure 2.12) is
normally used to collect the scattered electrons. ADF detectors collect electrons
transmitted through the specimen and scattered within a certain angular range, determined
by the inner and outer diameters®®. If the inner angle of the ADF detector is similar to the
probe convergence angle, coherent diffracted electron beam can reach the detector

contributing to the image contrast®®

. On the other hand, when the inner angle is three or
more times larger than the probe convergence angle, the scattered electrons reaching the
detectors correspond to high-angle Rutherford scattered electrons from the nuclei®.
Normally the inner radius of the detector is chosen so no direct transmitted electrons are
detected. Thus, in each point the ADF image is proportional to the total number or
incoherently scattered electrons reaching the detector®?. Therefore, in this last case the
ADF image contains strong atomic-number contrast and not much diffraction contrast

(most of the diffracted electrons have a scattering angle less than inner angle and pass

through the central hole in the detector). Therefore, the images contain composition
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information, since the cross section for Rutherford scattering is a strong function of the
atomic number (Z) and the thickness of the specimen®?. The intensity in the ADF-STEM
images is proportional to Z2. Thus, the contrast allows a clearer visualization of the

different elements in the structure, in particular heavier elements.

The atomic-resolution STEM images acquired in this Ph.D. used a double aberration-
corrected JEOL ARM-200F operating at 200 kV and 80kV. ADF images were formed
using a collection angle of 45-180 mrad and 20-100 mrad for each voltage respectively.

The convergence semiangle used was ~25 mrad and ~30 mrad at those voltages.

So far, only elastic scattering processes have been mentioned. The inelastic scattering

of electrons transfer energy to the sample and different signals can be produced.
2.3.4 Electron energy loss spectroscopy (EELS)

Electron energy loss spectroscopy (EELS) is based on the distribution of scattered
electrons with a given energy loss. It is a powerful technique for determining the
composition and bonding in the material, a good approach for the microanalysis of light
elements. Additionally, a range of scattering mechanisms can be evaluated, such as
plasmon or phonon scattering. EEL spectrometers are generally post column filters,
which analyse the electron energy with a series of dispersing elements, and generating
the spectrum. The change in energy ranges from 0 eV to a few keV. The EEL
spectrometers use a magnetic field to disperse electrons with different energies and then
a sequence of optical elements to guide these electrons to a detector, comprising a
scintillator and a CCD camera. This then records a spectrum of intensity against energy

loss.

An EELS spectrum (Figure 2.16) is composed of three regions: the zero-loss peak
(ZLP), the low-loss (LL) and the core-loss (CL) region®2.

The zero-loss peak (ZLP) is the peak located at 0 eV, and corresponds to the
transmitted and direct electrons, with either zero or unmeasurable energy loss®. In very
thin specimen, the most electrons are elastically scattered, so the ZLP is usually the most
intense peak in the EELS spectrum®?. The thickness of the specimen can be estimated

from the ratio between the integrated area under the LL region and the ZLP.
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Figure 2.16. An electron energy loss spectroscopy (EELS) spectrum in logarithmic intensity

mode. Adapted from Ref. 82.

LL region (<50eV) contains information about the interactions between the incident
electron beam and the solid®?. Excitons and plasmons dominated this area of the spectrum.
The LL contains information about the excitation of the VB electrons (which can be
thought of as a set of coupled oscillators), the inter- and intra-band transitions, phonon,
excitons and the plasmon excitations®”>. Thus, after the ZLP, the major feature in this
region of the spectrum corresponds to the bulk plasmon, a collective oscillation of the
loosely bound electrons, which runs as a longitudinal wave through the volume of the
crystal with a characteristic frequency®?. The energy distribution in this area is closely
related to the specimen dielectric function of the material®. In the case of 2D materials,
this is very important, since the excitations can differ strongly from those in the bulk
counterparts. Thus, there are reports on using low-loss EELS spectrum with a
monochromator to characterise the optical signals (e.g. PL peaks) of 2D materials in range
of 1-3 eV°"? and its difference with the bulk material. Additionally, the fine structure of
the ionization edge, can provide information of the density of unoccupied states in the
CB. Thus, details of the bonding, coordination and density of states can be obtained when

the fine structure is analysed®.
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The EELS spectra analysed in this PhD were acquired in a Nion UltraSTEM100
working at 60kV (Trinity College Dublin, Ireland). A 30 mrad convergence angle, a 48
mrad collection aperture, an energy dispersion of 50 meV/pixel were the acquisition

parameters.
2.3.5 Radiation damage

Electron irradiation damage can be categorized in two types according to the type of

electron scattering”.

(1) During elastic scattering processes, the incident electrons are electrostatically
deflected by the Coulomb field of the atomic nucleus’. Under certain
circumstances, this can result in atomic displacements and/or electron beam
sputtering®.

(i1) The interaction of the incident electrons with the atomic electrons surrounding
the nucleus originate inelastic scattering”. The inelastic scattering can cause
secondary electrons, emissions of X-rays and the EELS spectra. The process

can result structure change, mass loss and hydrocarbon contaminations”.
2.3.5.1 Atomic displacement (knock-on damage)

For elastic scattering, the energy and momentum are conserved, so the amount of

energy E transferred by the electron is*
E = Eparsin®(6/2), 2.13

where 0 is the angle that the electron is deflected in the field of a single atomic nucleus,
and E,, 4, can be expressed as”

Ey

Enmax = Eo(1.02 + =%

)/(465.74) , 2. 14

where Ey, the energy of the incident electron in eV and A is the atomic mass number®.
When 0 is small, the term sin? in equation 2.13 is small hence the transferred energy is
almost negligible (E « 1 eV)*. However, considering extreme conditions, 6 = 180°, the
transferred energy is E,,4,. This value increases with the incident energy E, for low the

mass number. If the transferred energy is larger than displacement energy, E > E, the
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electrons with high angle elastic scattering can knock-on displace the atoms, hence

resulting in defects in the crystal structure®.

The displacement energy E; is a property of the material related with the bond strength
and atomic mass and crystal structure’®. In practice, E; values can be determined
experimentally, then the corresponding threshold values for the incident beam energy E|,
can be calculated by equation 2.13 and 2.14%. The only way to avoid atomic displacement
is to use electron beams with lower energy than the threshold value for the material to

analyse”>%*,

2.3.5.2 Electron beam sputtering

The energy required for atom displacements at the surface of the material if high angle
elastic scattering occurs is much lower than that in bulk®*. The surface atomic
displacement is similar to sputtering, i.e. surface atoms displaced by an ion beam®*. Since
the momentum transfer in high angle collisions occurs mainly in the incident direction,
sputtering results on the beam exit surface’®. According to equation 2.14, sputtering is
more likely to involve atoms with low atomic number, so limiting the radiation dose, or
protecting the specimen beam-exit surface with a heavy element can reduce the sputtering

process®?93%4,

2.3.5.3 Electron beam heating

Inelastic scattering involves the incident electrons and the atomic electrons, with
similar mass. Therefore, appreciable energy can be transferred in the process. Most of
this energy ends up as heat within the specimen, giving rise to a local temperature®®. If
the thermal conduction in the surrounding material is poor, local heating can produce

broken bonds, atom diffusion, and loss of volatile materials®.
2.3.5.4 Electrostatic charging

There are several sources of the charges, e.g. the primary electrons from the incident
electrons trapped in the materials, high-angle scattered electrons and emitted secondary
electrons from inelastic scattering processes”’. When the electron beam hits the surface
of an electrically insulating specimen, the specimen may absorb more electrons than

ejected’>**. Thus, if the charge dissipation is insufficient, a localized current can occur.
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Since insulating materials do not provide a path to ground for the current, they may
experience electrostatic charging when exposed to the electron probe, where a localized
net build-up of static electric charge is generated®>**. If the local charge in the specimen
is negative, it will repel/deflect the incident electrons resulting in image distortion and

instabilities®?.
2.3.5.5 Radiolysis effect (ionisation damage)

Radiolysis damage is a type of ionisation damage resulting from inelastic scattering.
The energy lost from the incident beam can be transferred to the atoms. Thus, single or
collective atomic electron transitions can occur, being different for metals,
semiconductors and insulators®. For metal, the CB electrons are excited to empty states
above the Fermi level, leaving a vacancy in the VB that will be filled rapidly because of
the high density of conduction electrons’*. Meanwhile, the de-excitation process releases
energy, creating phonons and leading to thermal vibrations of atomic nuclei, therefore a

rise in temperature instead of permanent atomic displacements®*,

In contrast, for an insulating or semiconducting specimen, electrons in the VB are
excited into CB, generating an electron-hole pair®. Since the electron concentration in
the CB is low, it takes longer to fill the holes in the VB. This implies that during this
period, the electron wave functions may change and some of the excitation energy is
stored as potential energy resulting in changes in the interatomic bonding (broken
bonds)®*. Moreover, when an inner shell electron is excited via an inelastic scattering
process, a VB electron fills the core hole, so an Auger electron can be generated resulting
in the creation of secondary electrons that can break bonds and further damage the

specimen®,

2.4 Introduction to angle-resolved photoemission spectroscopy

(ARPES)
2.4.1 Fundamentals of ARPES

Angle-resolved photoemission spectroscopy (ARPES) is a powerful technique for
probing the electronic structure of solids™. A typical ARPES setup is shown

schematically in Figure 2.17a®. A sample is placed under ultrahigh vacuum and
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illuminated by a monochromatic light source. Electrons in the specimen can absorb
photons in the incident light, when the photon energy is higher than the work function of
the specimen, electrons can be photo-emitted and escape into the vacuum®®. An electron
analyser (spectrometer) is placed next to the sample to collect these electrons
(photoelectrons), measuring their kinetic energies and emission angles as shown in Figure

2.17%.

Conservation of the photo-emitted electron results in the following relation®>*°

Epin = hv—® — Ep , 2.15

where Ej;, is the kinetic energy of a photoelectron, Av is the energy of the incident
photon, @ is the work function of the material and E} is the binding energy of the electron
in the sample®>*. The work function ® = E, ;. — EF, in which E,, is the vacuum level
while Ep is the Fermi level, as shown in Figure 2.17b%%. Accordingly, ARPES is mainly

used for studying the occupied electronic states below Fermi level®>%°.

During the photoemission process shown in Figure 2.17, along with the energy of the
electron, its momentum parallel to the plane of the sample, hiky, is also conserved. This

can then be determined from the angle of emission of the electron. For the geometry

shown in Figure 2.17a%> this gives
ﬁkﬁf = hkfI = \/2mE;, (sinfcospk, + sin@sinfpﬁy) , 2.16

in which hkl'lc is the parallel components with respect to the sample surface of the
momenta of the photoelectron, while hkﬁ is the initial in-plane momentum, 6 and ¢ are
the emission angles of the photoelectron, # is the reduced Planck’s constant and m is the

electron rest mass®>%,

Due to the broken symmetry at the surface, the momentum perpendicular to the surface

(k) is not conversed, so k{ + k' . Instead the momentum perpendicular to the surface

can be found from”>%°

ki = \/2m(Egincos26 + Vo) /R, 2.17
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Figure 2.17. Schematic diagrams of a typical angle-resolved photoemission spetroscopy
(ARPES) setup. (a) Upper: schematic diagram shows the geometry of the ARPES
measurements. Lower: schematic of the wavevectors of the electron in the sample and as it
leaves the sample surface. Here k; represents the vector components parallel to the surface
and k, represents the vector component that is perpendicular to the surface. (b) Energy

diagram schematically illustrating the photoemission process. Adapted from Ref. 95.

in which V; is a constant called the inner potential. From equation 2.17, measuring at
different photon kinetic energies changes Ey;, for the same Eg, and thus samples different
k! . In principle, V, can be determined by measuring over a range of photon energies and
then fitting the periodicity of the measured band structure along the k, direction to the
known periodicity of the BZ%>%,

Photoemission data are usually discussed within the three-step model which divides
the photoemission process into three independent and sequential steps: optical excitation
of an electron, electron transport to the surface, and emission of the electron into the
vacuum”>?®. The sudden approximation is usually applied; it is assumed that the system

does not relax until after the electron has escaped, so the N-particle final state can be
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simplified as a combination of the photoelectron and the N-1 particle state’>. In this

way, the ARPES photoemission intensity I(k, E) is commonly written as*>®

I(k,E) = Iy(k,v, DAk, E)f(E,T), 2.18

where A(k, E) is the single-particle spectral function and f(E,T) is the Fermi-Dirac
distribution™?®.  I,(k,v,A) x Zf,l-|M]f"l-|z, where M}"i = <D}‘|A -P|®F is the

photoemission matrix element that describes the transition of the initial state ®¥ to the

final state d)}f%’%.

In practice, the hemispherical analyser usually contains a 2D detector that measures
the kinetic energy of photoemitted electrons across a limited range of one angle, e.g. 0 in
Figure 2.17a, for a specific value of the other angle, ¢959. A three-dimensional dataset
of the photoemission intensity as a function of kinetic energy and emission angle,
1(6, @, Ein), is acquired by recording a set of these slices at varying ¢. From this the
three-dimensional dataset /(k, Ep) is determined by interpolation, using Equations 2.15
and 2.16. The Fermi energy is determined by fitting the Fermi-Dirac distribution to the
fall in intensity across the Fermi edge for a metallic sample. From the 3D datasets, energy-
momentum slices can be extracted along the high-symmetry directions, or constant
energy maps across regions of the BZ. The results are ARPES spectra that directly show
the band dispersions as a function of energy and momenta within the plane and at the

surface of the sample, ideally suited to the measurement of 2D materials.
2.4.2 Key parameters of band structure

Typical ARPES spectra from monolayer, bilayer and multilayer regions of a WSe>
flake are presented in Figure 2.18%7, demonstrating the evolution of the VBM from the I’
to the K point as the thickness of WSe; reduces from bulk to single layer. The SOC
splitting of the VB in monolayer is measured to be (500 + 30) meV from the data in Figure
2.18. Within uncertainty it is the same as that of the bilayer and bulk WSe>".

The dispersion of each band can be obtained by extracting energy distribution curves
(EDC), I(Eg) for fixed momenta, out of a 3D spectra, fitting the peak positions, and
repeating across a range of momenta. From this data, key band parameters can be

determined. Around the high-symmetry points, the band dispersions were fit by a
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Figure 2.18. Bands structures of WSe; with different thickness via ARPES. From left to right:
band structure of monolayer, bilayer and bulk form WS; crystals, respectively. Lower is the
intensity twice-differential with respect to energy with overlaid DFT calculation. Adapted
from Ref. 97.

parabola. The band maxima and minima were then used to determine the VBM, band

offsets, band widths, and the spin spliting of the VB at K as indicated in Figure 2.18".

25,2

) . n2k? . . .
The curvature of the parabola determines the effective mass, from E = Sz 10 which m

is the effective mass.

If the CB is also populated, for example if the material is electron-doped, the band gap
of the material can be directly obtained via fitting the energy difference between the CBM
and VBM measured from the ARPES spectra.
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Chapter 3: Synthesis of TMD Alloys

and Hetero-structure Assembly

3.1 Introduction

As introduced in chapter 1, TMD materials show unique electrical and optical
properties in their single layer configuration, e.g. an indirect to direct band gap

2998 and optically controllable valley polarisation*”. Although many reported

transition
TMD-based devices e.g. field effect transistors (FET)?, optoelectronic devices'®,
valleytronics'®! etc. show high device performance, the tunability for related properties
such as band gaps and SOC is limited. As in conventional silicon technology, doping and
alloying are widely used to achieve functionality of a semiconducting material'*>!%, this
can be brought to TMD materials!®. By substituting or alloying the metals or chalcogens

40,56,57

of the TMDs, the materials have additional tunability in band gap and spin-orbit

engineering*®104105,

To further investigate how the extra tunability can be achieved, it is essential to
develop the techniques for material synthesis and sample fabrication. Among all the
synthesis techniques mentioned in Chapter 1, CVD is the most widely used bottom-up
approach for TMD alloy growth!®. However, the CVD-grown alloy monolayers show
inhomogeneous atomic distribution, higher concentration at the edges and lower at the
centre®. This can result in unstable and heterogeneous properties, poorly suited for device
applications. Another significant drawback of this technique is that complicated stacks
with desired artificial sequences, e.g. heterostructure with more than three layers, are hard
to prepare via this method. Therefore, we chose to develop CVT, mechanical cleavage

and dry transfer for van der Waals stack assembly for this thesis.

Therefore, this chapter will first start with a description of single crystal growth via
CVT, followed via a top-down method, mechanical exfoliation, to reduce the bulk
crystals to monolayers. Moreover, several experimental techniques have been developed
in our laboratory to place the atomic flakes on desired locations in a controlled way in

order to achieve the artificial assembly of atomically controlled 2D heterostructures.
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It is well-known that the atomic structure has significant influence on the physical
properties of atomically thin layers of materials. For example, heterogeneous atomic
distribution in CVD-grown TMD alloy flakes can result in the shift of the PL emission
peak across the flake!°1%7. Therefore, the visualisation of the atomic structure is essential
for the investigation of alloys. However, knock-on damage occurs rapidly once these
atomically thin layers are exposed to the high-energy electron beam in an electron
microscope. Here, to mitigate this damage, a novel procedure for TEM characterisation

has been developed.
3.2 Crystals synthesis

3.2.1 Compounds preparation

As introduced in section 2.1.1, element powders of metals (M = Mo, W and Nb, with
purity 99.99%) and chalcogens (X = S, Se and Te, with purity 99.99%) were
stoichiometrically added to an ampoule with inner diameter 1.2 cm. This ampoule was
pumped down to a pressure of 10 torr and sealed. Before placing the ampoule in a box
furnace, as shown in Figure 2.3, the ampoule was shaken for several hours to mix the
powder uniformly. There are three heating cycles for the TMD compound preparation, as
shown in Figure 3.1. During the first cycle, the furnace temperature was ramped to 150°C
at a rate of 15°C/h and maintained at this temperature for 1 hour. After this time, the
furnace temperature was similarly ramped to 300°C, followed by 1 hour at 300°C, and
then to 450°C at the same rate, with a final dwelled at that temperature for 72 hours as

shown in Figure 3.1a. In the end, the furnace was allowed to cool to room temperature®?.

The temperature profile of the second cycle was similar to the first, heating by 150°C
at 15°C/h then dwelling for 1 hour, except that the furnace temperature reached 750°C,
Figure 3.1b%. For the final cycle, Figure 3.1c, the temperature profile was initially similar,
but once the furnace reached 750°C, a dwell of 10 hours was used as a precaution to avoid

explosion. Next, the temperature was further increased to 1000°C and dwelled for 72
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hours, before allowing to cool down to room temperature®?. Figure 3.2 shows photographs

of MoS> compound preparation before and after each heating cycle.
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Figure 3.1. Heat profiles for transition metal dichalcogenide (TMD) powder preparation.
Heating profiles of (a) first heating cycle dwelling at 450°C, (b) Second heating cycle heating
to 750°C and (c) third heating cycle with dwell temperature at 1000°C.
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Figure 3.2. Photos of compound preparation in an ampoule before and after heating. (a)
Mixture of element powder, sulphur and molybdenum. (b) Products of first heating cycle with
maximum temperature at 450 °C. (c) Compounds of second heating cycle dwelling

temperature at 750 °C. (d) Compounds of final heating cycle reaching temperature 1000°C.

The ampoule was carefully broken and the synthesised powder was collected and
characterised by X-ray diffraction (XRD). Figure 3.3 shows powder XRD patterns of
Moo.290Wo.71S2 and WS> compounds, with predicted diffraction patterns for 2H and 3R
WS, single crystals shown at the bottom!%1%°_ The first observation from these X-ray
scattering patterns is that the powder has already formed compounds and crystallites.
Secondly, the phase of these compounds can be determined directly via comparing the X-
ray scatterings (Figure 3.3a and 3.3b) with the predicted patterns (lower in Figure 3.3b).
The matched peaks are labelled by the purple triangle symbols: both compounds can be
identified as 2H polytypes. Moreover, the crystal structure of Moo29Wo.71S2 compounds
are closer to 2H-WS; than to 2H-MoS..

The peak profiles in Figure 3.3 are much broader than those from single crystal
samples (see Figure 4.4 in Chapter 4). The peak profiles can be influenced by many
factors such as instrument resolution, crystallite size, micro-strain, solid solution

inhomogeneity and temperature!!®!!2, As these powder diffraction patterns were
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Figure 3.3. X-ray diffraction patterns of Mo;.xWxS2 compounds in powder form before CVT.
(a) X-ray powder diffraction pattern of Mog.2sWo.72S:. (b) X-ray powder diffraction pattern of
pure WS,. Lower panels show predicted diffraction patterns for the common 2H and 3R
polytypes of single crystal WS,!%1% The symbols with different colours and shapes mark the
peaks matched with those in the expected diffraction patterns, as labelled.

performed in the same instruments under the same conditions, the peak width broadening
in Figure 3.3 is mainly attributed to the crystallite size, indicating the crystallites are

small. Assuming that the dominant contribution to the peak width is the crystallite size,

the characteristic crystallite size can be estimated from the Scherrer equation!!®!!!

KA
LcosO’

B(20) = 3.1

in which B is the peak width, K is the Scherrer constant, A is the wavelength of the X-ray
source, 6 is the Bragg angle and L is the average crystallite size perpendicular to the
reflecting planes''®!!!. Hence, the crystallite size can be simply estimated from the XRD
patterns and is inversely proportional to the peak width. The peaks in Figure 3.3a are
wider than those in Figure 3.3b, but also there is variation in peak widths within each
spectrum e.g. the peaks of planes (100), (101) and (102) etc. This can be attributed to the
solid solution inhomogeneity leading to variation in composition that creates a

113

distribution of d-spacing for a crystallographic plane’'°. However, taking a typical peak
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width, we can estimate a crystallite size around 37 nm and 77 nm in Moo.29Wo.71S2 and

WS, powders, respectively.

3.2.2 Chemical vapor transport (CVT)
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Figure 3.4. Heat profiles for the charge and growth zone of the box furnace during CVT. The
black solid line represents the temperature of the charge zone against time, while the red line

is for that of the growth zone.

The synthesised compounds (typically between 2 and 3 grammes) and transport agent
(iodine crystals, the amount of which depended on the volume of the sealed quartz tube)
were added to a new quartz tube with larger inner diameter (typically around 1.6 cm).
The tube was evacuated to 10 mbar whilst being cooled by ice to stabilise the iodine,
and then sealed. The length of the tube, around 30 cm, defines the length of travel of the
vapor phases. For crystal growth, a tube furnace with three heat zones was used, as shown
schematically in Figure 2.4b. The temperatures of the source/charge and growth zones
were ramped at a rate of 70°C/h to 1050°C and 950°C, respectively. A typical growth time
was around 20 days after achieving the desired temperature, but it varied for specific

materials. Finally, the furnace was air cooled to room temperature over around one day.
3.2.2.1 Synthesis of Mo1xWxS:2 single crystals

For a transport system with MS>/I2/H>O (M = Mo or W), the migration of MS; can be

achieved via vapor phases of MO:l» and S; in the reversible reaction®*%

MS: (s) + 2H20 (g) + 312 (s) = MOzl (g) +4HI (g) + S2 (g) -
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The hot vapor phases form at the source zone, then diffuse towards the cooler end of
the quartz tube. When they hit the glass wall at the cooler end (growth zone), the MS,
crystals start to nucleate and grow. The conditions during growth, such as temperature (T
+ AT) at the source zone, temperature T at the growth zone, temperature gradient (AT)
over the tube as schematically shown in Figure 2.2a (the temperature does not linearly
decrease along the tube), flux of the transport agent, the growth time and the amount of

source materials efc., lead to different final products.

For example, the size of MoosWo5S2 single crystals are around 1-2 mm when the

growth temperature is 900°C in Figure 3.5b, however they can achieve 1-2 cm when the

Figure 3.5. Influence of growth parameters on the single crystal products. (a) Mixture of
MoosWo 5S> compounds and I, crystals before and after CVT. The length of tube is around 30
cm. The temperature of the source and growth zone were set to 1030 and 980°C, respectively.
Magnified image of its growth zone is presented at right. (b) A new quartz tube with
Moy.sWo.5S2 compounds and I, crystals before and after CVT. The length of this tube is around
25 cm, with source and growth temperatures at 1050 and 900°C, respectively. (¢) The same
quartz tube in 5b before and after a second CVT cycle, the source and growth temperature

were 1050 and 950°C, respectively.
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growth temperature goes to 950°C as shown in Figure 3.5¢c. Meanwhile the length of the
quartz tube also affects the final products, since this will influence the diffusion length of
the vapour phases (WOzl,, HI and S») and the temperature distribution along the tube. For
instance, the tube is around 29 cm in Figure 3.5a and around 25cm in Figure 3.5b, but
under the same growth conditions small Moo.sWo 5S> single crystals can only be obtained

in the smaller tube (Figure 3.5b).

CVT conditions were determined for the growth of a series of Moi1xWxS> alloys, as

summarised in Table 3.1.
3.2.2.2 Synthesis of Nbi1xWxS2 and NbixWiSe: single crystals

The growth parameters of Nb-containing WS, alloys, e.g. the growth time and the
length of tubes, were similar to those of the Mo1xWxS: alloys. However, the temperature
of source and growth zone were different. The source temperature was set to 1050°C while
the growth temperature was set to 930°C for NbixWS; alloys'!*!!>, The CVT parameters
are summarised in Table 3.2. Three compositions of Nbi«WS, powders were made, but

only Nbo.1Wo.0S> single crystals was successfully obtained by CVT.

For Nb-containing WSe> single crystals, the growth parameters were close to those
used for pure WSe; synthesis. The source temperature was set to 1000°C while the growth
temperature was 850 C%>!16117 The flux of transport agent for the selenides was slightly
lower than for the sulphides due to the different chemical reactions involved. The growth

conditions for these samples are summarised in Table 3.2.

The reversible reaction of a selenide is''®!”

2WSe: (s) + 312 (g) = 2WIz (g) + 2Se2 (g) -

Similarly, to the sulphides, the hot vapor phases formed at the source then diffuse towards
the growth zone. When the vapors meet the colder glass wall, crystals start to nucleate

and grow.
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Table 3.1. CVT growth conditions for Mo1«WyS; single crystals.

- Source temperature T; | Growth temperature T Growth time Flux of agent Length of quartz | Typical crystal
Compositions ]
(°C) (°C) (days) (g/cm?) tube (cm) size (mm)
MoS, 1050 950 20 10 28 -29 0.5-1
Moo.82Wo.18S2 1050 950 20 5 27-28 1-2
Moo.63W037S2 1050 950 20 10 28 -29 2-3
1050 900 21 8 25 3-4
Moo.51Wo.49S>
1050 950 21 8 25 10-15
Moo31Wo.69S2 1050 950 20 5 27 -28 1-3
Mo0.2sWo.72S2 1050 950 20 10 28-29 10 -20
Moo.14Wo.5652 1050 950 20 5 27-28 0.5-1
1050 950 28 10 29 0.5-1
WS,
1050 950 20 10 27-28 2-3
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Table 3.2. CVT growth conditions for Nbi.«WxS, and Nb;«WSe, single crystals.

- Source temperature | Growth temperature Growth time Flux of agent Length of quartz | Typical crystal
Compositions ]
T: (°C) T, (°C) (days) (g/cm?) tube (cm) size (mm)
Nbo.1Wo.9S2 1050 930 20 8 27 05-1
Nbo.17Wos3Sex 1000 830 20 5 27 3-4
Table 3.3. CVT growth conditions for other single crystal samples.
o Source temperature | Growth temperature Growth time Flux of agent Length of quartz | Typical crystal
Compositions )
T (°C) T, (°C) (days) (g/cm?) tube (cm) size (mm)
Re-MoS; 1030 950 20 8 28 3-4
WSe: 1000 850 14 5 27 3-4
WSSe 1000 900 20 5 28 2-3
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3.2.2.3 Synthesis of other single crystals (Re-MoS:2 and WSe)

As introduced in Chapter 2, two techniques, CVD and CVT, are widely used in
synthesis of doped or alloyed layered TMD (MX:) materials!!. However, the
composition of CVD-grown MX> monolayer alloys can be inhomogeneous. Moreover,
the composition of the as-grown monolayers is not always directly defined by the
stoichiometry of the source material®®!%. Therefore, compared to CVD, CVT can be a

better choice for controllable synthesis for material doping and alloying.
3.3 Mechanical exfoliation

Single crystals were flatly and gently placed on a piece of scotch tape. The tape was
fixed on a stage with the sticky side face up, a new tape was put on it gently, then this
tape was split rapidly at a low angle. Normally, the crystals on the fixed tape were thicker,
thus the other tape was folded several times to split and thin down the crystals. After that,
the tape was stuck to a clean Si0,/Si wafer, pressing gently to remove bubbles between
the tape and wafer. It was noted that the tape should be peeled off at a low angle and
rapidly. The most important step was to then scan the whole wafer and identify thin flakes
through their contrast in the optical microscope. For this, the thickness of the oxide layer
is important®®. For most of the work reported in this thesis, 100 mm p-doped Si wafers
with resistivity of 1-10 Ohm.cm, thickness of 525 um, single side polished and thermal

oxide of thickness 300 nm were used, purchased from IDB Technologies.

This form of mechanical exfoliation was first used to exfoliate bulk graphite onto
Si0,/Si wafers, making their single-layer form visible®. Although many techniques, top-
down methods e.g. electrochemical exfoliation, bottom-up methods e.g. CVD and atomic
layer deposition (ALD) etc., have been developed to synthesise monolayer materials,
mechanical exfoliation is still the first-choice technique for assembling high quality
stacks™'8. Hence, this technique has been improved/developed later by optimising the
temperature at which the exfoliation is made and the holding time for the tape on the

wafers’!.
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3.3.1 SiO: substrate

After the tape was pressed onto a Si0,/Si wafer, the best exfoliation condition found
for graphite was to place the wafer on a hotplate at 100°C for 3 minutes’!. To optimise
the exfoliation conditions for other 2D materials, such as hBN, MS, and MSe, (M = Mo,
W and Nb), many experiments were performed, changing the exfoliation temperature

and the holding time. The parameters yielding the best samples are listed in Table 3.4.

(a) (b) (©)

Figure 3.6. Optical images showing exfoliated flakes of different 2D materials on SiO;
substrates: (a) graphene, (b) hBN and (¢) Moo sWosS..

Figure 3.6 shows examples of typical graphene, hBN and Moo.sWo.5S2 flakes found under

the optimised exfoliated conditions.

Table 3.4. Optimised mechanical exfoliation conditions for various 2D materials, on SiO, wafers.

Materials Temperature (°C) Time (minutes)
hBN 100 5 minutes
Graphene 100 3 minutes
MX, (X =S) 130 2.5 minutes
MX; (X =Se) 100 2 minutes
WSSe 120 3 minutes

3.3.2 Other substrates

For exfoliating TMD crystals on a CVD-grown graphene on a copper foil, the
temperature of the hotplate was set to 130°C and the holding time to 2.5 minutes. After
cleaving the tape at a low angle, monolayer TMD flakes could easily be found on the

graphene/copper foil via their optical contrast, as shown in Figure 3.7a.
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For PMMA and polyvinyl alcohol (PVA) coated Si wafers, the exfoliation procedure
was slightly different. The PMMA/PVA/Si wafer was placed on a hotplate with
temperature set to 130°C. After the temperature of the wafer reached 130°C, it was moved
to a stage then the tape with thin crystals was pressed on the wafer immediately, holding
for one minute. As before, the tape was cleaved at a low angle and monolayer TMD

flakes could be found by optical microscopy as shown in Figure 3.7b.
3.4 Van der Waals heterostructures assembly

As described in Chapter 2, there are two main methods widely used in van der Waals
stack assembly, pick-and-place (PDMS) transfer and PMMA dry transfer'®!'®. In our
laboratory, a transfer system (as shown in Figure 3.8) has been built and developed for

both of these two techniques.

(a), . 3
Monolayer -

Figure 3.7. Optical images of exfoliated TMD flake on different substrates: (a) on CVD-grown
graphene and (b) on PMMA/PVA coated Si wafer as substrates.

There are three main parts to the system: an optical microscope, a sample stage and a
transfer arm. The sample stage connects to the optical microscopy and is rotatable.
Samples are fixed in place using a vacuum chuck whose temperature can be accurately
controlled. The sample stage moves in both X and Y axes (horizontally), while the optical
objective can move in the Z axis to adjust the focal plane. The transfer arm is mounted
on an XYZ micromanipulator, so the stamps/plectrums can be moved accurately (better
than 1 um) in the X, Y and Z axis, even tilting in the XZ-plane, once they are mounted

on the transfer arm.
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XYZ /

‘micromanipulator

Figure 3.8. Photo of the dry transfer system in the laboratory at the University of Warwick for
pick-and-place (PDMS) and PMMA transfer techniques.

3.4.1 Pick-and-place transfer

Prior to the pick-and-place procedure, it is essential to make a good PDMS stamp.
The PDMS stamp is a stack of glass slide/ double-sided sticky tape/ PDMS/
polypropylene carbonate (PPC) film/ Scotch tape.

There are two steps for PDMS fabrication. The PDMS base and its curing agent
(purchased from Sigma Aldrich) are first mixed in the volume ratio 10:1. The PDMS is
poured into a petri dish and dried by heating in a vacuum oven at 100°C for 2 hours. Then
the cured PDMS is cut into small discs around 5 mm in diameter and 1 mm in thickness.
To aid with smooth peeling onto and away from the substrate, the top surface of the
PDMS should be a concave dome. To form this, a droplet of PDMS is placed on a cured
PDMS disc and cured upside down under the same conditions. Since they are the same
material the droplet spreads on the disc. The balance of surface tension and gravity forms

a dome shape on the PDMS during the curing procedure.
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A piece of double-sided sticky tape is placed on one end of a glass slide and a PDMS
dome is positioned in the middle of the tape. A hole (5 mm) is punched in the middle of
a piece of scotch tape, a PPC film (8% weight percentage PPC dissolved in chloroform)
is stuck down onto the tape. This PPC film plays an important role during pick-up. The
PDMS dome is coated by the PPC film, slightly stretched. Therefore, the final structure
of the stamp is as schematically shown in Figure 10: the dome area is transparent so that

flakes can be seen through it.

The procedure of pick-and-place transfer is illustrated in Figure 3.9, with an example
at the side of the figure. A SiO,/Si wafer with exfoliated graphene is placed on the
temperature-controlled vacuum stage (Figure 3.9a). The sample stage is first set to 80°C,
a clean area of the wafer is found and aligned to the centre of the PDMS stamp. To test,
the stamp is first lowered via the z-axis micromanipulator of the transfer arm until a
touching area can be observed via the optical microscope, then lifted. When no bubbles
form between the PDMS and PPC film, and no damage is observed on the PPC film, the
stamp is ready for pick-up. The targeted graphene is then aligned to the centre area of the
stamp and the stage temperature set to 100°C. The procedure is the same, the stamp is
brought down to touch the graphene flake then raised upwards rapidly; the graphene is
picked-up from its SiO»/Si wafer and adheres to the PDMS stamp.

Next, the picked-up flake is aligned to a second layer and the sample plate is set to
130°C, as shown in Figure 3.9c. The targeted TMD flake can be picked up by the
graphene and PPC film via the same operation. The example shown here is to make a
van der Waals stack in a sequence of partial coverage graphene/TMD flake/hBN. For
more complicated stack assembly, the procedure can be repeated to stack more layers.
However, the temperature of the sample plate may need to be varied from 100 to 130°C
depending on the pick-up materials. Finally, the assembled stacks can be placed on many
substrates, e.g. SiO2/Si wafer with metal coatings, deposition electrodes or exfoliated
flakes on top, depending on the sample requirements. The example shown here in Figure

3.9¢ is to put the stack on a target hBN on SiO,/Si wafer.
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Schematic side view of a dry transfer system with a PDMS stamp. The sample
stage is heated to 90°C. An optical image at right shows exfoliated flakes on a
Si0: wafer.
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Picking up the TMD layer. The optical image shows the resultant graphite /
TMD stack.
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Alignment of the graphene flake on the
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100pum

Alignment of the (TMD flake on graphite on PDMS stamp) with an hBN flake.
The optical image shows the hBN flake.

(f) | hBN
e Gra-phite
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i\ / T™D flake
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100pm

Bringing the PDMS stamp/PC film/-
graphite/TMD into contact with the

hBN flake, with corresponding optical
The sample stage is heated to 175°C and the area of PC film contacting with the image below.

stage is melted. The stack (graphite/TMD flake/hBN) is left on the wafer.

Figure 3.9. Schematic diagrams showing, step-by-step, the pick-and-place (PDMS) transfer. (a) Pick-up of the first layer. (b) Alignment of the first layer with the
second layer. (c) Approach and contact with the second layer and SiO,/Si wafer. (d) Alignment of the top two layers with the bottom layer. (¢) Approach of the
stamp to complete the heterostructure. (f) Deposition of the structure on the wafer. Optical images are shown as examples at each stage of the fabrication of a van

der Waals stack by this hot pick-and-place method.
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After aligning the stack to the new hBN layer, the stamp is brought down to contact
with the wafer, then the stage temperature is set to 175°C for 5 minutes to melt the PPC
film. Afterwards, the transfer arm is lifted immediately; the centre area of the PPC film

will be teared and left on the wafer as shown in Figure 3.9f.

Subsequently, the PPC film can be dissolved in a chloroform solution at 90°C for 30
minutes. Then placed in acetone to wash away the chloroform and finally rinsed in iso-
propyl alcohol before drying. To remove any remaining polymer residue, the sample can
be placed in an annealing furnace; normally, a temperature of 250°C (sometimes 300°C)
at a ramping rate 8°C/min is used, and the sample is annealed for 4 hours under a mild

vacuum (about 10 Torr ) with a low flow of gas (5% H: in Ar).
3.4.2 PMMA Dry transfer

A PVA layer (3% weight percentage 50k PVA dissolved in H>O, purchased from
Sigma Aldrich) was spin coated with a spin speed of 5000 rmp onto a clean piece of Si
wafer (around 5 cm x 5 cm). The substrate was then baked at 130°C for 5 minutes
immediately after spin-coating. Then a PMMA layer (A8, 8% weight percentage 950k
PMMA dissolved in anisole, purchased from Sigma Aldrich) was spin coated onto the
PVA coated Si wafer at the same spin speed and again baked at 130°C for 5 minutes. The
combined thickness of the PVA and PMMA layer was controlled to be around 400 nm.

This PMMA membrane was then attached to a plectrum to be used as a stamp'®!1°.

As described in section 3.3.2, TMD crystals were exfoliated onto pieces of
PMMA/PVA/Si wafer, as shown in Figure 3.10a. A circle ring scratch, with diameter
slightly larger than the circular ring of the plectrum, was drawn using a scalpel that is
sharp enough to penetrate the PMMA and PVA layer. Then the wafer was immersed in
fresh DI water in a petri dish. The sacrificial PVA layer dissolves in the DI water, after
which the PMMA layer floats to the surface of the DI water, as shown schematically in
Figure 3.10b. A plectrum was prepared by dipping in PMMA (A4, 4% weight percentage
950K PMMA dissolved in anisole, purchased from Sigma Aldrich) and baking at 130°C
for several minutes. After that, the A§ PMMA membrane with target flake was
transferred onto the plectrum which was immediately placed on a hot plate and heated at

90°C until the DI water is removed, as shown schematically in Figure 3.10c.
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Figure 3.10. Schematic diagrams showing the PMMA transfer step-by-step. (a) A monolayer is found on a PMMA/PV A/Si wafer. (b) The PVA layer is dissolved
in fresh DI water. (¢) The PMMA membrane is transferred onto a plectrum. (d) The top layer on the PMMA membrane is aligned to the bottom layer. (e) The top
layer is brought into contact with the bottom layer. (f) The PMMA membrane is lifted-up, leaving the stack on the SiO,/Si wafer. Optical images are shown as

examples of the fabrication of a van der Waals stack by this method.
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The plectrum was attached to one end of a glass slide, and this slide fixed to the
transfer arm. The target TMD flake on PMMA was re-found in the optical microscope
(Figure 3.10d) and aligned to a graphite flake on the SiO»/Si wafer. After that, the
temperature of the sample stage was set to 70°C, and the transfer arm brought down, so
that the PMMA membrane approached the surface of the silicon. The temperature was
increased to 80°C, using the round head of a tweezers to press the PMMA membrane to
the wafer slightly making a small contact area, then this contact area would gradually
expand, bringing the target flake into contact with the graphite (Figure 3.10e). After that,
the plectrum was lifted leaving the TMD flake on the graphite (Figure 3.10f). Although
the example shows a double-layer stack, the method is not limited to this. The procedure

can be repeated to build up more complicated structures with more layers.

The example shown in Figure 3.10 is ideal since there are no breaks in the PMMA
membrane during transfer. However, this is often not the case due to the fragility of the
PMMA membrane. When there is a break or crack in the membrane, some areas adhere
such that some of the PMMA membrane is left behind on the transfer arm / plectrum
after lifting. To solve this, the PMMA layer is scratched/cut via tweezers with sharp tips;

hence, the adhesive areas are left on the substrate.

To remove the PMMA from the silicon, the piece of wafer was immersed in acetone
at 90°C for several hours. However, compared to the PPC film, the PMMA is not easy to
remove. More of the polymer residue can be removed by an additional annealing step,

this time at 300°C for 5 hours.
3.4.3 Comparison of PDMS and PMMA transfer

Compared to the PMMA transfer, the pick-and-place PDMS transfer has advantages
in the preparation of the exfoliated flakes, especially for thin layers (e.g. mono- and bi-
layers). As shown in Figure 3.6 and Figure 3.7b, the contrast of samples (monolayer
graphene and Moo sWo.5S2) on Si0,/Si wafers under an optical microscopy is greater than
those (monolayer Nbo.1Wo.0S2) on PMMA/PVA/Si wafers. When a van der Waals stack
is successfully assembled without leaving PMMA membrane on top, i.e. by peeling away
the PMMA, it is much cleaner than samples assembled via the PDMS pick-and-place
transfer. However, when there is PMMA membrane left on the stacks, the samples from

the pick-and-place are superior, especially for TEM samples, since the PPC film is easier
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Figure 3.11. ARPES sample fabrication via the pick-and-place technique. (a) Schematic
Figure shows the cross-section of the ARPES sample: van der Waals stack (top) on metal-
coated Si wafer. (b) Optical image of the stack, the monolayer region is too small to be seen.
(c) An AFM image, from the region marked by the red box in Figure 4b, showing the bilayer

and monolayer regions.

to remove. This is clear from comparison between Figure 3.15a and 3.15c: there are much

larger contamination free regions in Figure 3.15¢.

Although thin materials are easier to find on SiO,/Si wafers, they are not strong.
Hence, the pressure introduced during the pick-and-place procedures can cause cracks
and folds in the 2DM flakes. Another significant drawback of the pick-and-place
technique is that it relies on a specific top layer (hBN or graphene) to pick the subsequent
layers, hence the sequences of stacks are limited. In summary, each technique has
advantages and disadvantages and the fabrication process must be chosen to match the

samples that are required.

3.4.4 Sample fabrication for ARPES

Since ARPES measurements are surface sensitive, the requirement for cleanness is
high. As introduced in Chapter 2, the measurement is also sensitive to the sample
geometry, and therefore flat samples are required. Figure 3.11a shows a schematic cross
section of an assembled van der Waals stack, Nbo.17Wo.83Seo/Graphite on a
Pt(20nm)/Ti(2nm)/Si substrate, for ARPES measurements. The monolayer area is very
small making it difficult to distinguish by optical microscopy (Figure 3.11b).
Nevertheless, 2 um by 2 um monolayer and 2 pm by 8 um bilayer regions were
confirmed by atomic force microscopy (AFM) (Figure 3.11c). The AFM image shows a

clean and homogeneous specimen without visible contaminants or bubbles.
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3.5 A novel way to prepare TEM samples

3.5.1 Preparation of TEM samples of single 2DMs

Preparing 2DM samples for TEM, from single crystals, requires first mechanical
exfoliation and then transfer of the resultant flakes to a TEM support grid. The simplest
and quickest way is to transfer the flakes alone, without the fabrication of a
heterostructure. The procedure for this is shown schematically in Figure 3.12, with
optical images illustrating the process with Mo1xWxS> flakes. A PMMA layer was spin-
coated on pieces of SiO»/Si wafers with exfoliated Mo1xWxS; flakes (around 20 um by
8 um). The Si0,/Si pieces were immersed in 2M potassium hydroxide (KOH) solution
at 90°C for 20 minutes which etched the SiO», releasing the PMMA coating which floated
to the surface with the TMD flakes attached. To wash away the KOH residues, the
PMMA layer was transferred to several batches of fresh DI water. Then a copper TEM
grid (mesh size 400 um) with a lacey carbon support film was used to capture the PMMA.
Finally, the grid was immersed in acetone at 90°C for several hours to remove the
PMMA, leaving the TMD flakes on the lacey film as shown in the optical images in
Figure 3.12. The monolayer area is almost invisible in the optical images but can be

clearly resolved in the TEM images in Figure 3.12.
3.5.2 A novel way for encapsulated TEM samples preparation

As discussed in Chapter 2, although knock-on and ionisation mechanisms are both

observed during imaging semiconductor TMD crystals!2%!?!

, the dominant beam damage
mechanism here is radiolysis since the electron beam energy 80 keV is lower than the
experimentally determined threshold energy for atomic displacements for most 2D TMD
materials”. An encapsulation layer can be effective in protecting the specimen’,

however, there are several considerations for choosing an effective coating material.

i. The material should give low background signal so that the signal-to-noise (S/N)
ratio is high!?%121,
ii. The material should be a good electrical and thermal conductor so that the effects

of charge and thermal vibration can be minimised®*!?°,
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Immerse in potassium hydrooxide solution
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is shown at right side, a monolayer is indicated
using a white circle.
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Figure 3.12. Wet transfer of TMD flakes exfoliated on SiO, wafer using a PMMA coating as a supporting layer. Optical images show an example of a Moo 63W037S2

monolayer transferred in this way.
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Spin coating PC film on as-grown CVD graphene on a
copper foil, side view is schematically shown below.

Float on ammonium sulphate solution to etch away the copper foil
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Figure 3.13. Schematic diagrams showing the technique developed for fabrication of TEM samples of encapsulated TMD flakes. (a) Coat graphene-on-copper
with a PPC film. (b) Etch away the copper foil. (c) Exfoliate TMD flakes onto the CVD-grown graphene-on-copper foil. (d) Transfer the structure PPC film /
graphene onto the stack TMD flake / graphene / copper foil. (¢) Etch away the copper foil. (f) Transfer the stack (PPC film / graphene / TMD flake / graphene)

onto a new SiN grid. The optical images show an example of a Re-MoS, monolayer prepared for TEM analysis via this technique.

76



Chapter 3: Synthesis of TMD Alloys and Hetero-structure Assembly

Graphene ideally satisfies these constraints, so we developed a technique for

fabricating graphene encapsulated flakes for TEM analysis.

The pick-and-place techniques described earlier in this chapter could be used for
encapsulating flakes in graphene (see next section). Nevertheless, the process has many
steps, the yield can be low when using only such thin layers in the stacks and transferring
the resultant heterostructure to the TEM grid can be complicated. To address this, we
developed a wet transfer technique using large-area CVD grown graphene on copper foil,
as shown schematically in Figure 3.13'%2,

First a polymer-supported floating layer of CVD-grown graphene is formed. A PPC
film is spin-coated onto a piece of copper foil which has been covered by graphene using
CVD. The foil is placed on top of an ammonium sulphate solution (50 mg/ml) for 30
minutes. The ammonium sulphate etches the copper, breaking the graphene coating on
the back side of the foil. The damaged graphene is washed away by DI water. Then the
foil is replaced on the ammonium sulphate solution for a few more hours to finish etching
away the copper foil, leaving the PPC supported graphene floating on the surface. This

is washed by carefully transferring to three successive petri dishes of fresh DI water.

Next, TMD crystals are exfoliated on to another piece of CVD-grown graphene and a
monolayer area found by optical microscopy as shown in the optical image in Figure
3.13. The PPC film/graphene is transferred onto the targeted area and the stack is heated
to 45°C for 30 minutes on a hot plate to remove the water trapped between the top and
bottom graphene. Then the back-side graphene and copper foil are removed as previously

described.

Finally, the stack (PPC film/Graphene/TMD flakes/Graphene) is transferred onto a
SiN grid and the PPC film dissolved in chloroform solution. An optical image of a

completed sample in Figure 3.13, shows the successful transfer of the target area/flake.
3.5.3 Encapsulated TEM sample via dry transfer

Encapsulation by wet transfer with CVD-grown graphene, as described above, proved
to be a comparatively simple and high-yield approach. But it does have some limitations:

mechanical exfoliation of each type of flake onto the graphene on copper must be
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Figure 3.14. TEM sample fabrication. (a) Schematic figure showing the cross-section of SiN
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grid (top) and the van der Waals stacks (bottom) on amorphous carbon coated grid. (b) Optical
image of the stacks (the monolayer region is too small to be seen). (¢) Corresponding STEM

image at low magnification showing the stacks suspended on the hole of SiN grid.

optimised and more complicated heterostructures are difficult to make in this way. For
this reason, we also developed TEM sample fabrication by pick-and-place transfer.
Figure 3.14a schematically shows a van der Waals stack (graphene/Nbo.1Wo.9S>) on an
amorphous carbon coated SiN grid with a single central hole to facilitate finding the
sample. First, graphene was picked up by a PDMS/PPC film, as described before, and
this was used to pick up a Nbo.1Wo.0S> flake. The SiN grid was coated with an amorphous
carbon layer, to reduce charging and increase adhesion of the stack. The grid was stuck
to a glass slide and mounted on the sample stage of the pick-and-place system. The
desired stack was aligned to the central hole and put down on the SiN grid. Finally, the
PPC film was dissolved by chloroform and then annealed at 200°C for 4 hours.

With this methodology, it was difficult to accurately align the area of interest, i.e. the
monolayer/bilayer region, with the SIN membrane hole. The Nbo.1Wo.0S; flake was not
visible in the optical images (Figure 3.14b) since the area was too small (white arrow
indicates the flake position). Nevertheless, the monolayer/bilayer Nbo.1Wo.9S> specimen
can be observed at low magnification in STEM (Figure 3.14c¢), the flake is clean with
little visible contamination, indicating that the 10 um by 4 um monolayer/bilayer flake
was successfully and precisely placed on the 20 um hole. This demonstrates that this

transfer system is clean, accurate and reliable.
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3.5.4 Annealing

As a final step, to remove water, polymer residues and other contaminants such as
adventitious carbon, the TEM grids were carefully annealed in a vacuum tube furnace.
This was necessary for samples made both by dry and wet transfer. The tube furnace was
operated at low pressure (around 10 Torr) under a low flow of a mixture of H> and Ar»
gas The samples were heated to 200°C at a rate of 8°C/minute, maintained at that
temperature for 4 hours and then allowed to cool to room temperature. STEM analysis

was performed as soon as possible after removal from the annealing furnace.

3.5.5 Comparison of TEM samples

Figure 3.15a is an ADF-STEM image of a Mo0o.63Wo.37S2 monolayer prepared without
encapsulation using the wet transfer described in section 3.5.1, using an A4 PMMA as
the supporting layer. Most of the flakes are lying on lacey film so they are exposed to the
electron beam during characterisation. The beam will damage/burn a monolayer rapidly
before the line-by-line STEM scans finish. Moreover, in the image captured before
damage, many regions are covered by thick amorphous contamination that obscures the
flake to be covered. The dominant source of this contamination is polymer residue from
the A4 PMMA which cannot be fully removed by annealing. Therefore, although this
method is comparatively simple and is widely used in TEM sample preparation, its

disadvantages are obvious.

Figure 3.15b shows an ADF-STEM image of a Re-MoS; monolayer prepared using
the novel protocol introduced in section 3.5.2. The TMD flake is encapsulated by a top
and bottom layer graphene, considerably reducing the electron beam damage. The PPC
support film used for the transfer, 1wt% PPC dissolved in chloroform, is easier to
remove. As a result, there are larger contamination free regions in Figure 3.15b compared

to Figure 3.15a.

Figure 3.15¢ shows an ADF-STEM image of a Nbo.1W0.9S2> monolayer prepared by
the dry transfer technique described in section 3.5.3. The graphene covering on the TMD
flake makes the characterisation process easier and improves the quality of the images.

Although a thicker PPC film was used, 8wt% PPC dissolved in chloroform, there are still
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large enough contamination free regions to allow statistical analysis of the atomic

structure.

Comparing the ADF images in Figures 3.15b and 3.15c, both techniques allow the
preparation of stable and clean samples suitable for high-resolution STEM analysis.
However, compared with dry transfer, the G/TMD/G stack assembly via direct
exfoliation is faster and cheaper. Therefore, this method can be a good alternative to dry

transfer for imaging TMD monolayers.

3.6 Conclusion

In summary, single crystals of pure and alloy TMD materials such as Moi1xWxSa,
Nbo.1Wo.9S2, Nbo.17Wo.g3Se2, WSeS and WSe: have been synthesized by CVT. A dry
transfer system has been developed for the 2D heterostructure fabrication and optimised
for the sample designs required for this thesis; both PDMS and PMMA based transfers
have been shown to be effective for the fabrication of samples of different types.
Moreover, a novel transfer method was developed to prepare encapsulated TEM samples.
As will be shown in the following chapters, the preparation of high-quality and clean
heterostructure samples via these techniques is necessary for detailed atomic and

electronic structure investigations.
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Figure 3.15. Comparison of ADF-STEM images of TEM samples prepared via different transfer techniques. (a) ADF-STEM image of a Mo0¢.¢3Wo.37S2 monolayer
prepared by the PMMA transfer method shown in Figure 3.12. (b) ADF-STEM image of a Re-MoS, monolayer, under the same image conditions, prepared by the
novel wet transfer method shown in Figure 3.13. (c) ADF-STEM image of a Nbo1 WS, monolayer prepared by the pick-and-place transfer technique.
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Chapter 4: Atomic and Electronic
Structure of Random Distributed

Alloys

4.1 Introduction

Recently, several studies have focused on how to control/tune the atomic and
electronic  structure of the semiconducting MoWSeS TMD family via
alloying®#0567:123 " Optical spectroscopy measurements have been used to indirectly
determine band structure parameters like the band gaps**>® and the SOC splits at the
band edges®. However, there is an obvious drawback; these measurements, primarily
based on PL, do not accurately determine the single-particle electronic structure. The
optical band gaps measured via PL correspond to the energy given out by the
recombination of an electron in the CB and a hole in VB which are bound together
through the Coulomb interaction to create an exciton. The high exciton binding energies
complicate and obscure the analysis of electronic structure parameters from these optical

22124 By contrast, ARPES measurements based on a

spectroscopy measurements
photoemission process are more direct, giving a visual representation of the full VB

structure from which the electronic structure parameters can be directly measured®?.

Therefore, this chapter will focus on 2D Moi1xWxS; alloys, correlating the evolution
of the atomic structure (directly measured by electron microscopy) and the electronic
structure (measured by ARPES) as a function of W content (x), and comparing these
measurements to first principles calculations. To achieve this, TMD alloy crystals were
initially synthesised via CVT, as described in section 3.2, and their composition was
carefully measured using a combination of analytical techniques. The atomic structure
of Mo1xWxS> monolayer flakes (shown schematically in Figure 4.1) was visualised
using ADF-STEM imaging, quantitatively analysed, and compared to first principles

calculations and Monte Carlo simulations. These direct measurements of the atomic
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structure revealed that the W atoms are randomly distributed in the Mo matrix with

atomic arrangements consistent with those thermodynamically expected.

To directly study the electronic structure changes in MoixWxS> alloys, ARPES
measurements were undertaken on these well-characterised single crystals, revealing
how the SOC scaled linearly with the stoichiometry (x). Linear scaling DFT, using large
unit cells to avoid simulation artefacts, was carried out by our collaborators in the group
of Dr Nicholas Hine; their results are compared with the atomic and electronic structure
of MoixWxS, that were determined experimentally. The predictions obtained are
consistent with the ARPES results, validating both the experimental measurements and

theoretical predictions.

Figure 4.1. Atomic structure of Mo;xWxS> monolayer. (a) Top view of Mo1.xWxS, monolayer.
Purple, dark grey and yellow atoms present molybdenum, tungsten and sulphur, respectively.
The area with a yellow background is the selected simulation area used in red box in Figure

4.8c. (b) Side view of Mo;xWS, monolayer.
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Furthermore, although the predictions indicate that the SOC at the CBM should be
less than the spatial fluctuations in potential energy due to disorder in the alloys at
intermediate compositions, polarisation resolved PL measurements on a Moo.sWosS2
monolayer flake demonstrate that the spin-valley locking is retained across the alloy

range.
4.2 Sample fabrication
4.2.1 Material synthesis

The crystals were grown via CVT as described in Chapter 3. The photographs in
Figure 4.2 show a series of Mo1xWxS» bulk crystals with compositions from x =0 to 1.
The sizes of these crystals vary with their composition due to the different growth
conditions used (e.g. flux of transport agent, growth temperature, time efc.). Bulk crystals
with optimised conditions, like Moo.s1Wo.49S2, can be up to 2 cm across, while if the
conditions were less favourable, such as for WS,, the crystals are smaller than 0.5 mm

acCross.

Figure 4.2. Photos of as-grown Mo;xWxS; bulk crystals. The composition x = 0, 0.18, 0.37,
0.49, 0.69, 0.71, 0.86 and 1, respectively.

4.2.2 TEM sample preparation

To prepare samples for transmission electron microscopy (TEM), Moi1xWxS: single
crystals were first exfoliated onto CVD grown graphene on copper foil to form a
heterostructure (see schematic in Figure 4.3a). Mo1xWxS2 monolayers can be easily
identified via their optical contrast, as indicated in Figure 4.3a. PPC supported graphene,
again grown by CVD, was wet transferred onto these structures, as described in Chapter
3. After etching the copper foil away, the heterostructures (PPC layer/graphene/Mo;-
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xWxS flake/graphene) were left floating on fresh DI water. Silicon nitride TEM grids
(from Silson Ltd.) were used to scoop the heterostructures from the water surface. An
example of' a Moo.7sWo.22S> flake encapsulated by graphene and transferred onto a silicon
nitride TEM grid is shown in Figure 4.3b. The flake appears with a bluish colour in the
optical image. After drying the specimen under a lamp, the PPC film was washed away
using fresh chloroform and then acetone. The silicon nitride TEM grid containing the
heterostructure stack was annealed at 300 °C under Ho/Ar gas for three hours to finish

the removal of the polymer supporting layer.

Figure 4.3. TEM sample of graphene encapsulated Mo 7sWo22S, flake. (a) Optical image of
Moo.78Wo.22S> monolayer flakes exfoliated onto graphene on copper foil. (b) Optical image of
flakes encapsulated by graphene after transfer onto a SiN TEM grid. (c) Low magnification
TEM image of the same area as the optical image in (b). Inserted below in (a), (b) and (¢) are
schematic side views of the heterostructure (graphene/monolayer flake/graphene). (d)
Diffraction pattern from the selected area indicated by the white circle in Figure 4.3(c). The
two unlabelled black arrows point to two diffraction spots from the two different graphene

layers.
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The same monolayer flake was tracked through all the transfer process and re-found
in TEM afterwards, as can be observed in the low magnification TEM image in Figure
4.3c. SAED patterns were recorded to verify the flake crystal structure. Thus, for
example, the diffraction pattern in Figure 4.3d corresponds to the area enclosed in the
white circle in Figure 4.3c. There are spots in the diffraction pattern corresponding to the
TMD flake, as well as to each graphene layer between which the TMD was sandwiched.
In the example in Figure 4.3c, the two graphene layers are rotated by a 12.9° twist angle

relative to each.
4.3 Characterisation of Mo1xWixS: crystals

Prior to specimen preparation for TEM, ARPES and polarisation resolved PL, the as-
grown alloys crystals, taken directly from the broken ampoules, were analysed to
determine their crystal structure and stoichiometry. As described below, optical
spectroscopy measurements of these alloys were found to be consistent with the prior
literature, confirming that the crystal quality is good and that they are representative of

CVT grown alloy crystals.
4.3.1 Calibration of Mo1xWxS2 bulk crystals

MoS; and WS; have similar unit cells, belong to the same space group, with only a
0.3% difference in their lattice constant. Therefore, the crystal structure of the alloys is
expected to be similar to the pure materials, with intermediate lattice constants. To
investigate the crystal structures, XRD was applied to the bulk crystals of the different
alloys.

Although during synthesis each element was added to the quartz ampoule
stoichiometrically, the final composition of the crystals was found to vary from their
nominal values. Since this research is focused on composition-dependent atomic and
electronic structures, it was important to calibrate accurately the actual stoichiometry of
the alloys. To do this, several complementary techniques were used to qualitatively e.g.
Raman shifts, and quantitatively, e.g. X-ray photoelectron spectroscopy (XPS) and
scanning electron microscopy energy dispersive X-ray spectroscopy (SEM-EDX),

determine the stoichiometric proportion of W to (Mo + W).
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4.3.1.1 Crystal structure

To determine the crystal structure, the as-grown crystals were crushed and analysed
by powder XRD. As illustrated in Figure 4.4a, the diffraction patterns from all
compositions show strong [00!] diffraction lines, indicating that both the pure WS, and
alloy crystals possess layered hexagonal crystal structure. Compared to the [00/]
reflections, the other diffraction lines are very weak, indicating that the crystal surfaces
naturally lie in the crystallographic ab-plane. To identify the polytypes from the data in
Figure 4.4a, the weaker peaks are shown with a magnified scale in figure 4.4b and
compared to the experimental position and intensity of diffraction lines for the standard

polytypes, 2H-WS,, 3R-WS,, 2H-MoS; and 3R-MoS,!08:109:125.126

For the pure WS,, the peaks indicated with the pink triangle symbol in the red plot in
Figure 4.4b are compared to standard patterns for the 2H- and 3R-WS; phases. The peak
positions are consistent with the 2H and not the 3R polytype, confirming that the bulk
crystals grow exclusively as the 2H polytype. The prominent lines in the red plot are
indexed with their (4k/) values; from these, the lattice parameters were calculated to be
a=b=(3.161£0.002) A and c = (12.357 = 0.005) A. These values are consistent with
the known standard values of pure WS, @ = b = (3.155 £ 0.005) A and ¢ = (12.350 +
0.013) A%,

The same type of analysis was carried out for each set of alloy crystals. The crystal
structure of the W rich alloys were close to that of pure 2H-WS;; for example XRD data
from Moo.20Wo.71S2 is shown in Figure 4.4, giving calculated lattice constants of a = b =
(3.162 £ 0.005) A and ¢ = (12.319 + 0.008) A as recorded in Table 4.1. The lattice
parameters of Mo rich alloys were closer to the known values of 2H-MoS> (3.160 +
0.010) A and (12.294 + 0.008) A'?%. For Moo.s3W037S2 the lattice parameters are a = b
= (3.155 + 0.005) A and ¢ = (12.303 £ 0.009) A. The most obvious change with
composition is that the layer spacing, reflected by ¢, increases with increasing W content

(i.e. x), giving a quick check for the stoichiometry of the bulk crystals.
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Figure 4.4. XRD patterns of as-grown MoixWiS; single crystals compared with predicted
XRD patterns from most common polytypes. (a) X-ray powder diffraction patterns of crushed
Mo xWiS; bulk crystals (x=0.37,0.71 and 1). (b) (upper) Magnified view of the weaker peaks
in Figure a (lower) predicted powder diffraction patterns for the most common
polytypes!98:10%125.126 The symbols with different colours and shapes mark the peaks matched

with those in the expected diffraction patterns, as labelled.

The XRD patterns showed that all the alloys have grown with the 2H polytype
structure, and the sharp diffraction peaks suggest that the crystal quality of the alloys is
comparable to that of the pure WS, crystals. However, it is difficult to identify whether

they are single crystals or polycrystalline from the powder diffraction patterns.
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Table 4.1. Lattice parameters of CVT-grown MoixWxS; crystals calculated from XRD patterns.

Sample

a

b

c

Reported value WS'%

(3.155 £ 0.005) A

(3.155 £ 0.005) A

(12.350 £0.013) A

Sample WS>

(3.161 +0.002) A

(3.161 £ 0.002) A

(12.357 £ 0.005) A

Sample Mo00.29Wo.71S2

(3.162 £ 0.005) A

(3.162 + 0.005) A

(12.319 = 0.008) A

Sample Mo00.63W0.37S2

(3.155 + 0.005) A

(3.155 + 0.005) A

(12.303 £ 0.009) A

Reported value MoS,'?°

(3.160 + 0.010) A

(3.160 + 0.010) A

(12.294 £ 0.008) A
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For example, as shown in Figure 4.3, TEM SAED patterns were acquired from
exfoliated flakes. A series of SAED patterns were taken across this exfoliated flake that
is around 10 pm, the spots corresponding to Moo.7sWo.22S> stayed in the same orientation,
while the graphene diffraction patterns rotated across the sample. Therefore, the CVD-
grown graphene is polycrystalline, but this alloy flake is a single crystal. Then this
method has been applied to the TEM samples with compositions x = 0.22, 0.41, 0.51 and

0.63, confirming these alloys are also single crystals.
4.3.1.2 Compositional analysis
a. Raman shifts

For bulk crystals, the Raman active modes are composition-dependent'?”!28, therefore
confocal Raman spectroscopy can be applied to probe the change in phonon modes with

alloy compositions.

(a) (b)
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Figure 4.5. Raman spectra of 2H-Mo.xWS; single crystals. (a) Raman spectra from 2H-Mo;.
«WxS, single crystals (at 532 nm excitation). (b) The variation of A, and E%g modes as a

function of W content x.
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Bulk MX> (M = Mo and W) possess Dg, point group symmetry; they have 12 modes
of lattice vibrations at the I" point in the BZ and four of them are first-order Raman-

active, Aqg, Eqg Ez and E3,”°. In back-scattering experiments on the surface

. . 1 2 79 . 2 . .
perpendicular to the c-axis, Ag, E3g and E5g are allowed ™. Since E3g is in a low Raman

shift range (between 32 and 27 cm™)!?8, it is simpler to measure Aqg and E%g to probe

the stoichiometry, as shown in Figure 4.5.

Figure 4.5a shows Raman spectra from Mo1xWxS: bulk crystals, in the range 300 to
450 cm™'. In the pure materials, MoS; and WS,, two main vibration modes are observed,
the A, and E%g. These modes correspond to out-of-plane and in-plane directions,
respectively’”. In contrast, three modes appear for ternary phases: one A1g mode and two
E%g (WS:- and MoS;-related) modes. For the A;; mode, since it is related to sulphur
atom vibrations perpendicular to the plane of the layers, the mixed alloy crystals only
show one mode'*®. In contrast, the E;, modes can be attributed to metal and sulphur

atoms vibrating in the ab-plane, therefore two modes are observed for alloys containing

both metals'?”-1%8,

Figure 4.5b summarises the evolution of the three composition-dependent Raman

active modes as a function of W content from x =0 to 1. As the W content increases, A;¢
modes shift to higher wavenumber, from 408 cm™ for MoS; to 420 cm™ for WS,. By
contrast, MoS»-like E%g modes shift to lower value and disappear in pure WS,, while
WS,-like E%g modes appear from a small amount of W doping and upshift by a small

value. These tendencies are in an agreement with the literature and again give a simple
qualitative approach to quantifying the Mo and W compositions in random distributed

solid solutions’®127:128,

b. SEM-EDX and XPS

SEM-EDX was used to quantify the stoichiometry of the different alloys. However,
since the K, lines of S atoms overlap with the L, lines of Mo atoms, it is difficult to
deconvolute the two peaks precisely. Therefore, XPS was introduced as a
complementary technique to compare and corroborate the SEM-EDX data. The
composition for the different alloys obtained by SEM-EDX are summarised in Table 4.2,

while XPS spectra from alloys and pure binary crystals are compared in Figure 4.6. As
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XPS is surface sensitive and EDX is more bulk sensitive, the combination of both

techniques gives a more robust compositional analysis.

For pure 2H-MoS; crystals, the Mo 3d32 and Mo 3ds,; core levels are located at 232.0
eV and 228.9 eV, respectively, while for 2H-WS; crystals the W 4f5,, and W 417, peaks
are at 34.5 eV and 32.3 eV, respectively. These are in an agreement with the literature
values!?13%, Furthermore, there are additional doublet features at higher binding
energies in the crystals that are associated with their higher oxidation states (Mo®" and

WS corresponding to Mo-O and W-O, respectively)!°.
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Figure 4.6. X-ray photoelectron spectroscopy on Mo1xWxS, single crystals (x=0, 0.19, 0.69
and 1). Mo 3d and W 4f spectra with Gaussian-Lorentzian fitting of each peak.
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Compared to the pure materials, in the pristine 2H-Moo31Wo.69S2, the Mo 3ds232
peaks and oxidised states shift to lower binding energies, while shifts of the W 4f72 5>
peaks of these states are very small. For the Mo rich end, both the Mo 3ds» 32 and W
4f7p50 peaks shift to lower binding energy, compared to the W rich and pure W
materials. These shifts in binding energies for the alloys are also in an agreement with
prior work!'?’. The stoichiometric ratio of W to (Mo + W) can be calculated by integrating
the intensities of the Mo and W fitting peaks, applying standard sensitivity-factor
corrections. The derived results are shown in Table 4.2 and compared to the SEM-EDX

values.

In summary, it is clearly shown in Table 4.2 that the stoichiometric values from
different characterisation techniques are in good agreement within their error bars,
indicating our composition analysis is accurate and reliable. But the compositions differ
from the nominal values (i.e. the amount of material added to the ampoules), showing
the importance of measuring the composition to determine the actual stoichiometry of

the bulk crystals.
4.3.2 Optical properties of M01xWxS2 monolayer flakes

The 2H single crystals were exfoliated onto SiO, wafer as described in chapter 3, and

room temperature PL. measurements were acquired.

Figure 4.7a shows PL spectra for all the compositions from MoS, to WS;. The
dependence of the photoemission peak energy on composition is shown in Figure 4.7b.
The A exciton emission peak shifts continuously and nonlinearly from 1.855 eV atx =0
to 1.981 eV at x = 1. The PL peak energy (Epr) as a function of x is well described by

the equation:

Epp(x) = (1 — x)EN°>2 + xEp 2 — bx(1 — x) , 4.1

where b is the bowing parameter**>°,
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Table 4.2. Comparison between compositions determined by EDX and XPS from Moi1.xWxS: single crystals.

Mo xWxS> crystals Nominal W content x EDX Error bar XPS Error bar

MoS> 0 0 0.02 0 0.02
Moo.82Wo.18S2 0.13 0.18 0.02 0.16 0.02
Mo0.63W0.37S2 0.38 0.37 0.02 0.37 0.02
Moo.51Wo.49S2 0.50 0.50 0.02 0.49 0.02
Moo.31Wo.6952 0.63 0.69 0.02 0.69 0.02
Moo.2sWo.7252 0.75 0.71 0.02 0.74 0.02
Moo.14Wo.8652 0.86 0.86 0.02 0.86 0.02

WS, 1.00 1.00 0.02 1.00 0.02
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Figure 4.7. PL emission spectra from Mo;«WyS, monolayers. (a) PL spectra of Mo1.«WxS:
monolayers with 532 nm excitation. (b) Evolution of PL emission peaks with increasing W

composition x (0 to 1).

The bowing parameter here is b= (0.17+0.01) eV. This observed bowing is consistent
with prior reports and is indicative of nonlinear changes in the band gap and/or exciton
binding energies®®. To further study the composition-dependence of the Moi1xWxS2
electronic structure, the dependence of the A exciton peak emission on composition will
be compared to DFT calculations of the band gap later in section 4.5.2. From the optical
spectroscopy data presented here, it is clear that the electronic structures of Mo1xWxS»
alloys can be tuned by varying the stoichiometry, however, due to the high exciton
binding energy it is not possible to directly determine the electronic structure changes

from the optical spectroscopy data.
4.4 Atomic structure

TEM is one of only a few direct methods in materials science capable of visualising
the atomic structure of materials. Here, the ADF-STEM imaging technique was used to
determine the atom coordinates in single-layer thick alloy flakes. Based on Z-contrast,
Mo and W atoms are separately identified in these images. The aim was to determine

whether the atomic distribution is ordered or random in the different Mo1.xWxS; alloys.
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4.4.1 ADF-STEM images

A doubly corrected electron microscope with Schottky emitter (JEOL ARM200F) was
operated at 80 kV in STEM mode to visualise the atomic structure of these Mo1xWxS»
alloys. A series of compositions (x = 0.22, 0.50 and 0.63) were imaged (Figure 4.8a to
4.8c respectively). As described in section 4.2, the flakes were exfoliated from bulk
crystals, with the compositions of the bulk crystals previously confirmed via SEM-EDX
and XPS, as discussed in section 4.3. Since the ADF images are sensitive to atomic
number the brighter spots correspond to the heavier element, W (Z = 74) and the darker

spots to the lighter element Mo (Z = 42) in the transition metal sublattice.

Two approaches, based Bloch wave propagation and the multi-slice principle, are used
for simulations of high resolution CTEM and STEM images®'. However, Bloch wave

calculations require greater processing power, hence have more computing costs and are
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Figure 4.8. ADF-STEM images of Mo;.xWxS; single layers. (a-c) ADF-STEM images of Mo;.
WS, single layers (x=0.22, 0.41 and 0.63). (d-¢) At left magnified image of selected area as
indicated in figure ¢ (red box), at right simulated ADF image, respectively. (f) Intensity
profiles along the red and blue line in experimental and simulated ADF images, respectively.
The simulation was performed with cITEM (an OpenCL GPU-accelerated multi-slice
program)>® to compare with the experimental image, confirming the bright spots corresponds

to W while dark ones to Mo.
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less flexible compared to multi-slice programs®*. Therefore, to confirm this identification
based on the difference in contrast alone, quantitative simulation of the ADF images was

performed using a multi-slice calculation with the cITEM software!!.

The atomic structure model used for the ADF image simulation is indicated by the
light-yellow background in Figure 4.1a and the magnified image in Figure 4.9. The
experimental ADF image, cropped from the red box in Figure 4.8c, is directly compared
with the simulated image in Figures 4.8d and 4.8e, respectively. A close agreement
between the experimental ADF profile (along the red line in Figure 4.8d) and the
simulated data (blue line) is found (Figure 4.8f), confirming that the W and Mo atoms
can be identified by their contrast alone, with the brighter dots corresponding to W and

the darker to Mo.

Note that under these imaging conditions, the weaker intensity of the S chalcogen
atoms is barely discernible in the experimental images. Nevertheless, the presence of S
as well as Mo and W is confirmed from SEM-EDX results. Furthermore, from the XPS
fitting the chemical environment of each element can be estimated giving, stoichiometric
ratios of S to the sum of Mo and W are close to 2 in the bulk crystals. The ADF results
are consistent with this XPS fitting, the W and Mo atoms share the metal sites, while the

sulphur atoms are paired in the triangular lattice as expected.
4.4.2 Short-range order (SRQO) analysis

Although by eye some of the images appear to show some ordering, determining
whether this is significant requires detailed statistical analysis. To do this, the atom
positions were determined by fitting and the intensity of metal atoms were clearly
separated. Therefore, the Mo and W atoms were clearly identified as shown in Figure
4.10a and 4.10b. In this way, more than 100,000 atoms were analysed for several
compositions. We concentrate here on the composition Moo.7sWo.22S2, but the
conclusions drawn from this analysis were equally valid in the other compositions

studied.

Once the atom positions were determined, these were analysed to investigate the local

ordering. Although previous studies have looked only at the nearest neighbour
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Figure 4.9. Define the nearest neighbours around a metal atom. Magnified image of the area

in Figure 4.1 to explain how the 1% to 8" nearest neighbours/coordinate shells are counted.

56,60

distributions®**, ordering can extend beyond the nearest neighbour. Instead, following

132,133

the approach developed by Warren and Cowley for the study of CuzAu , short-range

order parameters were calculated as defined by:
PW—W,i = mW + mMoai ) 4 2

where Py,_yy ; is the probability that a W atom is found in the itk coordination shell from
another W atom (see Figure 4.9), my, and my,, are the concentration of W and Mo in
the binary alloy, respectively, and «; is the corresponding Warren-Cowley SRO

parameter.

Rearranging equation (4.1), the SRO parameter can be calculated as follows:

_ Py_w,i— my
a; = .
Mpyo

Py_w ; was determined from the atom positions measured from the ADF-STEM

images'?;

Ye_ (j X Ny_j
Py ¢ = 22X Mww) L 4.3

6 XN myy

where Ny, _jy, are the number of W atoms surrounded by j W atoms (j = 0 to 6), and N is

the total number of the transition metal atoms (Mo + W).
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Figure 4.10c and 4.10d show examples of the calculation of Py,_y, ; for 1* and 2nd

nearest neighbours, and the red numbers in the images are jW atoms around one W at 1*

and 2" nearest neighbours, respectively.

From the definition of the SRO parameters, when «; € (0, 1) there is a tendency to
form homo-atom ordering, while a; € (—1, 0) corresponds to a greater fraction of

heteroatoms. When «; is equal to or close to 0, the alloys are randomly distributed.

Taking Figure 4.10c and 4.10d as an example, Table 4.3 shows the analysis of the 1%

and 2" nearest neighbour distribution.

& @

% % s
Deconyolution of Mo and W

Figure 4.10. Schematic images show how to count the nearest neighbours. (a) ADF-STEM
image of Mo0¢.7sWo.2.S> monolayer (part area of Figure 4.8a). (b) Image after deconvolution to
assign W from Mo. (¢ - d) Schematic images to show how to count number of 1% and 2"

nearest W-W pairs, respectively.
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From that analysis, Py _y 1 = 0.26 and a; = 0.05. a; 1is close to 0, suggesting no
segregation in the 1% shell. The same process was applied to calculate the other
coordination shells, e.g. Py_y » = 0.24 and a, = 0.03, etc., these are shown later in
Figure 4.12, along with a comparison to the results of theoretical models. To gain
statistical significance, typically an area from the ADF-STEM images of order 120x120

metal atoms was analysed.

Table 4.3. Count of the 1 and 2" nearest neighbour of a W atom surrounded by jW

atoms.
Number of W atoms surrounded by jW
W atoms surrounded
. 1* nearest neighbour 2" nearest neighbour
by jW
(i=1) (i=2)
Ny _w 41 29
Ny _ow 15 30
Ny _sw 10 10
Ny —aw 6 1
Ny —sw 0 0
Ny —ew 1 0

4.4.3 Monte Carlo Simulations

To gain insight into the significance of any ordering, or lack thereof, the group of Dr
Nicholas Hine conducted Monte Carlo simulations. They constructed models consisting
of 120x120 atoms in a single layer, with a random distribution of the W atoms in the Mo
matrix (78% Mo matrix and 22% W atoms). Then, the growth process was simulated via
Monte Carlo sampling of proposed site swaps to achieve an equilibrium of the system at
a growth temperature of 800 K. The total energy of a given disordered configuration can

be described as!'?*
H(o) = — X(ij)/ijoi0; » 4.4

in which J; ; is the pairwise interaction energy, and o; and o; are the energy of the

configurations.
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DFT calculations were used to estimate a realistic value for J; ; for the Mo1-xWxS>

alloys. The formation energy can be calculated as!'*’
Erp = Er— ER" + Timy;, 4.5

where Eg is the total energy of a supercell, E};ure is the total energy of pure materials, L;

is the chemical potential of dopants and m is the number of substituted cations.

The binding energy for an atomic configuration with m dopants, as shown in Figure

4.11a, can be calculated as'*’
Ep = Eg(mW) — mEg(1W) 4.6
= Er(mW) — mE;(1W) — (m — D)EX™™.

Where Er(mW) is the total energy of a supercell with m substituted atoms in a desired

configuration.
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Figure 4.11. Atomic configuration selected for DFT calculations. (a) Different atomic
configurations calculated/tested in DFT. (b) Comparison of DFT calculated and predicted

binding energy using the average value.
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Then the interaction energy for a pairwise interaction, J, can be estimated from the

binding energy for a single W-W bond.

As shown in Figure 4.11b, various possible configurations of W atoms are reasonably
well approximated by a 7.6 meV pairwise interaction. Note that this positive energy
corresponds to an effective repulsion and so we expect clusters to be energetically

unfavourable.

The Monte Carlo simulations allow the relationship between atomic interactions and
atomic ordering to be probed. Figure 4.12 compares the Monte Carlo simulation images
with varying interaction energies, /| = -50, 7.6 and 50 meV, respectively, to the
experimental ADF-STEM image. For the negative value of J, corresponding to an
attraction, the Monte Carlo image in Figure 4.12a indicates the formation of W clusters

while for the positive values, isolated individual W atoms are energetically favourable.

J=50 meV J=7.6 meV J=-50meV

(@)

(b) 2 025 -
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Figure 4.12. Comparison of SRO parameters of the Monte Carlo simulation and real ADF-
STEM image. (a-c) Monte Carlo Simulations with binding energy J = -50, 7.6 and 50 meV,
respectively. (d) ADF-STEM image of monolayer Moo 7sWo2:S,. (¢) Comparison of the
Warren-Cowley SRO parameters calculated from the Monte Carlo simulations and from the

experimental ADF-STEM image.

102



Chapter 4: Atomic and Electronic Structure of Random Distributed Alloys

However, the atomic distribution of Monte Carlo image with interaction energy 7.6 meV
in Figure 4.12b is visually similar to the experimental ADF-STEM image in Figure
4.12d.

To quantitatively analyse and compare the Monte Carlo simulations with the
experimental ADF-STEM images, the SRO parameters from the 1! to 8" coordination
shell were calculated and are shown in Figure 4.12e. For /] = - 50 meV, the SRO
parameters for the first few coordination shells a;, @, and a3 fall between (0, 1)
confirming the alloys tend to form segregations (homo-atom configurations) as expected
from the visual observation. In contrast, the SRO parameter of the 1*' coordination shell
for ] =50 meV is between (-1, 0) showing heteroatom distribution. The order parameters
a; for ] =7.6 meV, ] =0, and from analysis of the experimental images are all close to
0. This indicates that the W atoms are randomly distributed. The observed atomic
configuration is thus indistinguishable from a random distribution and consistent with

that expected for a system at thermal equilibrium.

The above analysis was carried out for the composition, x = 0.22. Similar processing
was applied to all the alloy compositions and similar results were found. This analysis
concludes that the W atoms are distributed randomly over the whole series of
composition and the crystals are representative of thermodynamic equilibrium for this

system under the chosen growth conditions.
4.5 Electronic structure

4.5.1 Valence band

To correlate the atomic and electronic structure, the VB structure was measured by
ARPES. Data were acquired at the Spectromicroscopy beamline of the Elettra
synchrotron (Italy) as described in Chapter 2. Since the measurements are surface
sensitive, the as-grown bulk crystals were mounted flat onto a sample plate and cleaved
in the ultrahigh vacuum (UHV) chamber immediately prior to analysis, to generate the
clean surface required. Cleaving naturally results in exposure of the (002) planes to the

beam, so that ARPES probes the electronic structure within the 2D layer direction.
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Figure 4.13. ARPES energy-momentum slices from bulk crystals of (from left to right)
Mo0o.63W037S2, M0o.sWo5S2 and Moo20Wo.71S,. The data are reflected around T for clarity.

Figure 4.13 shows an experimental energy-momentum slice of the valence bulk band
dispersion along the T — K direction for three alloy compositions: Moo.s3Wo.37S2,
Moo.sWo.5S2 and Moo29Wo.71S2. The slight broadening and intensity change of the bulk

13, Different from the case

bands in Figure 4.13 can be attributed the k, broadening effec
for monolayer, the final state of the excited photoelectron is intrinsically damped towards
interior of the solid caused by the inelastic absorption and elastic reflection from the
crystal potential in bulk crystals'®*S. This confinement in the surface perpendicular
coordinate is equivalent, by the uncertainty principle, to certain intrinsic broadening in
k, direction'*®. Then the state dispersion in the k, direction will lead to an energy

broadening of the bulk band!?¢.

As discussed in Chapter 2, it has been explained how the band parameters such as the
SOC and bandwidth can be determined in the experimental ARPES, meanwhile the
schematic in Figure 4.14 illustrates how band parameters can be determined from these
dispersions. The effective mass was calculated by fitting a parabola to the dispersion near

the corresponding band edge.

The qualitative trends are apparent by visual inspection of the ARPES spectra: as the
W content increases, the splitting between the upper valence bands near K (VB SOC)

become larger; the band width increases and effective mass decreases.

To quantitatively evaluate the evolution of the band structure with composition,

measurements were performed on all the compositions (x = 0.22, 0.37, 0.49, 0.71, 0.87
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and 1) and band parameters extracted quantitatively and directly by fitting the ARPES
spectra. The derived parameters are between those previously measured for the pure
materials MoS; and WS,'37138, The data are presented in Figure 4.15, and compare to

first principles calculations below.
4.5.2 Comparison of experimental data, DFT and VCA calculations

DFT calculations for a series of Mo1xWxS2 monolayer flakes were performed by the

group of Dr Nicholas Hine.

Lattice constants of the pure materials MoS; and WS, were optimizing using the
plane-wave DFT package CASTEP'*® with the generalized gradient approximation
(GGA) of Perdew, Burke and Ernzerhof (PBE)'*’ and a cut-off energy of 425 eV. The
lattice constant of MoS; was found to be similar to that of WS, with less than 0.3%
difference: this difference was neglected and a lattice constant of 3.18 A was used for all

subsequent simulations of Mo1xWxS».

For the alloy calculations, the linear-scaling DFT package ONETEP'*! was employed.
This uses a representation of the single-particle density matrix in terms of a minimal
number of support functions, denoted non-orthogonal generalized Wannier functions
(NGWFs). Here, a cut-off energy of 1200 eV and a cut-off radius of 10ap were used
(where ao is the lattice constant). The PBE functional was employed with projector-

augmented wave (PAW)!4>!% potentials from the JTH library!'*.

The electronic structure calculations were performed on an 8x8x1 supercell model
constructed with random configurations of various dopant concentrations. Geometry
optimization was performed for each structure, to a force tolerance of 0.1 eV/A. Due to
the large supercell, the band structure derived from these simulations above is heavily
folded. Therefore, for direct comparison to the ARPES spectra, the effective band
structure in a primitive cell was calculated. To do this, a spectral function unfolding
method was used®®'®, the adaption of which to the NGWF representation is described in

Ref. 16,

For comparison, electronic structure calculations were also made within the virtual

)147,148

crystal approximation (VCA , where fractional atom compositions are considered
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within the primitive cell of pure materials. PAW datasets representing the W and Mo
potentials mixed in the appropriate ratio were constructed using the “virtual’ tool within

the Quantum Espresso package!*%!%°,

Figure 4.14a shows a spectral function calculation for monolayer Moo.sWo.5S2. The
dispersion is similar for the pure materials, with the upper VB being spin degenerate at
a local maximum at I' and dispersing to the spin-split and spin polarised VBM at K, as
discussed in Chapter 1. The spin splitting at the CBM, also at K, is more complicated.
As shown schematically in Figure 4.14b, the order of spin polarisation of the bands
changes from MoS» to WS,, effecting their optical properties such that the lowest energy
exciton is dark for WS, and bright for MoS,'**.

Figure 4.15 compares the band structure parameters measured from the experimental
data to those calculated by ONETEP and VCA simulations. Figure 4.15a compares the
evolution with W content of the PL emission peak energies to the predicted band gaps.
As illustrated in Figure 4.7b and 4.15a, the dependence of PL peak energy on
composition is non-linear, with a bowing effect in the evolution of the A exciton emission

peak energies. The band gap calculated by ONETEDP is qualitatively similar in that with

a
® 3.0 MoS- TMOl-xWxSZ A WS,

25 ! ¢\/

20 A BCB SOC
> AllB or o+
i 1.0 VB SOC
Boos A

0.0 v
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Figure 4.14. Schematic of the evolution of bands at K valley from MoS, to WS, monolayer
flakes. (a) Spectral function calculation for MoosWosS: monolayers, the relevant
measurements for some of the band parameters are overlaid. Schematic diagram of the band-

edge structure in the (b) K and (c) -K valley.
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increasing x it first decreases and then increases, although the composition values for the
PL minimum energy are different between the experimental and calculated one (x = 0.20
vs x = 0.60). The magnitude of the band gaps from VCA is similar to ONETEP
calculations, but the VCA band gaps decrease monotonically with increasing x. The
differences between the PL emissions and the predicted band gaps can be explained from
the following aspects. Firstly, the predicted band gaps refer to electronic band gaps
derived from the energy difference between the VBM and the CBM. However, the
optical spectroscopy measurements are from excitons with high binding energy. The
difference between the ONETEP and PL data suggests a consistent decrease in exciton
binding energy as the W content increases. Secondly, some of the difference can be
attributed to the change in order of the conduction bands, as shown schematically in
Figure 4.14b. The PL emission is from the A exciton emission (bright exciton) in the K
valley. For x = 0, i.e. MoS this corresponds to the VBM and CBM states, but at x = 1,
WS,, the order has changed and the bright A exciton emission comes from the second-
lowest lying CB, corresponding to the CB SOC greater in energy than CBM (for
predicted values see Figure 4.15¢). There, the difference can also be attributed to the spin
polarisation and dispersion of SOC splits in their CB. Furthermore, compared to the
experimentally determined electronic band gaps, the predicted values from DFT

calculations are normally significantly underestimated®.

ARPES provides a more direct and visual measurement of the VB dispersion,
allowing easier comparison to calculated spectra than was possible by looking at A-B
exciton emission. We use this here to directly study the changes in SOC with alloying.
This direct measurement avoids controversies over the interpretation of the previously
reported optical spectroscopy data (such as that the spin splitting in CB can be ignored
and that the binding energies of A and B excitons are the same)'?*. Due to the weak k,
dispersion of the upper most VB at K, the key features of the spectra in that region are

97,105 and

similar for bulk and monolayer samples as has been reported experimentally
theoretically”’. This was also confirmed by our measurements for these samples, the VB
SOC splitting for monolayer WS, was found to be (450 £ 30) meV'>! while the value for
bulk crystals is (458 = 10) meV. Due to the difficulty of preparing monolayer TMD

samples for ARPES, we concentrate instead on ARPES from cleaved crystals.
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Figure 4.15. Comparison of experimental data and ONETEP calculations. Comparison of band
structure parameters determined from experimental data and DFT calculations, as a function
of the composition x in Mo;xWxS,: (a) the evolution of PL emission peak energy and band
gaps with x; SOC at the valence band (VB) edge (b), and at the conduction band edge (c) at
K; (d) band width; and (e) effective masses at the K point in the upmost VB.

The VBM SOC splitting of the Mo1xWxS> single crystals measured by ARPES (blue
data points) is compared to those calculated by ONETEP (black) and VCA (red)
simulations in Figure 4.15b. Literature values for MoS; crystals, taken from Ref. 137 and
138, and WS,'3® are also shown. For the WS,, our measured value of (458 + 10) meV is
consistent with the literature within the error bar, indicating our values are reasonable.
For our experimental results, it is clear that within the error bars the SOC splitting of the
VB increase linearly as a function of the W content. For comparison, the VB splits
calculated from ONETEP spectra from monolayer supercells with disordered atomic
configurations are also shown in Figure 4.15b. The linear trend is in agreement with that
of ARPES, however, the experimental values are consistently around 50 meV higher than
that predicted by ONETEP. The SOC splitting of the VB calculated from the VCA
simulation are also presented in Figure 4.15b. These are similar in magnitude to the

experimental measurements but show a non-linear dependence on composition, with a
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slight bowing. We note that a ONETEP simulation was also made using the atom
positions determined from the STEM image in Figure 4.10. The band parameters for this
simulation are shown as the purple data point in the graphs in Figure 4.15 and are
consistent with the other ONETEP simulations. The band width (as indicated by white
arrow in Figure 4.14a), Figure 4.15d, follows similar trends to the spin-orbit splitting of
the VB: the agreement between the experimental data and the ONETEP data is excellent,
other than a systematic offset between the two; and the VCA data shows a bowing that

is not present in either the ONETEP or experimental data.

The ARPES spectra do not give information about the CB as they only probe the
occupied states. However, the CB SOC can be extracted from the DFT spectral functions
and this is plotted as a function of composition in Figure 4.15c. The magnitude is much
lower than the VB SOC splitting. At small x, close to pure MoS,, the order of the
conduction bands change, see Figure 4.14b. Hence the SOC splitting initially decreases
to zero and then increases with x. Although the data are very similar for the pure
materials, the change in CB order occurs at different compositions in ONETEP and VCA
calculations. The close agreement between the ONETEP and experimental data for the

other band parameters gives confidence in the ONETEP CB predictions as well.

Figure 4.15e¢ shows the comparison of the evolution of the VB effective mass
calculated from ARPES spectra, the ONETEP and VCA calculations. It is difficult to
accurately determine the effective mass from the ARPES spectra, the uncertainties are
large and there are no clear trends. The DFT predictions are in fair agreement with the
previous values of effective masses calculated by LDA'>? with small systematic
differences between the ONETEP and VCA that are less than 0.05m. (me is the electron
mass). Moreover, the simulated effective masses in VBM for MoS, and WS, monolayer
are 0.54m. and 0.39m. from ONETEP, while 0.52m. and 0.36m. from VCA, respectively.
These are fairly in agreement with the results from Ref. 124 that the effective masses in
VBM is 0.54m. and 0.35m. for MoS; and WS, respectively, indicating the DFT and
VCA calculations are reasonable. From the DFT calculations it is clear that the effective
mass decreases monotonically with x, consistent with the increasing curvature of the
bands as demonstrated by the increasing band widths. This decrease in effective mass is
also consistent with the decrease in exciton binding energy inferred from the difference

between the PL and band gap trends.
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4.6 Spin-valley locking

As explained in Chapter 1, inversion symmetry breaking leads to the valley-dependent
optical selection rules for interband transitions at the K points for monolayer MX,. While
in the valley band, because of the large valley contrasting spin splits, valley and spin can
only be flipped simultaneously to conserve energy*>!>*. Therefore, inversion symmetry
breaking together with strong spin-orbit splitting leads to the spin-valley locking effect
in monolayer MX». This theoretical prediction has been confirmed experimentally by
circularly polarized PL measurements on monolayer MoS,*'. For these alloy samples,
the spin-orbit splitting in the CB is reduced to less than the disorder potential across the

alloy, suggesting the spin-valley locking could be lost.

Optical spectroscopy measurements on an exfoliated heterostructure was performed

to test whether spin-valley locking was retained. An optical image, and schematic, of the
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Figure 4.16. Polarization resolved PL spectra of a hBN encapsulated Moy sW(sS, monolayer
sample. (a) Top, optical image of hBN encapsulated Moy sWo sS; monolayer flake. Bottom,
schematic cross-section of the sample (Dark blue and pastel red atoms represent nitrogen and
boron, respectively). (b) Polarization resolved PL spectra of the encapsulated sample taken at
4 K. o+ and o- correspond to light with spin parallel and antiparallel to the direction of the
incoming beam. V corresponds to vertical linear polarization i.e. has spin ((c+ + 6-))/\2. The
pairs of spectra with the same incident polarization have been scaled by the sum of their
intensities at 646 nm to provide an indication of the fraction of the intensity in each
polarization. No significant variation in the sum of the intensities was observed. Optical

spectroscopy was performed by Professor David Smith’s group in Southampton, the sample

was fabricated in Warwick.
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sample is shown in Figure 4.16a. A monolayer flake of Moo.sWo 5S> was encapsulated in
hBN, to improve the quality of the spectroscopy data. Professor David Smith’s group, at
the University of Southampton, then performed low-temperature PL spectroscopy. The
measurements were performed in backscattering geometry with a 625 nm laser and a
sample in vacuum at 4 K. A quarter wave plate (Thorlabs AQWP05M-600) was placed
before the objective lens so that in the rest of the optical system the input and output
polarisations corresponded to vertical and horizontal linear polarisations, respectively.
The output polarisation was determined using a linear polariser (Thorlabs LPVIS100)
and a half wave plate (AHWP05M-600) used to ensure a constant input polarisation for
the spectrometer. The spectrometer used was a Princeton Instruments TriVista 555 with

a liquid nitrogen cooled CCD.

Figure 4.16b shows the polarization-resolved PL spectra on the stack of
hBN/Moo.sWo.5S2/hBN. The PL spectra in Figure 4.16b show clear circular dichroism:
that is, the o+ light with spin parallel to the direction of the incoming beam corresponds
to the interband transitions at the K valley as explained in Figure 4.14, while the o- beam
with opposite helicity couples to the transitions at the -K valley. The PL spectra are
plotted with normalised intensity to give a direct comparison of the excitations with
different polarisations. The degree of circular polarisation can be quantified via P =
(I(c+) - I(c-))/(I(c+) + I(c-)), where I(c%) is the intensity*!. From Figure 4.16b, the
polarisation degree is around P = 0.47 under o+ excitation, while P = -0.47 under o-

excitation. Moreover, Figure 4.16b also shows that excitation with vertical linear

polarisation (spin (0 + + 6—)/v2) has an equal amount of o+ and o- circular
components, i.e. the PL for excitation with vertical linear polarisation shows the same
intensity for the transitions at the K and -K valleys. The results are fully consistent with
the predictions/expectations from the optical selection rule, showing that the spin-valley
locking effect is retained for the monolayer alloys, even though the DFT calculations
indicate that at intermediate compositions the SOC in the CBM is less than the disorder
potential in the alloys. This suggests that locally, over the lengthscale of the exciton, the
spin texture is retained and hence alloying for engineering the band gap and SOC is

possible.
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4.7 Conclusions

In summary, we have visualised the atomic structure of Mo1.xWxS; alloys with atomic
resolution STEM images and quantitatively analysed their elemental distributions. By
comparison with Monte Carlo simulations and first principles calculations, we find that
the distributions are quantitatively similar to these expected by thermodynamic
considerations — i.e., essentially random. Band structure measurements and calculations
were undertaken for the same set of alloys, and compared to PL spectra. Band parameters
were extracted and compared for both the theoretical and experimental results. The
comparison showed that alloying can be used for band structure engineering, tuning the
band gap, effective mass, SOC and even the order of the bands across the alloy
compositions. A close match was found between the experimental results and the
ONETERP calculations, which used large supercell sizes. This resolved an ambiguity from
previous reports, showing that the VB SOC changes linearly with composition without
bowing, and demonstrates the importance of careful simulations. Optical spectroscopy
of an exfoliated monolayer heterostructure showed that spin-valley locking is retained
even when the CB SOC is apparently less than the disorder potential. Combined, these
results demonstrate the potential of alloying for spin-orbit engineering of 2D

semiconductors for valleytronic and spintronic applications.
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Chapter 5: Atomic and Electronic
Structure of Ordered Alloys

5.1 Introduction

As described in Chapter 4, it has been confirmed that alloying MX, (M = Mo, W, Nb
and Ta; while X = S and Se) can provide additional freedom to tune the band structure,
giving flexible control over the bandgap and spin-orbit splitting*->¢:196:154155 n contrast
with the random alloy systems that have been studied most so far, ordered alloying would
present opportunities for a more refined band engineering®. Although recently a group
has reported ordering in small grains of polycrystalline MoixWxS2 mono-flakes

synthesised via CVD®, ordering over large scale in these alloys has been rarely observed.

This chapter will focus on Nb-containing alloys, synthesised via CVT, the same
growth technique used for the random alloys Mo1xWxS> presented in Chapter 4. ADF-
STEM images of the Nbo.1Wo.9S2 demonstrate the formation of an alloy ordered along
certain crystallographic directions in monolayer crystal flakes, contradicting previous
reports®. Linear scaling DFT calculations performed by our collaborators for the

Nbo.1Wo.0S> system reveal that it is energetically favourable to form ordered uniformly

OIh%

ommsssopimiosoi

Figure 5.1. Atomic structure of a Nbo WS> monolayer. (a) Top view of a Nbo1WosS:2
monolayer. Brown, dark grey and yellow atoms represent niobium, tungsten and sulphur,

respectively. (b) Side view of the Nbo.1 Wo9S> monolayer.
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spaced lines of Nb atoms at the growing fronts of the flakes. Since the ordering occurs
along distinct crystallographic directions, ARPRS was used to analyse the anisotropic
optical properties of this material. To directly study the electronic structure, ARPES
measurements were carried out on Nb-containing MX; alloys. The presence/absence of
optical band gaps in these Nb-containing alloys was investigated by PL. Further
investigations into the local electronic structure were carried out using highly spatially

resolved EELS in the low loss region.
5.2 Synthesis of the single crystals and calibrations

Nbo.1Wo.9S2 and Nbg17Wog3Se> single crystals were synthesised via CVT. As
described in Chapter 3, the synthesis process for both alloys was similar, with slight
differences in the growth parameters (e.g. source temperature, growth temperature and
transport agent, efc.)!°*!'*. For Nbo.1WS2 single crystals, the temperature of the source
zone and growth zone were slowly heated to 1050°C and 950°C respectively with 70°C/h
rate first, then these temperatures were maintained for 20 days. Iodine was used as the
transport agent with a flux of 5 g/cm®. The source and growth temperatures of
Nbo.17Wo.s3Sez single crystals were set to 1000°C and 900°C!!'*15¢  respectively, with
these temperatures again maintained for 20 days. The flux of iodine was 3 g/cm? for this

growth.

The Nbo.1Wo.9S2 and Nbo.17Wo.g3Se> single crystals grown by PVT are small and thin.
An optical image of a typical 0.6x0.4 mm Nbo.1Wo.9S> single crystal is presented in
Figure 5.2. SEM-EDX analysis was used to quantify the stoichiometry of the alloys and
calibrate their compositions. Figure 5.2 compares the Nb-containing WS, alloy EDX
spectrum with pure WS, single crystals, with the atomic percentages listed in the table.
The spectra comparison in Figure 5.2 shows the same S K. line peak intensities whilst
the W M line peak is slightly lower for Nbo.1Wo.9S> and WS». An additional small peak
around 2.16 eV is present in the Nbo.1Wo.9S> (see magnified area of the spectra in Figure

5.2), that can be attributed to the Nb L, line. Therefore, the as-grown crystals contain
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Figure 5.2. SEM-EDX spectra on Nbg1WooS; (red) and WS, (black) single crystals. Insert:
magnified region of the EDX spectra revealing the presence of Nb in the alloy sample. The
table displays the composition (atomic percentage) determined from each spectrum. The

optical image shows the morphology of the as-grown Nby WS, single crystals.

around 10% Nb — this is consistent with the compositions determined from atomic

resolution imaging below.

5.3 Atomic structure

ADF-STEM images were used to visualise the atomic structure of Nbo.1Wo.9S2 and
Nbo.17Wo.83Se2 monolayers. Since this type of image is sensitive to the atomic number
(2), the Nb and W atoms are easily identified. ADF-STEM image analysis allows direct
visualisation of the Nb/W atomic distribution in the alloys. Once the atom positions are
determined, a more detailed analysis of the ordering/randomness can be performed by
statistical Warren-Cowley SRO analysis, to quantitatively determine the ordering

parameter in the atomic structure of these alloys.
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5.3.1 STEM images
5.3.1.1 ADF-STEM images of Nbo.1Wo.9S2 monolayer

ADF-STEM images were recorded to visualise the Nbo1Wo.9S2 monolayer atomic
structure. An example of these images is shown in Figure 5.3a. The transition metal
sublattice contains two different type of atoms. In this sublattice the brighter dots
correspond to the heavier element, W (Z = 74), and the darker to the lighter element, Nb
(Z = 41). Notice that the S sublattice is barely visible under these imaging conditions.
The images show a visible order (vertical dark lines) in the Nbo.1Wo.9S>. The ordering is
clearly detectable by eye in this alloy in the electron microscopy images. Nevertheless,
likewise to Chapter 3, to confirm the identification by contrast, the intensity profiles of

the ADF images were simulated quantitatively via the cITEM software!>!

using the input
atomic structure model presented in Figure 5.3b (middle). This model contains Nb atoms
in a vertical line in the corresponding transition metal sublattice (brown atoms in the
model). The simulated image is presented on the right hand side of Figure 5.3b.
Experimental and simulated images are very similar at first glance. Further quantitative

comparison was carried out by comparing the intensity profiles along the blue and red

lines in experimental and simulated ADF images respectively (Figure 5.3c). The two
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Figure 5.3. ADF-STEM images of a Nby WS, monolayer. (a) ADF-STEM images of a
Nbo.1Wo.9S2 monolayer over a large area. (b) (left) magnified image of a selected area in (a),
(middle) atomic model of the selected area, (right) simulated ADF image. (c) Intensity profiles

along the red and blue lines in experimental and simulated ADF images in (b), respectively.
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intensity profiles are in close agreement. Since the difference in intensity between W and

Nb is large, it is reasonable to use the contrast alone for identifications.

Based on the experimental observations from ADF-STEM imaging of Nbo.1Wo.9S2
monolayers (Figure 5.3a), it is obvious that the Nb atoms distribution within the W matrix

is not random.

1. The Nb atoms tend to form atomic lines. Different lengths of Nb ordered atomic
lines were observed, ranging from 3 to 6 atoms.

2. The majority of the Nb atomic lines occur along one of the three equivalent
crystallographic directions ([100], [010] and [110]).

3. Nb ordered atomic lines tend to be separated by several unit cells of WS,.

5.3.1.2 ADF-STEM images of Nbo.17Wo.s3Se2 monolayer

Similarly, a Nbo.17Wo.83Se2 monolayer was analysed following the procedure
described above. Figure 5.4a shows an ADF-STEM image of the Nbo.17Wo.s3Se> alloy.
Note that the Se has a higher atomic number than S (34 vs 16), therefore all the atoms

Simulation image STEM-ADF image
> i w
5 Se Se Se
=]
= Nb
% ]
=
E ]
Z
T T T T T T T T
0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
Position (nm)

Figure 5.4. ADF-STEM images of a Nbo.17Wo.s3Se2 monolayer. (a) ADF-STEM images of a
Nbo.17Wos3Se2 monolayer over a large area. (b) (left) magnified image of a selected area in (a),
(middle) atomic model of the selected area, (right) simulated ADF image. (c) Intensity profiles

along the red and blue lines in experimental and simulated ADF in (b), respectively.
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are visible in this sample, but the same identification method could be applied to

separately identify the Nb and W atoms in Nbg.17Wo.s3Se>.
5.3.2 Warren-Cowley SRO parameters analysis

Although at first glance there is a clear difference in the atomic distribution between
the Nbo.1Wo.9S2 and Nbo.17Wo.g3Se2, with local Nb-ordering observed in the former, the
significance of this feature requires detailed statistical analysis. Here, a similar SRO
analysis approach is followed to the one described in section 4.4.2. Thus, according to
the equation 4.2 and 4.3, the Warren-Cowley SRO parameters, i.e. Py,_y, ; and a; can be
calculated. The structure model shown in Figure 5.5a, schematically indicates with
arrows the 1% to 8™ nearest neighbours around a metal atom. Figure 5.5b shows a
quantitative comparison of the a; for Nbo.1Wo.0S> and Nbo.17Wo.83Se> monolayers from
their 1% to 8" coordination shells. For Nbo.17Wos3Se> all the coordination shells (a; to
ag) show negligible SRO parameters, a; ~ 0, indicating that the Nb is randomly
distributed in these shells. On the other hand, for the Nbo.1Wo.9S> monolayer, there are

two main groups of SRO parameters:

(i) 1%, 3% 5% and 8™ coordination shells (@, @3, as and ag) fall between 0 < a; <

1, indicating Nb atoms at these shells tend to form homo-atoms (segregations).

= Nby,WygSe, @ Nby,Wy,S,

~1m @
-n

Coordination shell

Figure 5.5. Statistical short-range order (SRO) analysis of the Nbo1WoeS: structure. (a)
Modelled Nby1WyoS, structure with arrows schematically indicating 1% to 8% nearest
neighbours around a metal atom. (b) Comparison of the Warren-Cowley SRO parameters
calculated from the Nbo 1 WS> and Nby 17Wos3Se> monolayers shown in Figure 5.3 and 5.4,

respectively.
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(i) 27, 4% 6™ and 7" coordination shell (a,, a4, ag and a;) are close to 0, indicating

Nb atoms distribute randomly at these shells.

However, the result of this SRO analysis differs from the visual observations of the
Nbo.1Wo.9S2 STEM image which clearly shows single atomic lines along just one of the

equivalent directions.

To quantitatively analyse the structure precisely, a vector pair correlation a = (@; 4,
@;,, @; 3) based on its hexagonal structure was introduced. This allows the short-order
range to be analysed along principal crystallographic directions®®!3?

and [100]; «; , is along [010] and [010]; «; 5 is along [110] and [110]. Thus, the Warren

. a1 is along [100]

and Cowley SRO parameters can be rearranged and expressed as follows,

__ PNb-Nbid—MnND

ai,d = —mW 5.1
where Pyp_np i q 15 the probability that a Nb atom is found in the itk nearest neighbour
along direction d (d = 1, 2 and 3 based on its hexagonal structure). The Warren-Cowley
SRO parameters were determined along the [100], [010] and [110] directions from the

1 to 8" nearest neighbours (a;1, @;» and @; 3) as schematically indicated in Figure 5.6a.

The probability Py,_yp ; 4 1s defined by the following expression:

2 .
Yi=0UXNNb-jNb,1) w1
2XN mpyp

5.2

PNb—Nb,i,l =

where Nyp,_ jyp,1 are the number of Nb atoms surrounded by j Nb atoms (7 = 0 to 2) along

[100] and [100], N is the total number of the metal atoms.

These Warren-Cowley SRO parameters along the equivalent crystallographic
directions were determined for both Nbo.1Wo.9S> and Nbo.17Wos3Se> alloys from ADF-
STEM images, providing a quantitative analysis and comparison. Here again, by the
definition of the SRO parameters, when 0 < a; 4 < 1 there is a large fraction of homo-
atoms (segregations), while if =1 < a; ;4 < 0 the Nb atoms tend to separate from one
another. When q; 4 is close to 0, the Nb atoms are randomly distributed in the alloys. For

the defined vector of SRO parameters, a = (; 1, @;,, @; 3), when a; 1, @; , and «a; 3 are
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all close to 0, the alloys are random distributed. When one of the three components falls

between 0 and 1, there is tendency to form segregations in that direction.

For Nbo.1Wo.9S> monolayers, the ADF-STEM image in Figure 5.3a visually shows
atomic lines along one of the equivalent directions [100], [010] and [110]; the SRO
analysis is in agreement with this observation. Figure 5.6b shows the Warren-Cowley
SRO parameters from the 1% to 8" nearest neighbours in the three non-equivalent
directions: @;,, @;, and a;3. Along [010] (and [010]), all the SRO parameters fall
between (0, 1) confirming the Nb atoms tend to form line segregations along this
direction. Furthermore, the parameters decrease from the 1 to 8™ nearest neighbour
along a; ; direction indicating short segregations are more favourable than long ones.
However, along @;, and «a;3 direction, the order parameters of the 1% to 8" nearest
neighbours are all close to 0, therefore the Nb atoms are randomly distributed in these

two directions. This is consistent with the visual observations listed in section 5.3.1.a.

(a) b 5
205 -~ Nby W, S, along [010] and [0T0]
Along [010] Z dad ™ A= Nby, Wy,S, along [100] and [T00]
S‘ ' & e --%-- Nb, ;W ,S, along [110] and [1 10]
2 0.3 g TTS.
w1 LR T .-
> &
.2 4 - )
aong [110] 3° iy
S 0.1
el I R e
é 0.0 *___L-,..# ..... : & el e *- i <
< T T T T T T T T
= 1 2 3 4 5 6 7 8
- Nearest neighbour along o 4
-
w
g0.51 -~ @ - Nb, ;W 4;Se, along [010] and LQTUJ
. é 04 <=4 Nby, W, 458, along [100] and [100]
Adong [100] o Nby,7 W, 4:5¢; along [110] and [T 10]
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5021
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3 4 5
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Figure 5.6. Statistical SRO analysis. (a) The Warren-Cowley SRO parameters can be further
described via a vector pair correlation a = (o;;, o;2 0;3) based on hexagonal structure.
Modelled Nby WS, structure with arrows schematically indicating 1% to 4% nearest
neighbours around a metal atom along [100], [010] and [110]. (b) Comparison of the Warren-
Cowley SRO parameters along o;;, a2 and o;3 calculated for the Nboi1WooS, and

Nbo.17Wo.s3Se2 monolayers shown in Figure 5.3 and 5.4, respectively.
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For monolayer Nbg17Wos3Se2, the SRO parameters from the 1% to 8" nearest
neighbour along different directions are shown in Figure 5.6b. As can be observed, all
the SRO parameters are close to 0, indicating that Nb atoms tend to distribute randomly
in the Nbo.17Wo.83Se> monolayer, in agreement with the conclusions drawn from visual

inspection of the ADF-STEM imaging of this alloy in Figure 5.4a.
5.3.3 DFT calculations

To gain insight into the cause of the SRO in Nbo.1Wo.9S2, the group of Dr Nicholas
Hine performed DFT calculations of this system. As described in section 4.4.3, the

formation energy can be calculated as'®
Erp= Er— E?"° + Z my;
i

pure
1:::T

where Er is the total energy of a supercell, is the total energy of pure materials, pi

is the chemical potential and m the number of substituted cations.

The binding energy, Ep, for an atomic configuration with m doped atoms can be

calculated as follows!3>:
Ep = Er(mNb) — mEr(1Nb)
= E1(mNb) — mEr(INb) — (m-1) EX"™°

where ET(mNb) is the total energy of a supercell with m substituted cations in a desired
configuration. Therefore, the binding energy (Ep) is defined as the difference of the
formation energies between isolated and segregated Nb atoms in supercells at the same

concentration.

The binding energies for given atomic configurations, depending on the number of
Nb-Nb bonds, are presented in Table 5.1. The binding energy for two adjacent Nb atoms
in a supercell is found to be -125.80 meV, increasing with the number of Nb atoms in the

supercell (binding energy more negative). This is a substantial binding energy, much
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Table 5.1. Calculated binding energies of atomic configurations selected from the STEM

image of Nbo.1WoS, monolayers.

Binding energy (meV) 0 0 -125.79 meV -253.79 meV -420.78 meV
Number of Nb-Nb bonds 0 0 1 2 1]
Atomic configurations EEEE é gg §
Binding energy (meV) -373.69 meV -480.02 meV -676.46 meV
Number of Nb-Nb bonds 8 4 S
Atomic configurations E gé g
Binding energy (meV) -474.86 meV -594.95 meV
Number of Nb-Nb bonds 5 5

larger than that found for MoixWxS: in the previous chapter, justifying why ordering is
observed here. These results indicate that Nb atoms tend to form segregations, with larger
segregations more energetic favourable than small ones. Moreover, at thermal
equilibrium, segregations with L shapes are more energetically favourable than line,
triangle or square shapes when there are 4 or 5 Nb atoms in a supercell (see corresponding
binding energies in Table 5.1). This last fact is clearly different from the visual
observations from the atomic-resolution imaging of Nbo.1Wo.9S> monolayers where lines
are observed rather than L segregations. This indicates that the atomic distribution in this
alloy cannot be explained just by thermodynamics, kinetic effects must also play an
important role during growth. One possible explanation is the much lower Nb than W
concentration at the growing front. Since the growing front of a single flake moves

60.157.158 'the Nb atoms at the front are segregated to Nb atoms in the

forward row-by-row
previous row, forming line configurations. Although clusters are energetically preferred,
if the Nb concentration is too low, before a Nb atom can diffuse to minimise the energy,

it 1s possible that the growing front has already moved forward, and the resultant line-
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Table 5.2. Calculated binding energies of selected atomic configurations in an 8 x 8 supercell.

-~

o - -
-~ - -~ -
-5 -1 -~ - T -

ol el el
.,.:.’":' - < ,.:."E‘ - < ,.::"/‘ -
Atomic configurations
Binding energy (meV) -577.69 meV -768.85 meV -738.38 meV
Number of Nb-Nb bonds 4 5 4
,,:"‘f"_ o w‘::” - T ,a::’? '.' .
Atomic configurations
Binding energy (meV) -717.53 meV -938.34 meV -924.22 meV
Number of Nb-Nb bonds 4 5 5

structure is frozen kinetically. This explains the prevalence of atomic line configurations

of Nb atoms as observed in the CVT grown monolayers.

The binding energy continues to increase as the line of Nb atoms extends, indicating
that ordering should persist beyond pairs of atoms into lines. The experimental
observations of Nbg.1Wo.9S> monolayers are thus consistent with a combination of kinetic
and thermodynamic considerations. The spacing of several unit cells between lines of Nb
atoms indicates that the Nb atoms must diffuse at least that length scale along the edge
of the growing front. The continuous decrease of a; ; with 7, despite the binding energy
increasing with increasing length of line, indicates that at these low Nb concentrations
there is a significant probability that the growth front advances, ending the segment of
Nb line, before a Nb atom diffuses along the growing front to join the end of the existing
Nb line. This low concentration and short diffusion length also explain why Nb lines are

formed rather than L shapes.
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5.3.3 Multi-layer Nbo.1Wo.9S2

As discussed in the previous sections, in Nbo.1Wo.9S2 monolayers lines of Nb atoms
are observed along one of the three equivalent crystallographic directions ([100], [010]
and [110]), with a few unit cells of WS, between the lines. These monolayers are
exfoliated from a bulk single crystal grown by CVT. So, an obvious question is whether

the lines of Nb atoms are aligned across the layers of the bulk crystals.

To analyse this, ADF-STEM images were taken in areas of Nbo1WooS> crystals
containing both monolayers and bilayers. Figure 5.7a shows both monolayer and bilayer
regions; there is a small section of bilayer on the right hand side of the image (brighter).
Here it seems that Nb atoms form the same pattern in the monolayer and bilayer of the
Nbo.1Wo.0S2 crystals. Figure 5.7b shows a bilayer Nbo.1Wo.9S2 with a hole, in which the
bottom layer is exposed; in this section the Nb atoms are still ordered into lines and the
atomic lines in each layer lie along the same crystallographic direction. Figure 5.7¢
reveals a large area of Nbo.1Wo.0S; bilayer flake. Here, the Nb lines occur along different
crystallographic directions, pointing at 60°/120° (as expected on its hexagonal structure)
with respect to each other. From analysis of multiple regions, it seems there is no
correlation (or anti-correlation) of the direction of ordering in one-layer relative to the

next. This is consistent with the formation of the lines being related to the growth fronts.

Figure 5.7. ADF-STEM images of bilayer Nbo1Wo9S>. (a) An ADF image of a Nbo.1Wo.0S2
flake with monolayer and bilayer regions at its edge shows the line segregations stack along
the same crystallographic direction. (b) An ADF image of bilayer Nby.1 WS, with the Nb
atomic lines in each layer lying parallel to one another. (c) An ADF image of a bilayer
Nbo.1 Wo.0S> flake with the Nb atomic lines in each layer lying along different crystallographic

directions.
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5.4 Optical properties of short-range ordered Nbo.1Wo.0oS2 monolayers

As described in Chapter 2, ARPRS can be used to investigate anisotropy in a
material’s optical properties®*!>*16! For example, ARPRS has been used to rapidly
identify the crystal orientation of BP and 1T MoTe,”!%19 Here, the ordered atomic
lines of Nb, which span the whole monolayer flakes, break the six-fold rotational
symmetry of the crystal lattice. This may lead to anisotropic Raman response along, or
perpendicular to, the direction of the Nb lines which could be expected to support NbS»-
like phonon modes. Therefore, we applied ARPRS measurements to investigate whether
an in-plane anisotropic Raman response could be used as a rapid and simple signature of

this atomic-scale ordering.
5.4.1 In-plane polarisation Raman spectra

As introduced in Chapter 2, there are two common arrangements for ARPRS; the
Horiba system used for this work relies on a half-wave plate, as shown in Figure 5.8a.
The laser travels through polariser I and a half-wave plate to the sample, from which it
is reflected to a spectrometer, after passing polariser II. The polarisation state is
controlled by the half-wave plate. By rotating the fast axis of the half-wave plate by angle
a/2, the incident laser was linearly polarised and rotated a with respect to X axis of the
laboratory coordinates. Figure 5.8b and 5.8c show two typical configurations used in the
following measurements. The laboratory coordinates (X, Y, Z) are represented by red
arrows, while the crystal coordinates (x’,y’,z") are in black short dash arrows. The
orientation of the monolayer flake with respect to laboratory coordinates is unknown
(defined as 0). In parallel configuration, polariser Il is parallel to the x axis of laboratory
coordinates, however it is aligned parallel to Y axis of laboratory coordinates in cross

configuration.
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Figure 5.8. Schematic diagrams of ARPRS. (a) Polarized Raman spectra were observed via
the schematic setup. The laser is linearly polarized after travelling through a half-wave plate
and propagates along z axis. Two configurations (parallel and cross) are shown in (b) and (c),

respectively. The red arrows represent the laboratory coordinate (X, Y, Z) and the black dash

arrows correspond to the crystal coordinate (x', y’, z"), respectively. 0 is the angle between the

laboratory and crystal coordinates. The orange and light green double arrows indicate the
incident beam and the scattered beam detected by the spectrometer, respectively. a is the

rotation angle of the incident beam controlled via a half-wave plate shown in Figure (a).

Raman tensors of the Raman active modes A;q, Eqg and 2E,, (E; and E3,) for
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monolayer MX> (M = Mo, W, Nb and Ta; while X = S and Se) are shown as below
24,159,164,165

5.3

In the back-scattering Raman configuration (within XY plane), Eq4 is absent due to
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this experiment. Therefore, in this chapter we focus on analysis of the A4 and E%g modes.
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The Raman intensity of a phonon mode in classical formula has been introduced in

Chapter 2%,
IO( |ei ﬁ eSI2 s

where e; and e are the incident and scattered beam, respectively, and R is the Raman

tensor. A phonon mode can only be detected when I # 0.

For the parallel configuration shown in Figure 5.8b, the Raman intensity for the Aq4

mode can be calculated via

a 0 0\ /cos@
Ip,g & [cos(a + 0), sin(a+6), 0][0 a 0][sing
0 0 »b 0

2

To simplify, [ Arg & a?cos?a. Therefore, the intensity of the A1g mode depends on the

angle of the half-wave plate.

Meanwhile the in-plane E%g mode is double-degenerate and there are two Raman

tensors, R, and R,, vibrating along the @ and b axis, respectively!'®>1%. Therefore, the
Raman intensity of E%g mode can be calculated via'®’:

Tgs, = ey x T Ipg,y = le; ‘R esl* +le; -Ry- es|?. 5.4

For the two components:

0 d O\ /cosB
[cos(a + 8),sin(a + 6), 0] <d 0 0) (sin 6)
0O 0 O 0

2

IE%g—x o

= d?(cos a sin 26 + sin a cos 26)?,

d 0 0\ /cos@
[cos(a + 0),sin(a + 6), 0] <O —d 0) (sin 0)
0O 0 O 0

2

IE%g_y o

= d?(cos a cos 20 — sin a sin 20)2.

For the E3, mode,
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Iy, = lggyx * 1

2g E%g_y

« d?[(cos a sin 26 + sin a cos 20)? + (cos a cos 20 — sin a sin 20)?] = d2.

Therefore, for the parallel configuration, the E%g mode is a constant as a function of the

angle of the incident light. It should be polarisation independent.

For the cross configuration, the scattered light detected by the spectrometer is

—sin 6
es = ( cos @ >, therefore the intensity of the two Raman modes can be calculated via
0

similar operations giving I, « a’sin*a and Tgz, = Tpg,—x T Igz,—y & d?. Thus, the

g_y
intensity of A;; mode is proportional to a’sin®a in the cross configuration, while the

E%g mode is independent of a.

5.4.1.1 Polarised Raman spectra

For pure materials, an optical image of exfoliated WS, flakes on a SiO» substrate is
shown in Figure 5.9a. The Raman spectra are shown in Figure 5.9¢ for Z(XX)Z and
Z(XY)Z polarisation configurations. The directions of the laboratory coordinate and
incident laser (polariser I) are indicated via solid arrows. The Raman peaks located at
351.5, 356.0 and 415.3 cm™! corresponding to 2LA (M), E%g (I') and A,z (') optical
modes, respectively, are consistent with the literature values for excitation with the same
laser wavelength (488 nm)'®’. For pure NbS; monolayers on a SiO, substrate, the
reported Raman active modes E%g (I') and A,z (T') are at 303.0 and 379.0 cm™,

respectively!®%16%,

The Raman spectra of Nbo1Wo.9S2 monolayers for Z(XX)Z and Z(XY)Z polarisation
configurations are shown in Figure 5.9d and compared to the pure materials. The Raman
peaks of the WS,-like E%g (I') and A,z (I') optical modes are at 357.7 and 416.2 cm,
while the NbSp-like E3, () and A;g (I') modes are around 310 and 389 cm’,

respectively. Compared to the pure materials, the modes shift to higher wavenumber,
consistent with the expected p-type doping. While the second order Raman mode

2LA(M) that is the longitudinal acoustic mode around the M point of the BZ shifts to
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Figure 5.9. Polarized Raman spectra of a WS, and a Nbo.1 Wo.4S> monolayer. (a) Optical image
of the WS, flake, the directions of the incident and scattered laser have been shown in orange
and green, respectively. The laboratory coordinates are shown in red arrows. (b) Optical image
of Nbg.1Wy.0S, flake. Comparison of (¢) WS, and (d) Nbo.1Wo.S: spectra in the range of 250
to 475 ecm™! for Z(XX)Z and Z(XY)Z polarisation configurations.

lower wavenumber, that can be attributed to the change of electronic structure caused by

the alloying.

5.4.1.2 Angle-resolved polarised Raman spectroscopy (ARPRS) of WS>

monolayers

The Raman intensity of A;; modes is expected to be proportional to a’cos?a and
a?sin®a in parallel and cross configurations, respectively, where o is the angle controlled
by the half-wave plate, independent of the sample. By contrast, the Raman intensity of

the E%g mode is expected to be constant (IE%g o d?), independent of the angles of

polarisation.

Figure 5.10 shows the Raman spectra as a function of the polarisation angle, along
with the corresponding polar plots for E%g and A1 modes of pure WS, monolayer in the
parallel configuration. The normalised polar plot of the A;; mode at the top of Figure

5.10b shows the Raman intensity as a function of the polarisation angle: it has a

maximum value at 0° and minimum at 90°, consistent with the predictions derived before
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Figure 5.10. Polarization dependence of the intensity of the Raman modes in the parallel
configuration. (a) Polarization dependent Raman spectra of WS, monolayer as a function of
polarization angle a. (b) Normalised polar plots of the Raman modes in (a), for the A, mode

at the top and E%g mode at the bottom.

(I Arg & a?cos?a). The polar plot for the Raman active E%g mode for pure WS> is shown

at the bottom of Figure 5.10b. It is close to a circle, constant independent of the angle of

polarisation, in agreement with the predictions (I Elg & d?).

5.4.1.3 Polarization dependent measurements of Nbo.itWo.9S2 monolayer

There are two clear features around 355 and 415 cm™ in the Raman spectra of
monolayer Nboi1WooS> in the range of 175 - 475 cm’! for both parallel and cross
configurations, as shown in Figure 5.11a and 5.11b respectively. As discussed in section
5.4.1.1, the peaks around 310 and 358 cm™ correspond to the NbSy-like E;, and WSo-
like E%g modes, respectively, while the peak around 415 cm™ originates from the WS»-

like Aig mode. The integrated intensity of each peak has been plotted as a function of the

polarisation angle (the angle of the half-wave plate a) in Figure 5.11c — 5.11h.
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Figure 5.11. Polarization-dependent Raman spectra of a monolayer Nbo.; Wo.9S; in parallel and
cross configuration. The sample is shown in Figure 5.9b. Polarization-dependent Raman
spectra in range of 175 to 475 ¢cm™, in (a) parallel and (b) cross configuration, respectively.
Normalised polar plots of WSs-like Ai; mode in (c) parallel and (d) cross configuration.

Normalised polar plots of WS,-like E%g mode in (e) parallel and (f) cross configuration.

Normalised polar plots of NbS,-like E%g mode in (g) parallel and (h) cross configuration.

131



Chapter 5: Atomic and Electronic Structure of Ordered Alloys

For the WS»-like A1z mode, the polar plots for parallel and cross configurations are
shown in Figure 5.11c and 5.11d, respectively. The intensity of Az mode for parallel
configuration in figure 5.11c has its maximum value at 0° and minimum value at 90°,

consistent with the prediction in section 5.4.1 that IAlg « a?cos?a. For cross

configuration, the minimum intensity is at 0° with the maximum at 90°, again as

predicted in section 5.4.1.1 (In,, a’sin’a).

For the WS,-like E%g mode in parallel and cross configuration, Figure 5.11e and 5.11f

shows constant intensity that is independent of the polarisation angle of the incident laser,

again in agreement with the predictions [ Elg € d? in section 5.4.1. While for the NbS;-

like E%g mode, the Raman intensity of Figure 5.11g and 5.11h are constant in parallel

and cross configurations as well.

The Raman tensors used to predict the Raman intensities only depend on the
symmetry of the vibrational mode and the point groups, independent of the specific
materials®*!*°, For example, hexagonal 1H-MoTe, shows Raman intensity independent
of the polarisation angle while the monoclinic 1T-MoTe, shows anisotropic
properties'®®. Although the Nb atomic lines are lying along one direction over the whole
monolayer single crystal, they are not periodic or continuous and the overall symmetry
is retained on optical length scales (the crystallographic point group). Hence, the polar
plots of the Raman active modes for Nbo.1Wo.9S2 monolayer are similar to those of the
pure materials. This demonstrates that ARPRS is not a sensitive probe for ordering in

MX; alloys and atomic resolution imaging is required.
5.4.2 PL measurements on Nbo.1Wo.9S2 monolayers

Both elemental analysis and atomic resolution imaging show significant
concentrations of Nb (around 10%) which should act as a p-type dopant in WS, since
Nb has one less valence electron than W. At this concentration, the flakes should be
degenerately doped or metallic, with the chemical potential deep in the VB. This makes
it intriguing to look for a PL response in monolayers of this material. Figure 5.12a shows
PL spectra of Nbo.1Wo.9S2 and WS, monolayers. The PL peak of pure WS, monolayer is
at 1.97 eV and can be attributed to A exciton emission!’!?17%, The PL peak of Nb-
containing WS becomes broader and is red-shifted, however, the main peak around 1.76
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Figure 5.12. PL measurements on a Nbo.1Wo0S> and a WS, single layer. (a) PL spectra of the
exfoliated Nbo1WooS; and WS, flakes shown in Figure 5.9a and 5.9b, respectively. (b) PL
emission peak positions of Nbo.; Wo.9S2 monolayers as a function of polarisation angle of the
incident laser beam. (c) Normalised intensity of Nbo.1 WS, PL peaks as the half-wave plate

is rotated from 0 to 90°.

eV can still be assigned to A exciton emission. In addition to the A exciton emission
peak, there are new peaks at 1.65-1.75 eV that can be deconvoluted from the Nbo.1Wo.9S2
spectrum. These peaks may be assigned to emissions from the localised excitons that

have been trapped in the potential caused by the impurity atoms.

Similarly, to investigate the effect of the atomic lines on the properties of Nbo.1Wo.9S2,
we performed polarised PL measurements in the Horiba system. As seen in Figure 5.12b,
both the intensity and energy of the PL emission are independent of the polarisation angle

of the incident laser beam.

5.5 Optical and electronic measurements on random Nbo.17Wo.s3Se:

alloys

5.5.1 Optical measurements

Figure 5.13a shows the Raman spectrum of Nbo.17Wo.83Se> monolayer under 488 nm
laser excitation. For a pure WSe> monolayer, the Ay and E%g modes are located at 251
cm’! and 248 cm!, respectively®’, while for pure NbSe,, the A, and E%g modes are at
228.7 cm™ and 237.5 cm’!, respectively under an excitation of 532 nm!%*. The peak

around 245 cm™! can be assigned to the WSe;-like A, and E%g modes, while the shoulder
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Figure 5.13. Optical measurements on an exfoliated Nbo17Wos3Se> monolayer. (a) Raman

spectrum with a range of 150 - 450 cm™!. (b) PL spectrum of the Nbo 17W s3Se> monolayer.

around 225 cm™ can be attributed to the Az mode of NbSe;, this is consistent with the
literature'”!. The PL spectrum of the Nbg 17Wo.s3Se2 monolayer is shown in Figure 5.13b,
it is slightly blue-shifted to 1.68 eV, compared to 1.65 eV for pure monolayer WSe>
monolayer under 488 nm excitation'’>. Furthermore, because the Nbg17Wos3Sez
monolayer shows random distributions, and it shows the similar atomic structure as pure

WSe:, there is no further polarisation measurements taken.
5.5.2 ARPES measurements

ARPES measurements were performed at the Spectromicroscopy beamline of the
Elettra synchrotron in Trieste. Data analysis and DFT calculations were performed by
Dr. Nick Hine. A flake of Nbo.17Wo.s3Sex was exfoliated, transferred to hBN, and
measured. Energy-momentum slices along the I' to K direction for monolayer, bilayer
and bulk regions of Nbo.17Wo.83Se2 are shown in Figure 5.14. The bands near the K valley
are similar from monolayer to bulk, because of their in-plane orbital character.
However, there are strong hybridization effects on the bands near I" because of the out-
of-plane orbital character. The VB splits at I' for the bilayer and bulk alloy, as expected
for pure WSe>*, with the band edge moving to lower binding energy. As a result, the

VBM changes from I' to K as it is reduced from bulk to monolayer and the bandgap
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Figure 5.14. ARPES measurements for Nbo.17Wo 3Se» flake with different thickness. Energy-
momentum slices along the I' to K direction of (a) monolayer Nbo17Wos3Se», (b) bilayer
Nbo.17Wog3Se; and (¢) bulk Nbg.17Wo.s3Se, with DFT predictions overlaid on each, aligned with
the lower VB at K.

evolves from indirect to direct. However, unlike pure WSe, where the chemical potential
is near the centre of the band gap, the chemical potential is clearly in the VB indicating

strong p-type doping.

The spectra for bilayer Nbo.17Wo.83Se2 and bilayer WSe; are compared in Figure 5.15,
with DFT predictions for bilayer WSe> overlaid. Compared with pure bilayer WSe», the
bands upshift, with the band edges higher than the Fermi level at both K and I'. The
energy of the band edges is found by comparison of the ARPES to the DFT spectra,
giving Er = 0.41 eV and Egq = 0.23 eV. From this, the carrier concentration can be

estimated using'”*:
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Figure 5.15. Comparison of ARPES measurements on the Nbo17Wos3Se; alloy and pure
material. Energy-momentum slices along the I' to K direction of (a) bilayer Nbo.17Wo.33Se; and

(b) bilayer WSe, ¥ with DFT predictions overlaid on each, aligned with the lower VB at K.
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where g(E) is the density of energy states, gy,, = T’“ dgy, = Tr, and

HE) = exp(Ez _TE) is the statistical distribution function describing the occupation of
B

these states'’®. The effective mass can be obtained from DFT predictions m*, = 0.96
mo'*, while m*,; = 0.42 m,'”. Using these predictions, we demonstrated a value for
p =49 X 10 cm™2. This corresponds to 0.42 holes per unit cell for a bilayer,
consistent (within expected levels of uncertainty for this estimation) with the

composition of Nbo.17Wo.g3Se2 determined by atomic-resolution imaging.

It is thus clear that the Nbo.17Wo.83Se> flakes are heavily doped to the extent that they
should be metallic in nature. For the PL measurements of the Nbo.iWooS: and
Nbo.17Wo.83Se2 monolayer, the optical emission peaks corresponding to A excitons are
similar to those of the corresponding pure materials. It is difficult to reconcile this optical
response with the significant change to the electronic structure. Since the Nb atoms form
atomic segregations (A) within the W matrix, this could be attributed to localised
excitons on similar length scales behaving differently to the area-averaged band
structure. Therefore, it is interesting to study whether there are local changes in the
electronic structure due to the Nb ordering. LL-STEM-EELS is a promising technique
for achieving this due to its subwavelength resolution and ability to probe the local

density of the optical states for thin materials’'*%!7°,

136



Chapter 5: Atomic and Electronic Structure of Ordered Alloys

5.6 STEM plasmon spectroscopy

LL-STEM-EELS analysis was carried out on a monolayer Nboi1WooS, flake
encapsulated in graphene for stability. An integrated spectrum of the region is presented
in Figure 5.16 where the ZLP has been deconvoluted and subtracted. Here, the m + o
bulk plasmon around 22 eV is observed. Note that the intensity in the w + o bulk plasmon
is very large due to the hydrocarbon contribution present in the specimen. Shoulder 16

eV can be also observed in the figure, which are consistent with the surface plasmon

energy (Es):
E, =— 5.6
with Ey, is the bulk plasmon energy.

The ADF-STEM image (Figure 5.17a) shows the region of interest (ROI) where the
data was acquired. The spectra in Figure 5.17b, from 2 eV to 18 eV, correspond to the
area enclosed in the red and blue boxes, i.e. pure WS, and Nb-containing areas,
respectively. In the spectra at room temperature two features (marked 1 and ii1) can be

distinguished at 3.0 eV and 8.5 eV, respectively.

Previous works (LL-STEM-EELS) on MoS; flakes assigned the peak around 3.0 - 3.5
eV to the C-exciton!”’ that is inconsistent with its optical measurements (absorption and
reflectance spectra)!’®!”?. While there are no features around 3.0 eV in the reported LL-

EELS of graphite, independent of the number of layers'®®!8!, Therefore, we assign the

2 — Spectrum of ROI
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)
£
=
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Figure 5.16. Low loss STEM-EELS of the region of interest (ROI) on a monolayer Nbo 1 WS>

encapsulated with graphene.
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Figure 5.17. Low loss STEM-EELS of monolayer Nbo.1WgoS,. (a) ADF-STEM image of a
monolayer Nbo.1 WS, sandwiched by a top and bottom layer graphene. (b) Low loss EELS
spectra integrated from a Nbo1 WS, and WS, region as indicated in a blue and red box,

respectively, on the same flake. Small features are found around 3.5 eV and 8.2 eV.

peak at around 3.0 eV to excitons of the 2D alloys. When the MoS> or WS, flake is
stacked with graphene, there are two possibilities, renormalisation of band structure
occurs or not!’®132_ In the case of renormalisation, there will be shifts for the energy of
C-excitons, but this shift is small in range of 0.1 eV'*¥?, Hence although the sample is

graphene encapsulated, it is still reasonable to assign the peak at this range to excitons.

Furthermore, peak ii around 8.5 eV can be assigned to m-bulk plasmon of the
Nbo1WooS, flakes. In MoS, the m-bulk plasmon can be observed at 8.3 eV!”’,
Shoulder/intensity at 6 eV correspond to the m surface plasmon energy. However, the

broad background peak from 2.0 to 12.0 eV is attributed to graphene '3%18!,

No clear differences are observed between the pure WS; and Nb-containing layer. The
features distinguished in the EELS spectra appear to be uniform in intensity and position
across the alloy, despite the atomic ordering, offering no clarification for the apparently
contradictory findings from PL and ARPES measurements. It would be interesting to
extend the low loss EELS to lower energy, to investigate whether the low energy

excitations vary at the nanometre scale along with the atomic ordering.
5.7 Conclusions

In summary, we have found a short-range ordered TMD alloy using ADF-STEM
imaging to directly reveal the inhomogeneous distribution of Nb atoms. The visual
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observations from the images have been validated by quantitative statistical analysis
using the Warren-Cowley SRO parameters. DFT calculations applied to the common
atomic configurations selected from the real images shows that segregation of the Nb
atoms would be expected. The observation of lines of Nb atoms thus indicates that both
thermodynamics and kinetics are important to create this ordering during growth.
ARPRS was used to investigate anisotropic optical properties, but no influence of the
ordered oriented atomic lines was found. Since the ordering is short range, rather than
periodic uniform lines, it shows few polarisation features. ARPES measurements directly
demonstrate that the chemical potential is deep in the VB, such that the alloy flakes
should be metallic, however, PL emission is observed from their monolayers with peak
emission positions similar to those of the pure material. The local electronic structure of
the monolayer Nbo.1Wo.0S> was probed by LL-STEM-EELS with atomic-resolution, to
try to reconcile the optical activity (due to excitons localised at the nanoscale) to the
measured band structure (averaged at the micrometre scale). Although evidence for
exciton peaks were found in the low loss spectra, these were found to be homogeneous
over the length scales of the ordering. Further investigations would be required to resolve

this behaviour.
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Chapter 6: Conclusions and Future

Works

6.1 Conclusions of this thesis

This thesis makes contributions to our understanding of 2D semiconductor alloys,
focussing on determining the atomic structure and correlating this to the resultant
electronic structure. The synthesis by CVT of single crystals of pure TMDs and TMD
alloys (including Mo1xWxS2, Nbo.1Wo0.9S2, Nbo.17Wo.83Se2, WSeS and WSe») has been
presented, and various fabrication techniques developed to exfoliate monolayer flakes
from these crystals and build them into van der Waals solids with artificial sequences.
Detailed studies on two kinds of alloys are discussed: Mo1.xWxS> was found to have
random transition metal distributions, whilst short-range ordering was observed in
Nbo.1Wo0.9S2. The evolution of the electronic structure of MoixWxSz has been
investigated in detail through comparison between ARPES measurements and first
principles calculations. Meanwhile, the effect of the ordered atomic lines in Nbo.1Wo.9S:

on the lattice vibrations and electronic structure has been studied.

For synthesis of TMD alloys, previous reports have shown that CVT results in more
homogeneous synthesis than CVD. The growth conditions e.g. source temperature,
growth temperature, the growth time and transport agents, efc. can have a significant
influence on the synthesis process and the resultant material. For CVT, appropriate
parameters have been found for the growth of MoixWxS> and Nbo.1WooS> alloys,

successfully growing single crystals up to a few centimetres across.

Fabrication techniques for the assembly of van der Waals stacks have been developed,
including a dry transfer system, and optimised for the sample designs required for this
thesis. PDMS and PMMA based transfers have proved effective for the fabrication of
different types of samples. Moreover, a novel transfer method was developed to prepare

graphene encapsulated TMD flakes for HRTEM analysis.
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The atomic structure of Mo1xWxS> alloys has been visualised by atomic resolution
STEM images. Their elemental distributions have been quantitatively analysed by
comparison with Monte Carlo simulations parameterised by first principles calculations.
Statistical analysis of the distribution of W atoms is consistent with an essentially random
distribution, as expected due to the small energy associated with placing W atoms next

to one another and the high growth temperature.

Electronic structure measurements and calculations were applied to the MoixWxS»
alloys. Band parameters were extracted and compared for both the theoretical and
experimental results. It is clear that alloying can be used for band structure engineering,
continuously tuning the band structure parameters, such as the band gap, effective mass,
SOC and even the order of the bands, across the alloy compositions. It is found that the
VB SOC changes linearly with composition without bowing, resolving a conflict in the
literature between prior optical spectroscopy measurements of Mo1xWxSe: alloys which
showed bowing in the energy difference between A and B excitons compared to first
principles calculations which predicted a linear dependence of VB SOC on composition.
Moreover, even though for intermediate compositions the CB SOC is less than the
disorder potential due to alloying, spin-valley locking is still retained as shown by optical
spectroscopy. These results demonstrate that alloying TMDs is an effective approach for
spin-orbit engineering of 2D semiconductors and hence realising their potential for

valleytronic and spintronic applications.

In contrast to the Mo1xWxS; alloys, short-range ordering has been observed in ADF-
STEM images of the TMD alloy Nbo.1Wo.9S>. This is apparent from visual inspection of
the images and has also been confirmed by quantitative statistical analysis through
determination of the Warren-Cowley SRO parameters. DFT calculations, on selected
atomic configurations from the real ADF-STEM images, have shown that it is
energetically favourable for Nb atoms to segregate. This on its own does not explain the
observation of lines, rather than clusters. The atomic lines are observed to align across a
monolayer, but in subsequent layers the orientation of the lines can change. This indicates
that the directional ordering is not due to symmetry breaking by a macroscopic variable,
such as gas flow or temperature gradient. Rather it is likely that the atomic lines of Nb
atoms are due to a combination of thermodynamics and kinetic considerations, with the

lines indicating the direction of the growth front.
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ARPRS was used to study the influence of the ordered oriented atomic lines on their
optical properties. Since the ordering is short-range, rather than periodic uniform lines,
the Raman spectra show few anisotropic features. This demonstrates the importance of
the atomic-resolution structure analysis: microscopic probes, such as Raman
spectroscopy, are not always sensitive to this scale of atomic ordering. For comparison.
ARPES measurements were taken on Nb-containing WSe; alloys. The chemical potential
was found to be deep in the VB, such that the alloy flakes should be degenerately p-type
doped and exhibit metallic behaviour. However, PL emission was observed from their
monolayers, albeit with emission peaks shifted relative to the pure materials. To resolve
the conflict between the electronic structure and the optical behaviour, which could have
been due to localised semiconducting regions, LL-STEM-EELS with atomic-resolution
was applied to explore the local electronic structure of monolayer Nbo.1Wo.9S>. However,
the flake showed homogeneous properties over the micrometre scale of the ordering.
Therefore, further investigations are required to resolve the conflict between the atomic,

electronic and optical properties of these Nb doped alloys.
6.2 Future work

Although the LL-STEM-EELS has been applied to monolayer Nbo.1Wo.9S> to probe
the local electronic structure and the spectra show homogeneous properties over the
micrometre scale, the experiments can still be improved. Firstly, the width of the intense
ZLP in the EELS spectrum could be further reduced to a few hundreds of meV by using
an aberration-corrected STEM with a monochromator. This would make it possible to
resolve exciton features, such as the A and B excitons’”>. Secondly, isolated TMD
samples without encapsulations are better for probing the local electronic structures,

therefore the sample design could be improved.

Monolayer WS> is semiconducting while monolayer NbS> is metallic. Therefore, it is
reasonable to assume that in ordered alloys of Nbo.1Wo.9S2, highly anisotropic electron
transport should be expected, oriented to the Nb atomic lines. Although there have been
many reports on the electron transport properties of TMDs, anisotropic transport is
rare'®3. Hence, a further extension of this thesis would be electron transport

measurements along each equivalent crystallographic direction of the hexagonal lattice.

Continuing in this direction, at low temperatures monolayer NbS; is superconducting
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184.185: hence it would be interesting to study the (possibly anisotropic) low-temperature

magneto-transport properties of the NbixWxS; alloys.
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