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Abstract

Abstract

Two-dimensional (2D) transition metal dichalcogenides (TMDs) possess remarkable optoelectronic properties which are
unique and tunable based on composition and thickness. These materials are posed to revolutionize ultrathin devices
across many fields including transistors, light emitting diodes, solar cells, and photoelectrodes, to name a few. In par-
ticular, single-flake devices for solar energy conversion have achieved promising performances using high-quality TMD
nanosheets. However, a major obstacle to realizing these devices outside of the lab continues to be the large-scale
production of pristine 2D TMD nanomaterial. To this end the following work aims to overcome the issue of scalability
to produce thin films of semiconducting 2D TMD nanosheets without sacrificing material quality nor device perfor-
mance. The first chapter lays a road map of how to reach this goal and highlights issues that will be addressed. The
second chapter details the development of a novel powder-based electrochemical pellet intercalation (ECPI) technique
which allows for scalable production of solution-processable 2D TMDs. Using this technique to prepare 2D MoS; yields
extremely thin semiconducting nanosheets (predominantly monolayers) with large lateral dimensions (> 1um) and im-
pressive absorbed photon-to-current conversion efficiencies (APCE) up to 90%, suggesting high quantum yield. Notably
this method can be used to make a range of 2D TMDs including MoS,, WS,, and WSe,. In the third chapter the ECPI
method is further extended to produce alloyed 2D TMD nanosheets, which allows for continuous tuning of their opto-
electronic properties. In addition to compositional tuning, five alloys, four ternary (Moo sWo.sS2, Moo sWosSez, MoSSe,
WSSe) and one quaternary (MoosWysSSe), are demonstrated. This demonstration greatly expands the range of optoe-
lectronic properties that can be obtained via economic and solution-processable means and leads the way to large-area
2D TMD devices. Finally, chapter four describes a method for processing large volumes of TMD nanosheets into large-
area films without compromising favorable film morphology. The method is developed into a continuous roll-to-toll
(R2R) film system, capable of printing ultrathin TMD films at the meters-squared scale. In addition to being applicable
to different 2D TMDs (MoS; and WSe,), it is also viable for the production of large-area heterojunction thin films. To-
gether these chapters address multiple key challenges in the field and present a holistic approach to overcoming them.

Keywords

Transition metal dichalcogenide; MoS,; Moo sWo5S,; electrochemical intercalation; photoelectrode; thin film; alloy; solar
energy conversion; quantum yield; large-area; solution-processable; defect; iodide oxidation, high resolution scanning
transmission electron microscopy, roll-to-roll
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Résumé

Résumé

Les matériaux bidimensionnels (2D) composant les dichalcogénures de métaux de transition (TMD) possédent des pro-
priétés uniques qui peuvent étre ajustées en fonction de leur composition et de leur épaisseur. Ces matériaux sont bien
placés pour révolutionner les appareils fins dans de nombreux domaines, notamment les transistors, les diodes électro-
luminescentes, les cellules solaires, les photoélectrodes, etc... En particulier, les appareils qui se composent d'une seule
nanofeuillet TMD (monocouche) ont obtenu des performances prometteuses lorsque des nanofeuillets TMD de trés
haute qualité sont utilisés. Cependant, un obstacle majeur pour la réalisation d'appareils hors laboratoire est la fabrica-
tion de ces matériaux immaculés en grande quantité. Cette thése a pour but de surmonter ce probléeme d'évolutivité
pour produire des films fins en composant les TMD 2D semi-conducteurs sans sacrifier, ni la qualité du matériau, ni les
performances de I'appareil. Dans une premiére partie, un plan est présenté et suggere des solutions pour atteindre cet
objectif. Il décrit aussi les problémes qui seront abordés dans la suite du manuscrit. Une seconde partie détaille le dé-
veloppement d'une nouvelle technique, utilisant des poudres commerciales, pour la production de matériaux TMD 2D
de maniére évolutive en utilisant I'intercalation de pastilles électrochimiques (ECPI). L'utilisation de cette technique
pour préparer du MoS; 2D produit des nanofeuillets trés fines (principalement monocouche) avec de grandes dimen-
sions latérales (> 1 um). Ces nanofeuillets possedent une efficacité de conversion photon-courant électrique (APCE)
allant jusqu'a 90 %, suggérant un rendement de quantique élevé. Notamment, avec cette méthode, il est possible de
produire de nombreux types de TMD 2D, par exemple, MoS,, WS, et WSe,. Dans une troisieme partie, la technique ECPI
est avancée aux TMD 2D alliés qui permettent un réglage continu des propriétés optoélectroniques. En plus du réglage
lié a la composition, cing alliages, quatre ternaires (MoosWosS2, MoosWosSe,, MoSSe, WSSe) et un quaternaire
(Moo sWo.sSSe), sont présentés. Cette démonstration augmente la gamme de propriétés optoélectroniques accessibles
par des voies économiques et fait en solution, ouvrant la voie a des appareils de grande échelle basés sur des matériaux
TMD 2D. Enfin, une quatrieme partie décrit une méthode de traitement de grands volumes de nanofeuillets en films
fins de grande surface, sans sacrifier la morphologie favorable du film. Cette méthode est développée dans un systeme
continu rouleau-a-rouleau (R2R) capable d'imprimer des films trés fins de I'ordre du meétre carré. En plus d'étre appli-
cable pour différents TMD 2D (MoS; and WSe;), il convient également a la production de films a hétérojonction. En-
semble, ces chapitres abordent plusieurs défis clés dans le domaine des 2D TMD et présentent une approche pour les
surmonter.

Mots-clés

Dichalcogénures de métaux de transition; MoS,; Moo sWo sS,; intercalation électrochimique; photoélectrodes; films fins;
alliages; conversion de I’énergie solaire; rendement de quantique; grande échelle; transformable en solution; défaut;
oxydation de I'iodide; microscope électronique en transmission a balayage de résolution haute; rouleau-a-rouleau

viii



Table of Contents

Semiconducting two-dimensional transition metal dichalcogenides via solution-processable routes..........ccccoccverereereeennens i
ACKNOWIEUAZEMENTS ......ueeeeieeeeeeeieetitieieieiiesceessessnennnneneeaeeestessesssasssssssssssssnssneaseasssssssssssssssssssssssnsnnsnessssenessssesssssssssssssnnnnnne iii
2T T vii
KEYWORAS  ceeiiiiiiiitiiiiinntiiiseesi s snnesssssses e sssssann s s sesssas s sesssssnsssossssssesssssssssssesssnsssssssssnsessesssssssssosssnsssssssssnssssssssnnsssssss vii
RESUIME it a e b e s b e s b e s b e SR b e b e SR b e b e s R a e b e s R bR e s bR e b e R e SRR e b e s R R e s b e s bR e s b0 viii
IMIOTS-CIES s s sa e s a e s b s a e s b s a s R e s R SR s s R s e R RS R R e b e s R e R e R e SRR e R e e R e R e R e s b0 viii
LISt Of FIBUIES  ceviiiiiiieeiiiiiinneiiiiisunntiisssnnesssssssnsssssssssnsssssssssssssssssssssossssssesssssssssssesssnssssssssssnsssssssssssssssssnsssssssssnssssssssnnassssss xii
LISt OF TABIES  eeeiiiiiiiiiiiiitcic e sa e s ssa e bbb e b e s s e b e b e s R s e b e b e SRR e b e s R e s b e s R e s b e xiv
LISt Of EQUATIONS 1eiiiieeeiieiiiinneiiisisnneissssssnsssssssssesssssssnssssssssssssssssssssesssssssssssessnssssssssssasssssssssssssssssnssssssssssssssssssssassssssnsansss xiv
LiSt OF ANNEX IEEMS ..cuuiiiuiiiiiiiiiieniiiiiiiesnesisesiesnessiesse s e sae s s e sae s s e s b e s s e sab e b e s b e b e ssas s snesssessnesssessnessnesssassnesssassanssses Xiv
Chapter 1 State-of-the-art, challenges, and MOtIVAtiON .......cccvviiiiiiiiiniiiiiniiinieere e ssnesssssssssssssssssssssssssnsasssses 1
11 INEFOAUCTION ..t s 2

1.2 BUIK TIMID CPYSTAl STIUCTUIE ..eeuvieivieiie e citesiteete et sttt e stee s e steesaeesaeesteeeeesaeesaaeseasneesssesseasseessssesssasseessessteesseensenn 3

1.3 Intrinsic semiconducting Properties 0f 2D TIVIDS .....cccueviiieriieeiiieertee st e esaeeseeesteesaaeeseeesabeeessaeessre eeensneesnnes 4

1.4 Tuning the semiconducting properties of 2D TMD Nanoflakes ........ccceevveieeiiieciieiieniecie e 5

L1.4.1  HELEIOJUNCLIONS ..veeiiiiiiiieieeeititee e e ettt e s ettt e e e ettt e e et e e e e sttt e e s sabteeeseasbbeeeeaaanseeeeeassnaeees beeeessnnsneeeannnnne 5

R oY o ][ o= PP PP OO P P PP RPPPPPPORN 5

1.4.3  DEfECt ENGINEEIING . viieieieeeiee ettt se e et et e e s ae e e steeesaaeesbeeessteessbeeenseeessseeessteeesseesseeennnes 5

R S N 11 1Y T V- SRS SSTOUSRPRE 6

1.5 Solution-processable routes towards thin films of 2D TIVMIDS ......ccccuiieiieirieeniie et see e e s 7

1.6 Liquid phase exfoliation METNOMS. ..........eicuiiie et e et e e e e s te e e e estee e aseeeteeennnes 9

1.6. 1 URF@SONICAtION ....eiiiiiiiiitccit ettt bbb b sa e sbe bt s e saesae e 9

1.6.2  SNEAI-IMIXING weeeteieeieeeitieectee sttt et e et e e st e e s ae e et aeesteeeetee e sseeaaseeessseaassaeessseaasseesnsseeanseesn sensseansseeanseeanns 10

1.6.3 10N NEICAlAtION .ccueiiiiiiicic e e e e 10

1.7 Nanomaterial Size SEIECHION........cciiiiiiiii e s 11

171 CenrifUBAtION ceeuiiiceiiieeeece et et sreaes 11

1.7.2  Density gradient ultracentrifUgation .........ccccccveviiviiiiniininiccc e 12

1.7.3  SHEVE FIIEIATION .ottt ettt ettt st h e sat e bt e bt et sheeteebeenbeeteeaee 12

1.8 Solution-processable film formation ..o e 14

1.8.1 Drop casting and related tEChNIGUES .........ccuoiiiiiiiiiiii e s 14

1.8.2  DiP COALING .ottt bbb s bbb e st sh e sa e b b e 15

1.8.3 Liquid-air interfacial Self-asSembIY........ccoviiiiiiieiieniese et s sae e 16

1.8.4 Liquid-liquid interfacial SElf-asSemMBIY .......cccccuiiiiriiiii e e 16

1.9 Fine tuning thin filmMs Of 2D TIMIDS ...cccuiicuiiiiiiesiestee st ettt steeste e st e s teseesaeesteesse e beestesntesnsesssseenseenseessesnsesnns 18

1.9.1  Van der Waals heterojUNCEIONS ........ccuiiiiiiierieiiesee st este et ere sttt saeesae e beetessaesssessaessaesaeeeebeenseenes 18



Table of Contents

1.9.2  Hybrid organic-inorganic heterojUNCLIONS. .....c.eiiiuiiiiiie e et ra e e saee e e ea 18
1.9.3  Defect MItIGAtiON ....cciiiiiiicicieee e 19
00 (O B ¥ [o 1 41V o o PO PP PP PPTTPRROPPRRPRRRt 22
Chapter 2 High performance semiconducting nanosheets via a scalable powder-based electrochemical exfoliation
LTl 31T T [N 23
2.1 INEFOAUCTION ..t s 24
2.2 ReSUItS aNd diSCUSSION .....ciuiiiiiiiiiiii e bbb s 25
2.2.1 Electrochemical intercalation/exfoliation of pressed powder pellets........c.ccceevveeeeneeieecieeiiecieeeens 25
2.2.2  Nanosheet charaCterization ...........cccccuiiiiiiiiiiiiii 29
2.2.3 Defect mapping of EPI-made and ultrasonicated NanoSheets .........cccueecuveerieecciieccie e 32
2.2.4 Nanosheet optoelectronic and photoelectrochemical performance.......ccccceeveeeeiceeevieencee e 36
2.2.5 Applications to other layered TMD Materials .......cc.eeeveeeiiieiiiie et saaeesaee s 41
2.3 CONCIUSIONS ...ttt bbb sttt e b b s e s b s b e b e e bt e st es shesbesb e b e e bt et e s s ennennennes 42
2.4 IMBERODS ...t s et bbb st 44
Chapter 3 Facile production of two-dimensional transition metal dichalcogenide alloys via a powder-based, solution-
Processable APPrOACh .......uuiiiiiiieiiiiier e e s s e s a s e s s s e n e s se s s naa e s s e R e e s e s e s natasessennasesen 49
3.1 INEFOAUCTION ..t e bbb 50
3.2 ReSUItS aNd diSCUSSION .....ciuiiiiiiiiiiiiiic e bbb 51
3.2.1 Bulk alloyed TMD pellet fabriCation ........cccueeiieeiiieeciieecee et e sae e s r e e aaee e esaees 51
3.2.2  Nanosheet characterization ...........ccocuiviiiiiiiiiii 53
3.2.3 Composition-tuned Mo(1_yW,S; alloyed nanosheets............ccccoviviiiiiiniiininice, 55
3.2.4  Other terNary TIMD @llOYS.....c.ueciiieeiieeeiieeeieeeee ettt e e tee e se e e st eestae e st e e estaeeabeesstaeesaeessseaensaeesesssessnseean 57
3.2.5 Quaternary TMD alloy formation
3.2.6 Overview of the electronic structures of the 2D TMDs made via ECPl-exfoliation ...........ccccccevenenee. 62
3.3 CONCIUSIONS ...ttt b e sttt e b e b e e s e s b s b e b e e b e e st es shesbesbe b e e bt et e s e s e b e nnenaes 63
34 IMBEROMS ... bbb s et bbb 64
Chapter 4 Roll-to-roll deposition of semiconducting 2D nanoflake films of transition metal dichalcogenides for
OPtOEleCtroNiC APPIICALIONS. .. .uuureeeeeteitiiiiiiiiiiiiisirsrrssnestereereretresesesssssssssasssnsssentenestesssesssssssssssssnsnnnnsnsssanansssansns 67
4.1 INEFOAUCTION ..t et 69
4.2 ReSUItS aNd diSCUSSION .....ciuiiiiiiiiiiiiiic e bbb 70
4.3 (00T Te [V T o - PPN 81
4.4 MEERODS ... e e 82
Chapter 5 ConcluSIONS AN OULIOOK .....ceeeeeeeeiiiiiiiiiiiiiicicircenererereeeeeeeeesesesssse s sasnsnneneseeseseesesasssssssssssnsnnnnensneenanaananans 85
5.1 SUMMANY OF FINAINGS 1.ttt ettt e s e et e e s b e e st e e esnseesbaeen sessseesnseeensseesnseeennnes 85
5.2 FUBURE WOTK 1.t bbb bbb sa e 87
5.2.1 Future work related to this thesis ..........ccccueviiiiiiiiinii e 87
5.2.2 2D TMDs for solar energy conversion on a global SCale........cceeviveeiiieiciiieciie e 89
3TN 90



Table of Contents

REFEIENCES coeeeeeeiiieieiccicc e cneneeneeeereeee e e te e s e s e s s e s s s sasnsnnaseseeeeasesesassssssssssssssnsnensenentenesesenessesesssnsssssssssnsnnnneneenennensnanaes 96

CV Rebekah Wells

Xi



Table of Contents

List of Figures

Figure 1.1. Schematic representations of TMD atomic structure and polymorphs. .......cccccceevveenieennnn 3
Figure 1.2. Band structure of TMDs based on thickness and composition. ........ccccccevvveeeceevciieccveennen. 4
Figure 1.3. Influence of defects and alloying on TMD band Structure. .........cceecveevieescieeecieeeiee e 6
Figure 1.4. Examples of single flake PV and PEC d@VICES. .....cveeevueeeriieeiieesiieecieesee et e e e s 7
Figure 1.5. Schematic representations of popular LPE methods. .........cccocuvieiiiiiiiiiiinienenininccenenee 9
Figure 1.6. Depictions of three common techniques used to separate nanoflakes by size. ................ 11
Figure 1.7. Relationship of nanoflake dimension to internal quantum yield. .........ccccccocovevenininenens 13
Figure 1.8. Examples of different film formation techniques. .........cccccooeveiinininininnccee, 15
Figure 1.9. Description of LLISA film formation method. .........c.coeviiinininiiiieiee 17
Figure 1.10. Examples of TMD based heterojunctions. .........ccceeveereerienienienie e svesenas 19
Figure 1.11. Examples of defect mitigation techniques. ..........ccooveviiiiriininiiiiicccc e 20
Figure 2.1. Schematic of the electrochemical pellet intercalation (ECPI) exfoliation method............. 25

Figure 2.2.Scanning electron microscope images of annealed and unannealed pressed MoS, pellets.

............................................................................................................................................................. 26
Figure 2.3. The stages of pellet intercalation. .........cccueeeiieiiie e e 26
Figure 2.4. Evidence of intercalation of THA* into the MoS; layered structure. .........ccccceeevveecuveenneenne 27
Figure 2.5. UV-Vis of fresh and sonicated NMP. ECPI-made MoS; dispersions. ........c..ccceeceeveveeennne 28
Figure 2.6. Structural and morphological characterization of ECPI made-MoS; nanosheets. ............. 29
Figure 2.7. Size-thickness analysis for ECPI-made Mo0S; Nanosheets..........cocevvervierienienienienieneene 30
Figure 2.8. Chemical characterization of ECPl-made MoS; nanosheets. ...........ccoccovveiiiniiinininiennnns 31
Figure 2.9. STEM and high-resolution STEM for ECPl-made and ultrasonicated MoS, nanoflakes. ....32
Figure 2.10. Statistical and UV-Vis analysis of ultrasonicated MoS; nanoflakes...........cccccccevvevievienene 33
Figure 2.11. Results of 2D-PAINT method for mapping defects on films. ......cccccvevveeeeciecencienienene, 34
Figure 2.12. Optoelectronic properties for thin films of ECPl-made nanosheets and sonicated
NANOFIAKES. ...ttt e s 36
Figure 2.13. Photoluminescence spectra for ECPl-made MoS; nanosheets of different sizes............. 37
Figure 2.14. Photoluminescence for thin ECPI-made MoS; nanoflakes. ..........ccceevveeiiiveeccieescieeccieeenns 37

Figure 2.15. Bottom gate / bottom contact transistors from ECPI-made and ultrasonicated MoS;
NANOFIGKES. ...ttt b et et b bbbt et ettt et e b b ne st nae 38

Figure 2.16. Photoelectrochemical (PEC) properties for films of ECPlI-made nanosheets and sonicated

NANOFIAKES. ...t e 39
Figure 2.17. ECPl-made nanosheets of other layered materials. ........ccocevverininininnineniieniceee 41
Figure 2.18. Optoelectronic and PEC properties of ECPI-made WSe; and WS, nanosheets................. 41
Figure 3.1. Schematic of the modified electrochemical pellet intercalation (ECPI) exfoliation for
fOrmation Of 2D TIMID @lI0YS. ..eeeeuieiiiieetie ettt ettt ettt e e e st e e e ae e e s be e e ssaeesaseessseeensaee seensseaannen 51
Figure 3.2. Characterization of alloyed TMD Pellet........cuvecueeiiiieciieceeeetee e 52

xii



Table of Contents

Figure 3.3.
Figure 3.4.

Figure 3.5.

STEM and high-resolution STEM of M0 sWo.552 Nanosheets. .......ccccvveeieeicieecieesciieecnenn, 53
Optoelectronic characterization of Mo(1-W,S2 nanosheets. ........cccccoirveiiininicnicnnenne. 55

XPS for films of alloyed TMD NAaNOShEELS. .......ccccvieeiiiieiiieciee e 57

Figure 3.6. Characterization of ternary alloyed nanosheets made from combinations of Mo, W, S, and
L= P TSP RRTTPPRO 58
Figure 3.7. Characterization of quaternary alloy MogsWo 5SS€. ..ccuerievieriieiieeie et 59
Figure 3.8. STEM EDX and high-resolution STEM of 2D M0y sW5SSe nanosheets........ccecvveeveeriinennne 60
Figure 3.9. Summary of electronic structures of the ECPI-made 2D TIMDS......cccccevveeriueeereeeneeenienennne 62
Figure 4.1. ROII-t0O-roll (R2ZR) @PPAratUus. ...cceeceesieerieeieeieeieeteseeseeesteesteeeeeseeseeseeessesssessaesseesseesesseenes 70
Figure 4.2. Ultraviolet-visible spectroscopy for the R2R solvent system. ........cccccevvvveevieencieeccieesiiieenns 71
Figure 4.3. Comparison of number of dispersion injection Sit€S........ccevvvverueeriieiriieeriieesiee e 72
Figure 4.4. Optimization of MoS; nanoflake film 10ading. ........cccceeviieeiieiciecce e 73
Figure 4.5. Optimizing substrate pre-treatMeNnt. .......cccoecvieiiee e 74
Figure 4.6. Reproducibility of R2ZR-made films........ccceeiiiiiiiie it e 75
Figure 4.7. Characterization of R2R deposited nanoflake films. .........cccccoviiiiininninnincce 76
Figure 4.8. Characterization of R2R nanoflake films. .........cccoeiviieeiieiiee e 76
Figure 4.9. PEC characterization of R2R nanoflake films.........ccccecriiiiiiiniiiiniccee 77
Figure 4.10. Comparison of substrate roughness and conductiVity........c.ccceeeveniinincneninienecennne. 78
Figure 4.11. Characterization of batch scale WSe; /MoS; heterojunction film. .......cccocccevevrennennnne. 79
Figure 4.12. Characterization of a R2R M0S,/WSe; heterojunction film. .......c.ccoeevirinenieninieeenne 80

xiii



Table of Contents

List of Tables

Table 1. Reference table comparing the performance of ECPlI-made nanosheets to other relevant

WOTKS. +.etetteutetete et st sttt b et ettt st b et s bbbt e h e st eh et et et e e b e s bt e bt eh e e bt e ae et e bt nh e bt et et et et e st e nnenen 43
Table 2. Summary of parameters used in the semi-continuous deposition injection rate study. ....... 73
Table 3. Substrate sheet-resistivity as measured by a four-point probe. ........cccoccevvevverveeneeneenieenns 78

List of Equations

Equation 1.1. BOWING PAarameters.......ccceviiniiiiiiiiiiiiiiiicniccit et e 6
Equation 2.1. Absorptance of MoS; film on FTO-gIass.........cccuevueruineninieniniiinecieceeeeeree e 45
Equation 2.2. Extracted absorptance of MOS;. ..c..cciviiiiinieiiieiciceesce e 45
Equation 2.3. Charge carrier MODIliTy. .....cccverierieiecieeeee e e e saee e sae e 46

List of Annex Items

Annex Item 1. Additional high-resolution STEM images for ECPI-made and ultrasonicated MoS,......90

Annex Item 2. Raw images from optical defect mapping experiment (2D PAINT) for sonicated and

|08 B =T LY Y [ 1 R 90
Annex Item 3. Raw LSV for "champion" performing device for ECPlI-made MoS; nanosheets............ 91
Annex Item 4. Typical batch-scale nanoflake films made via LLISA deposition. .......cccccevveerveerneeennnes 91

Annex Item 5. STEM EDX of exfoliated nanosheets made from alloyed powders which were not

MEChaNICally rOUNG. ....c..ooiiiiiiiiiiie e et eb st e sre b sbesre et 92
Annex Item 6. iDPC image of @ M0g.sW0.552 NANOShEEL. ....cveveireiireiiriicie et 92
Annex Item 7. Detailed fittings of WA SPECLIa. ....cccviviiiieriesieseereesc et 93
Annex Item 8. Detailed fittings of MO3d SPECLIA. ...uivuvirierierie et seee e 93
Annex Item 9. Composite of Raman spectra for pure, ternary, and quaternary TMD materials.......... 94
Annex Item 10. PL Of @ 8l1aSS SHA. .e.ueivuiiiiiiieiecie ettt te b e e sreesaeans 94

Annex Item 11. Electron microscopy of batch-scale LLISA films of ultrasonicated TMD nanoflakes...95

Annex Item 12. Additional PEC characterization of R2R films. ......cccceveeriiiiiiir e, 95

xiv



Chapter 1 State-of-the-art, challenges, and motiva-
tion

Imagining global-scale implementation of 2D TMDs for solar energy conversion.

Two-dimensional (2D) transition metal dichalcogenides (TMDs) are an exciting and important emerging class of materi-
als; however, to date promising devices made from these materials have remained at the laboratory scale. The purpose
of this thesis is to contribute to the development of techniques to prepare and process 2D TMDs that can enable high
performance while being amenable to large scale fabrication. Accordingly, this first chapter presents an overview of the
background, concepts, and challenges addressed in this thesis. First, a basic introduction into TMDs and 2D TMDs is
given including their intrinsic semiconducting properties and general strategies for modifying them (sections 1.2-1.4).
The next section (section 1.5) introduces solution processable routes for thin films of 2D TMDs. This is followed by
sections detailing each stage of the fabrication process including: exfoliation (section 1.6), size selection (section 1.7),
film formation (section 1.8), and post processing techniques (section 1.9). In addition to current and past works these
sections highlight ongoing challenges that need to be overcome. Finally, the last section (section 1.10) provides the
motivation for this thesis and gives an overview of the following chapters.
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1.1 Introduction

In recent years the world has seen shortages in semiconductor-based devices as a result of climate change, a global
pandemic, and geopolitical tensions.>? A key issue is the dominance of silicon in the semiconducting market and the
world’s heavy dependence on it, creating a supply-demand crisis. In particular, silicon-based photovoltaic materials,
which represent a key part of renewable energy technologies, made up 95% of the market in 2020.3 However, as a result
of dangling bond terminated surfaces, silicon is susceptible to both photocorrosion in ambient environments and pho-
tochemical corrosion in electrolyte.*® Likewise, would-be alternative 11I-V compound semiconductors such as GaAs suf-
fer from photochemical instability for similar reasons.*>”° This presents a major barrier towards their use in photoe-
lectrochemical (PEC) applications in particular. Indeed, the best chance of halting climate change is a switch to renewa-
ble energy where solar represents the most abundant and promising source, making the development of stable, high-
performing photovoltaic (PV) and PEC devices crucial. Thus, there is a critical need to diversify our sourcing of semicon-
ductors to include non-traditional materials that can withstand extreme environments. Such materials should be made
of earth-abundant components, be stable under harsh conditions, possess high absorption coefficients, and be facile to
process via scalable and economical routes. Considering these numerous restrictions, an emerging class of semicon-
ducting materials promises to present a solution: two-dimensional (2D) transition metal dichalcogenides (TMDs).

Bulk TMDs are earth abundant, cheap, and extremely robust. They exist as layered structures such that their basal planes
are dangling bond-free, making them resistant to destructive process like oxidation or photocorrosion.'® Additionally,
they possess promising optoelectronic properties which can be tuned based on thickness and elemental composi-
tion.?%! For these reasons bulk TMDs have long attracted interest in a range of applications including solar energy
conversion,'?13 energy storage,’*> and electronics.'®!” More recently the ability to produce, identify, and manipulate
2D versions of these materials has greatly expanded their application reach and improved their device performance.
Their atomically-thin nature has even been shown useful in circumventing long-standing challenges faced by thicker
devices, such as those based on silicon.?®2° When considering 2D TMDs, materials such as MoS,, WSe;, WS,, and MoSe;
demonstrate improved semiconducting properties compared to their bulk counterparts. This represents a path towards
ultrathin devices which give higher performances while using less material. As such, 2D TMDs are ideal candidates to
become the foundation of next-generation optoelectronic devices.
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1.2 Bulk TMD crystal structure
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Figure 1.1. Schematic representations of TMD atomic structure and polymorphs.

(a) Depiction of layered TMD structure depicting van der Waals interlayer forces and covalent intralayer bonding. (b) Schematic of TMD polymorphs
depicting the semi-metallic 1T phase (left) and the semiconducting hexagonal 2H (middle) and rhombohedral 3R (right) phases. Figures reproduced
from references ! (a) and 2 (b).

Atomically, TMDs are composed of X-M-X layers, where M is the transition metal (Mo, W, Re, Nb, etc.) and X are the
chalcogen atoms (S, Se, Te).2® Covalent bonding is experienced in-plane, while weak van der Waals (vdW) forces hold
the layers together (Figure 1.1a.).1° The surfaces of these layers are terminated with the lone pairs of the sulfur atoms
which makes for dangling bond-free surfaces and inert basal planes.'® In contrast the edges of the material are highly
reactive due to the termination of the crystal.’%?3 Given the possible number of combinations, around 40unique layered
TMD compounds have been realized, exhibiting the full range of behaviors from metal to semimetal to semiconductor
to superconductor.'® Of the possibilities, M=Mo, W and X=S, Se are among the most studied for their intrinsic semicon-
ducting behavior and are thus the combinations that will be further discussed in this thesis.

For these four combinations the most stable atomic configuration is the semiconducting 2H phase wherein the chalco-
gen atoms are stacked vertically in a trigonal prismatic geometry (Figure 1.1b).1° This is in contrast to the semi-metallic
1T phase where the chalcogen atoms are rotated 90° to form an octahedral configuration.'® Furthermore, the preferred
stacking is the AbA BaB hexagonal form (2H), compared to the AbA CaC BcB rhombohedral unit cell (3R) (Figure 1.1b),

where upper- and lowercase represent the chalcogen and metal atoms, respectively.102?
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1.3 Intrinsic semiconducting properties of 2D TMDs

a b c
Bulk 3L 2L 1L
B n-type W bipolar W p-type

\/ ’\/ ; \/ \/_‘ /\/ — n-type
N N N N/ 3
\ \ :E! £, (+-)
0\ 3 )
& ‘ = B
& [ \/ 4 bipolar
! >
Y, p o
[ /% 9]
. [ K 2
/! S
r MK rr MK T MK ' T MK r MoS, MoSe,MoTe, WS, WSe, WTe, ReS, SnS, 08 p-type

Figure 1.2. Band structure of TMDs based on thickness and composition.

(a) Calculated band diagram for MoS. from bulk (left) to monolayer (right). The red and blue lines highlight the CB minimum the VB maximum,
respectively, across the Brillouin zone. The black arrows represent the allowed bandgap for the different thicknesses which increases as the material
is thinned and transitions from indirect to direct. (b) Reported CB minima, VB maxima, and bandgaps for a range of 2D TMDs. (c) Reported Fermi
levels and resulting semiconducting behavior for a range of 2D TMDs. Figures reproduced from references * (a) and 2* (b, c).

Briefly, the electronic structure of inorganic semiconductors is made up of electronic states that can be occupied by
electrons, and which make up two “continuous” allowed energy bands: valence and conduction, displayed in Figure 1.2a
in blue and red, respectively. The valence band (VB) edge (or maximum) is the highest occupied band while the conduc-
tion band (CB) edge (or minimum) is the lowest unoccupied band. The space between these two entities is known as
the band gap, wherein no state can exist. To promote an electron from the VB to the CB photons can be used as an
energy source, creating photogenerated charges that can be harnessed to drive electrical, chemical, and electrochemi-
cal processes.?

Each feature of the band structure greatly effects the way the semiconductor interacts with its surroundings including
reactivity and light absorption. For example, a large bandgap material will only absorb high energy photons and is gen-
erally more photostable. Additionally, the location of the VB maximum and CB minimum will determine if a photogen-
erated charge (hole or electron, respectively) has enough potential energy to drive a chemical reaction.?® Thus, it is of
great interest to be able to exert control over a material’s electronic structure and therefore semiconducting behavior.

Naturally, the elemental composition of the TMD is the first consideration. For example, MoS, and WS, typically display
n-type dominant behavior, where electrons are the majority carrier, while WSe; behaves inversely as a p-type material
with hole majority carriers (Figure 1.2¢).Y7:2726 MoSe; is generally considered to be ambipolar, displaying both behaviors
facilely.?* Another example, MoS; and WS, have larger bandgaps compared to the selenides, affording them more sta-
bility and resistance to degradation (Figure 1.2b).242>?7 Furthermore, the energy level of the conduction band in WSe,
is such that a photogenerated electron can perform the water reduction reaction while the same cannot be said for
MoS; (Figure 1.2b).%®

In addition to elemental composition (MX;) and atomic configuration (e.g., 2H, 1T, or 3R phase), the semiconducting
properties of 2D TMDs are dependent on the number of layers. In fact, quantum confinement caused by the thinning
of these materials from bulk to atomic thickness leads to new and often improved optical, electronic, and mechanical
properties.'%?%2° For example, bulk MoS; possesses an indirect bandgap of around 1 eV.1%123° By thinning the material
the bandgap is widened, eventually transitioning to a direct bandgap of around 1.9 eV in the monolayer case (Figure
1.2a).1%3 This leads to the emergence of phenomena such as photoluminescence and ambipolar behavior in the pres-
ence of an electric field. Similar trends are observed for WS,, WSe,, and MoSe,.?”
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1.4 Tuning the semiconducting properties of 2D TMD nanoflakes

While choice of TMD composition and thickness already offers a certain degree of tunability, the optoelectronic prop-
erties of 2D nanoflakes can be further tuned via heterojunctions, doping, defect engineering, and alloying. These con-
cepts are briefly introduced here but will be discussed in more detail in later sections.

1.4.1 Heterojunctions

A heterojunction occurs when two materials with different bandgaps are interfaced. The electronic communication is a
direct result of the band alighments, which create an interfacial dipole.3! For example, MoSe,-MoS, forms a type I
staggered junction where electrons are funneled from MoSe; to MoS; and holes are transported in the opposite direc-
tion (Figure 1.2b). As such, a type Il heterojunction is a reasonable strategy to increase photogenerated charge separation
and avoid recombination. When considering inorganic combinations, vdW heterojunctions (ex., MoSe,-MoS,) present
a particular advantage because they are not subject to problems caused by lattice mismatch in chemically bonded junc-
tions.3! Hybrid heterojunctions can also be made by interfacing an inorganic and organic material. Here the tunability
of organic material can be leveraged; however, stability of the organic layer can be an issue.3?

1.4.2 Doping

Doping provides another means of modifying the carrier concentration of a semiconductor from its intrinsic levels. As
intrinsic carriers are already low it only takes a very small amount of doping to produce drastic changes in the optoelec-
tronic behavior of the material.?> Doping with a comparatively rich electron species leads to n-type doping, while doping
with electron deficient species yields p-type doping.? Classically this was done by introducing an impurity atom into the
crystal lattice of the material.?®> Mo- and W-based TMDs can experience n-type doping by the addition of transition
metals in columns further right (Re, Rh, etc.) on the periodic table and p-type doping from columns further left (Nb, Zr,
etc.). Another strategy uses molecular chemistry to modulate charge carrier concentration. Molecular doping can be
split into two groups: non-covalent and covalent interactions.3? Briefly, non-covalent molecular doping (ex., physisorp-
tion) can be based on (1) redox couples which donate either electrons or holes based on the band alignment of the
TMD, 34 or (2) permanent dipoles which generate an electric field at the surface of the TMD.3? This approach has the
advantage of leaving the TMD crystal lattice unaltered, but the disadvantage of being an unstable interaction.3® On the
other hand, covalent molecular doping involves creating a stable chemical bond between the TMD layer and the molec-
ular dopant.? Typically this takes place by taking advantage of point defects (ex., chalcogenide vacancies) or phase
engineering (semi-metallic 1T phase). Notably this requires starting with defective material in order to obtain these
interactions.

1.4.3 Defect engineering

Often considered a form of doping, defect engineering can be a viable route for tuning the semiconducting properties
of TMDs in of itself. It is well-known that defects are naturally present in TMDs and take the form of point defects, grain
boundaries, dislocations, phase impurities, and so on (Figure 1.3a).193335%1 |ndeed defects, especially point defects, lead
to a density of states within the bandgap, which causes the observations of p- and n-type behavior (Figure 1.3b).3>4°
One of the simplest examples is seen in MoS, where sulfur vacancies cause n-type doping by introducing lone pairs to
the lattice, while excess sulfur causes p-type doping (Figure 1.3Figure 1.3b).3 Interestingly, “defect engineering” can
involve creating or healing defects to push the behavior in one direction or the other as desired and it is not uncommon
for scientists to exert control by first creating defects (i.e. sulfur vacancies) and then healing (i.e. chemical treatment,
annealing) them incrementally.334142 To create these defects they can be done in-situ (during synthesis) by adjusting
growth or exfoliation conditions or ex-situ (post-synthesis) via numerous methods including but not limited to: electron
beam radiation, ion beam radiation, plasma treatment, thermal treatment, and so on.3>%?
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1.4.4 Alloying
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Figure 1.3. Influence of defects and alloying on TMD band structure.

(a) Atomic resolution of intrinsic defects in monolayer MoS.,. From left to right: S monovacancy, S double vacancy, S replaced by Mo atom, vacancy
complex of Mo and three S pairs, vacancy complex of Mo and six S pairs, and Mo are placed by S column. (b) Schematic representation of the energy
levels of the defects identified in (a) leading to inter bandgap states. (c) Example of the band bowing phenomenon observed in alloyed TMDs. (d)
Schematic showing the band gaps of pure monolayer TMDs and the potential band gap range for ternary TMDs and quaternary TMDs from Mo, W, S,
and Se. Figures reproduced from references ** (a,b), ** (c), and ** (d).

Finally, alloying allows for continuously tunable bandgaps, where the optoelectronic properties can be precisely con-
trolled based on the alloy combination and composition. The formation of these alloys is energetically favorable and
complete miscibility is attainable.*®%” Indeed, all possible combinations involving Mo, W, S, and Se, including ternary
and quaternary alloys have been predicted theoretically and demonstrated experimentally (Figure 1.3d).**>2 As is the
case for the pure materials, monolayer TMD alloys possess direct bandgaps because the same orbitals participate in the
conduction and valence band of the alloys as the pure materials.*®*” However, the location point of the alloyed bandgap
in the Brillouin zone may differ from the pure case and the bandgap energy varies parabolically as a function of alloy
composition (Figure 1.3¢).*** This is due a phenomenon known as bandgap bowing and can be described by Equation
1.1. where MX; and MX;’ represent the two alloys, E; is the bandgap energy, x is the concentration of the MX,’ alloy,

and b is the bowing parameter.*>4”

EEg,MXz—MXZ' =(1- x)EEg‘MX2 + (x)EEg,MXZI —bx(1—x)
Equation 1.1. Bowing parameters.

This relationship can be broadly explained by intra-band coupling within the bands and inter-band coupling between
them.*” Intra-band coupling raises the VB and lowers the CB (i.e., smaller bandgap) while inter-band coupling has the
reverse effects (i.e., larger bandgap).*’” Thus, the composition of the alloys, which controls the contributions from each
set of orbitals, dictates which band interaction is dominate and to what degree.*®*” The vast number of possible TMD
combinations in conjunction with composition tuning allow for unprecedented optoelectronic opportunities for these
materials.
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1.5 Solution-processable routes towards thin films of 2D TMDs
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Figure 1.4. Examples of single flake PV and PEC devices.

Schematics of a (a) rigid solar cell device based on a single flake of mechanically exfoliated WSez or WS, (b) flexible solar cell device based on a single
flake of mechanically exfoliated WSe», and (c) PEC system based on single flake and heterojunctions of MoS, and WS,. (d) Raman mapping of single
flake device depicted in (a). (d) Optical image of single flake device depicted in (c). (f) Optical transmission images of the CVD grown flakes depicted
in (c). Figures reproduced from references ** (a,d), 3 (b,e), and ** (c,f).

For most applications using semiconducting devices (electrical, photovoltaic (PV), photoelectrochemical (PEC), etc.) thin
films represent a large majority of the device configuration. However, to date the vast majority of research on TMD
based solar energy conversion devices has been based on single flake or single crystal devices (Figure 1.4).3:26:30,54-60
While these devices have uncovered the potential of TMDs for solar energy conversion, they are typically fabricated
using methods which are challenging to upscale such as mechanical exfoliation (Figure 1.4a-d) or chemical vapor depo-
sition (CVD) (Figure 1.4e,f) and are therefore not viable for large scale energy conversion.®!

When considering solar energy conversion at a global scale, for example, large-area films represent the most promising
approach.®! Thus, to realize the goal of introducing semiconducting 2D TMDs to the global market, it is vital to be able
to produce high-performing, large-area 2D TMD films in a facile and economic manner.®! Due to challenges in scale-up
this thesis will not consider bottom-up approaches (CVD, physical vapor deposition (PVD), molecular beam epitaxy
(MBE), etc.), but will instead focus on top-down methods for thin film fabrication.

Of the numerous possibilities, liquid-phase exfoliation (LPE) is promising owing to the mild conditions used and ease of
production which readily facilitates upscaling. LPE of 2D materials was first demonstrated by transforming bulk graphite
powder into graphene nanosheets via ultrasonication.®? Soon after similar methods were used to demonstrate LPE on
TMDs, namely MoS,, which afforded still more opportunity for tunability. 3% Thus, the notion of solution-processable
2D materials became a reality.

Accordingly, the next challenge was how to further process these materials including size selection and assembly into
ultrathin films for devices. Once again, a number of methods have been proposed, some already existing such as spin
coating, drop casting, or dip coating, while other techniques were specifically developed for the unique chemistry and
geometry of these materials, i.e.: liquid-liquid interfacial self-assembly (LLISA).%
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Finally, as with all thin films, these ultrathin films are subject to defects present in their structure which eventually
hinder device performance.5%%8 This is especially detrimental for PV and PEC devices where defects act as recombination
centers, competing with the desired mechanism and lowering the efficiency of the device.5¢%” For 2D TMD nanomateri-
als the defects present within the nanoflakes present a particularly difficult problem and ongoing challenge in the field.

In this next section, the different possible paths to process 2D TMDs from bulk powders to ultrathin films of semicon-
ducting nanomaterials are discussed and compared. Focus is placed on the importance of choosing a suitable exfoliation
method to produce pristine, thin nanosheets with large lateral dimensions and the ongoing need for alternative meth-
ods. Next discussed is the importance of careful film preparation including nanoflake size-selection and how to maximize
nanoflake-substrate communication. Finally, potential defect mitigation strategies to cope with defects within the
nanoflakes are explored. Special emphasis is placed on pathways which are fully scalable while offering pristine TMD
nanoflake films.
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1.6 Liquid phase exfoliation methods

Figure 1.5. Schematic representations of popular LPE methods.

(a) Ultrasonication of bulk TMD nanosheets (black) using a horn probe (gray). (b) Electrochemical intercalation of a single crystal TMD (right) with
large molecule cation THA" (inset). (c) Small ion (pink) intercalation of bulk TMD structure (black). (d) Shear mixing bulk TMD (black) using a high-
speed rotor (gray).

The first step in the bulk-to-2D thin film process is exfoliating the bulk material into 2D material which can be later used
for processing. As previously discussed, solution-processable methods offer the most flexibility in terms of scalability
and processability. When considering scalable methods, commercially available, micron-sized powder is preferred over
single crystals as starting material. With this in mind, there are three techniques which dominate the literature: ultra-
sonication, shear mixing, and ion intercalation.

1.6.1 Ultrasonication

As discussed in the introduction, solvent-assisted exfoliation via ultrasonication was one of the first routes developed
for LPE of layered materials (Figure 1.5a). Briefly, the method works by introducing ultrasonic waves to a solvent, whose
surface tension should match closely that of the surface energy of the layered material.®® The ultrasonic waves generate
cavitation bubbles at the edges and in between the layers of the material.® When these bubbles collapse high-energy
microjets form which can overcome the interlayer forces of the (vdW) material, breaking them apart.®® Notably these
forces cause breaks in the z direction to separate the layers, but also in the x-y plane inducing scission across the crystal
structure.®* This second feature leads to two main drawbacks: poor nanoflake morphology in the form of small lateral
dimensions and uneven layers and high defect densities particularly on the edges but also across the planes of the
flakes.®* Indeed, it has been well-documented, especially for MoS,, that nanoflakes suffer from a size-thickness depend-
ency wherein thin flakes have small lateral dimensions and only thicker flakes possess larger dimensions.®*¢’ It has also
been shown that high quantum yields in TMD nanoflakes can only be achieved with thin flakes possessing large lateral
dimensions, presenting an intrinsic limitation for devices made from ultrasonicated nanoflakes. ¢’ Additionally, it has
been well-documented that the uneven layers lead to step edges across the basal plane of the flakes, effectively creating
edge-defects across the basal plane. 467 Because of these drawbacks, 2D TMD nanoflakes made via ultrasonication
tend to give poor device performance and require additional treatment methods to mitigate the defects.®%’ For these
reasons more attention has been directed towards finding alternative LPE methods to ultrasonication.”®”*



State-of-the-art, challenges, and motivation

1.6.2 Shear-mixing

In an effort to avoid the drawbacks of ultrasonication, scientists sought to employ shear-mixing (Figure 1.5d), a tech-
nique already widely used for dispersing nanoparticles.”>”® Using a high speed rotor, fluid shear is created when the
velocity of the fluid at the center of the rotor differs from that at the outside diameter. While being much gentler, this
technique relies on similar principles to ultrasonication such as choosing an appropriate solvent and inputting energy
to overcome the van der Waals forces between the layers.”? However, these energy densities are orders of magnitude
lower for shear-mixing and the mechanism involves shear-induced interlayer sliding.”?> Despite this method being more
gentle, studies showed that the nanoflakes produced were indistinguishable compared to ultrasonicated nano-
material.”? That is, that the size-thickness dependency continues to be an issue with thin nanoflakes possessing small
lateral dimensions.” Thus, while shear-mixing provides additional options for scalability it does not provide any clear
advantages in terms of nanoflake morphology. Indeed, in-house attempts to exfoliate MoS, with shear mixing yielded
high volumes of nanomaterial, but with poor device performance in PEC applications, even compared to sonicated sam-
ples.

1.6.3 Ion intercalation

Still another method for LPE is ion-intercalation, wherein a cation is inserted in between the layers of a van der Waals
material, thereby expanding the interlayer spacing (Figure 1.5c).5%7# As this weakens the interlayer forces agitation can
then be used to exfoliate the materials.5%74

The most commonly used is the lithium ion. In this case the agitation is caused by exposing the intercalated material to
water which reacts with the metal cation, producing hydrogen and breaking apart the layers.”> While this method pro-
duces high yields of material, the process leads to a phase transition from the semiconducting 2H phase to the semi-
metallic 1T phase.”*7® The resulting material is also small, fragmented, and riddled with defects.”>”® For catalytic appli-
cations these properties are desirable,””” but for semiconducting and PEC applications they are disastrous.”7%7°
Recently a few groups found a way to take advantage of the high yields offered by ion-intercalation, while maintaining
the semiconducting behavior of the TMD nanoflakes.”®8 Rather than small, highly reducing cations, these works use
large molecule cations whose effects are benign.”®® As the molecules are much larger than the interlayer spacing of
the materials, scientists used electrochemical intercalation to drive these molecules in between the layers of single
crystal TMDs (Figure 1.5b), which are intrinsically conductive.”®% The size of the molecules is such that only gentle
agitation is required to exfoliate the materials from their intercalated state to 2D nanoflakes.”®%° In fact, they show that
this method gives extremely thin nanoflakes with (1-3 layers) with remarkably large lateral dimensions.”®® Further-
more, the gentle nature of the exfoliation yields sheets with uniform basal planes, notably absent of the step edges
observed in ultrasonication.88 Despite the major advance in solution-processable techniques, the scalability of this
method is limited owing to its use of large single crystals as starting material.

As such there remains a need in the field for an LPE method which can produce thin, large-area nanoflakes using a fully
scalable approach.
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1.7 Nanomaterial size selection
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Figure 1.6. Depictions of three common techniques used to separate nanoflakes by size.

(a) Schematic of centrifugation. The starting dispersion (left) is made up of a polydisperse mix of nanoflakes both thick and thin (i). After centrifugation
a new dispersion is obtained (right) where large material has been sedimented (ii) leaving thinner material in the supernatant (iii). (b) Schematic of
sieve-based filtration. A raw dispersion is introduced to the top compartment and is sequentially filtered as the solution moves down the column
through the membranes. Pore size of the membrane decreases at each stage effectively separating the nanoflakes into groups with different lateral
dimensions. (c) Schematic depicting surfactant (green) altering the buoyancy of the nanoflake (yellow and purple) in solution. (d) Example of DGU
performed on a dispersion of MoS,.The observed bands are a result of nanoflakes of different buoyancies settling along the induced gradient; heavier
flakes settle at the bottom (f32) while lighter flakes remain higher (f7). (e) Additional DGU performed on the extracted bands shown in (b) where
additional band formation is observed, indicative of further size separation. Figures reproduced from references ¢’ (b) and &! (c-e).

Nanoflake size selection directly follows exfoliation. As with LPE there are many techniques for size selection in the
liquid phase and the choice of method will change based on the needs of the desired final product. In terms of scalability
centrifugation, density gradient ultracentrifugation, and filtration are among the most feasible and therefor the most
popular. The advantages and drawbacks of each are briefly discussed in the following sections.

1.7.1 Centrifugation

Beginning with the simplest, centrifugation involves rotating samples at high speeds around an axis, taking advantage
of the centrifugal force to separate particles from the solution based on size, shape, and density (Figure 1.6a). Generally
speaking, the heaviest particles will collect in the bottom of the solution to form a pellet (Figure 1.6a-ii), while lighter
particles remain in the supernatant of the solution (Figure 1.6a-iii). Depending on the application the user may wish to
collect the heavier material in the pellet or the lighter material in the supernatant. The supernatant can also be further
processed for additional size selection or purification.®? For example, ultrasonication exfoliation of MoS, or WSe; often
requires an initial low speed centrifugation to remove unexfoliated bulk material.5>6%8283 The supernatant is collected
and centrifuged again at a higher speed, this time collecting the medium sized material in the pellet, leaving the smallest,
fragmented parts in the supernatant to be discarded.®>¢683

11
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The advantages of centrifugation are that it is simple and easy to perform and can be readily scaled up to process large
volumes of material. Furthermore, yield can be easily tuned based on processing conditions.5* However, the main dis-
advantage is the lack of control that can be exercised in the case of very polydisperse solutions, where acquisition of
monodisperse thickness samples is nearly impossible.®” Consider the case of a very large, thin flake and a very small,
thick flake; the effects of the centrifugal force will act similarly on these two particles, causing them to exist in the same
fraction.5*®” Thus, it is challenging to separate the two populations and also implies that very large, thin flakes may be
lost to the “bulk” fraction while extremely small, thick flakes may never be pulled out of the solution. As a result, cen-
trifugation should be used in the case of applications requiring high-yield dispersions and where some flexibility in terms
of nanoflake dimension can be afforded.

1.7.2 Density gradient ultracentrifugation

To overcome the issue of precise control, an iteration of centrifugation known as density gradient ultracentrifugation
(DGU) can be used (Figure 1.6c-e). This technique, while similar to basic centrifugation, additionally exploits the differ-
ences in the buoyancy of the nanoparticles which is a function of their size.8-#48> Briefly, a solution is prepared such
that it possesses a linear gradient, i.e. denser at the bottom than at the top. The nanoparticle dispersion is introduced
to this density gradient solution and centrifuged, usually at high speeds (20-40 krpm) for long periods of time (> 40
hours).88485 During this time the nanoparticles move through the density gradient until they arrive at a region whose
density matches their own; in some cases the nanoparticle is modified with a surfactant to tune its buoyancy (Figure
1.6¢).8%%* |n this way an equilibrium is reached, and different “bands” can be observed as result of the well-separated
fractions (Figure 1.6d).8848 The fractions can be used as they are or further processed for additional separation (Figure
1.6e). In this way dispersions with narrow size-distributions have been obtained for carbon nanotubes,®* graphene,?®
and finally MoS,,% with application for other layered materials.

Naturally the clear advantage is a solution-processable route for extremely precise control over nanoflake lateral di-
mensions and thickness. The disadvantages are then that the method is rather cumbersome and easily botched, requires
a special centrifuge, requires long processing times, and produces relatively low yields. The scalability of this complex
method, while necessary and even more so due to low yields, is thus less accessible than other separation methods.
However, for applications where only certain nanoflakes of unique dimension can be used (ex: monolayer with 1.5 um?
area) DGU is an appropriate choice.

1.7.3 Sieve filtration

Finally, there exists a third possibility which offers a compromise between size-selection, yield, and scalability yet relies
on different principles of separation: sieve-based filtration (Figure 1.6b). This solution is a way to access different size
classes of nanoflakes including the largest populations.®’ The size distributions are notably less precise than DGU, but
still more narrow than centrifugation alone.5#%7:8! Similarly, yield is lower than for centrifugation, but higher than for
DGU.54%781 The filtration works by setting up a pressure-driven liquid column with multiple stages composed of mem-
branes of decreasing pore size (Figure 1.6b). The crude dispersion is introduced at the top of the column. At the first
stage large diameter flakes are blocked while small and intermediate flakes continue down the column. With decreasing
pore size, nanoflakes of decreasing lateral dimensions are passed through. It was demonstrated that it was possible to
obtain narrow distributions of flake lateral dimensions by using this method (Figure 1.7a-d). To further separate by flake
thickness a simple centrifugation cycle can be applied as the weight of the flakes is then dominated by thickness rather
than lateral dimensions. Overall yield here remains high as no nanoflakes are purposely discarded in the process and
scale-up is achieved by simply increasing the filter area.

12



State-of-the-art, challenges, and motivation

e
IQE @ -0.5V

0.9

E35 0.8
930 07
g 25 0.6
o 0.5
= L 04
% [03
T 0.2
Io.1

200 400 600 800 1000
Flake width (nm)

Figure 1.7. Relationship of nanoflake dimension to internal quantum yield.

(a-d) Transmission electron microscopy images of films of filtered nanoflake dispersions from largest (a) to smallest (d). (e) Estimated internal quantum
efficiency (IQE) of WSe: nanoflakes as a function of lateral dimensions and thickness based on simulated charge carrier transport. The marked regions
labelled A-D represent the experimental results of the films depicted in a-d, respectively. Figures reproduced from reference © (a-e).

Once again, the advantages here are the ease of scalability, ease of operation, and a fairly narrow distribution of flake
lateral dimensions. One can imagine that more and more filters could be added to narrow these distributions further,
but that flow rate would eventually suffer as a result slowing the process. The column also requires constant agitation
to prevent pore cake-up which can still be an issue. These factors along with the need for an additional step to separate
by thickness represent the drawbacks for this method. This method is therefore an ideal compromise for situations
where both good yield and narrow distribution are required.

Most importantly this study highlighted a clear relationship between nanoflake dimension and the quantum efficiency
of the nanoflake (Figure 1.7e).5” Essentially, flakes with small lateral dimensions, even if thin, and thick flakes, even with
large lateral dimensions, suffer from low internal quantum yields and are intrinsically limited by this. However, large-
area, thin flakes are predicted to show high internal quantum yields. This size-dependent performance highlights im-
portance of careful nanoflake size separation and selection and reinforces the necessity to choose an exfoliation method
which allows for production of the desired nanoflake morphology.

13
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1.8 Solution-processable film formation

Once the nanoflakes have been produced and selected with care, they can be assembled into a thin film device. As with the previous
sections, there are many ways to do this, but not all routes to film formation are created equally and much depends on the require-
ments of the final device. For most applications using thin films of TMD nanoflakes with good connectivity and free of nanoflake
aggregates is necessary and preferential orientation may be required. With this in mind the next section presents brief overviews of
some of the most popular methods: drop casting, doctor blading, spray coating, spin-coating, dip coating, and liquid-liquid interfacial
self-assembly techniques.

1.8.1 Drop casting and related techniques

Beginning with the ubiquitous, drop casting is by far the simplest method to coat a surface and can be used in nearly
any situation. As its name suggests, liquid containing the desired material is literally dropped onto the target substrate
and allowed to dry. Naturally, the method can be tuned by the concentration of the dispersion, volume of the droplet,
temperature of the substrate, and so on. However, it is challenging to obtain a homogeneous coating using this method
owing to the “coffee ring” effect (Figure 1.8a).887 That is to say that the material, which is initially distributed evenly
over the drop and therefore surface, concentrates into the outer edges of the drop creating rings. A type of capillary
flow is to blame for this behavior, wherein the edges in contact with the surface dry faster and are replenished with
liquid from the interior, thereby confining a large portion of the material to the outer ring.%® For some analyses where
a uniform coating is not required this can be an acceptable trade: uniformity for simplicity; however, for many applica-
tions the nonuniformity as seen in Figure 1.8d poses major problems (aggregation, discontinuity, random orientation,
etc.).®’

Some groups have proposed ways to mitigate the ring effect by modifying the substrate (i.e., nanopatterning), modifying
the dispersion (i.e., using ellipsoidal particles), or by changing the liquid-substrate environment during the drying pro-
cess (i.e., applying a temperature gradient, applying bias, or applying surface acoustic waves).®” Unfortunately, while
the suggested methods prove effective, they severely complicate the process, eliminating the advantage of simplicity
in the drop casting method. Furthermore, it is impossible to control particle orientation. While this is not an issue for
spherical particles, the anisotropic nature of nanoflakes necessitates control over the orientation with respect to one
another and to the substrate in order to achieve high-performing devices. This is discussed in more detail in section
1.8.4 (Liquid-liquid interfacial self-assembly).
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Figure 1.8. Examples of different film formation techniques.

These techniques include drop casting (left), spin coating (middle, top), spray coating (middle, bottom), and Langmuir-Blodgett (LB). (a) Optical image
of the “coffee ring” effect as demonstrated by a drop of coffee. (d) transmission electron microscopy image of drop casted MoS:z nanoflakes. Atomic
force microscopy images of (b) spin coated, (e) spray coated MoS.. (c) Schematic of the Langmuir-Blodgett technique. (f) Atomic force microscopy
image film made using LB film formation. Figures reproduced from references * (a), ® (b, e), *° (c), ® (d), and *° (f).

Two other methods which can be considered upgraded versions of drop casting are doctor blading and spray coating.
The first involves dragging a blade over the drop casted dispersion and substrate to create a more uniformly thick film.
The latter uses a nozzle to spray a heated solution into a substrate (Figure 1.8e). Both methods can be used to avoid the
“coffee ring” effect, but still suffer from other nonuniformities that arise during drying. Additionally, like with their par-
ent method, no control over particle orientation can be exercised.® Therefore, these methods may be suitable for
depositing organic molecules and polymers but are still inadequate to form high-quality TMD nanoflake films.

Still another method based on the drop casting technique is spin-coating. In this case the dispersion is once again
dropped on the substrate, however rather than leaving the droplet to dry as is, the substrate is spun around the z-axis,
evenly distributing the solution across the substrate (Figure 1.8b).28 This method control film thickness reliably and
reproducibly and can be tuned again via droplet volume and concentration as well as by spin speed and time. However,
the issue continues to be the lack of control over flake orientation and flake-flake overlap.®® Furthermore, spin coating
is not considered a scalable technique when considering industrial applications and production.

1.8.2 Dip coating

An alternative to drop casting and its variants, dip coating is carried out by emerging and slowly withdrawing the sub-
strate from the dispersion. Briefly, the nanoparticles are drawn into the meniscus created by the emerging substrate
and deposited as the thin liquid layer dries. This generally leads to uniformly thick films with close particle packing;
however, to achieve this the method needs to be optimized according to particle, dispersion solvent, and substrate.
Additional factors to optimize and tune the final film include dispersion concentration and withdrawal speed. While this
represents an easily scalable technique for homogenous film deposition, there is still no control over flake orientation
or overlap.
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Up to this point the film deposition techniques discussed have all suffered from a lack of control over the orientation of
the particles with respect to the substrate and to one another. For nanoflakes this represents a serious challenge for
high-performing devices. Still another challenge with the previous methods present itself in the case of multiple layer
deposition. Essentially a good solvent which prevents aggregate formation in the dispersion can also dissolve a depos-
ited nanoflake films. Therefore, each of the previous methods which require contact between the dispersion solvent
and the substrate will also disturb the previously deposited film. One solution is to choose a poor solvent for the disper-
sion so as to not disturb the film, but then the risk of aggregates and inhomogeneous film formation is greater. It is
therefore necessary to consider an entirely different kind of film deposition technique if one wants to make homoge-
nous, oriented thin films of TMD nanoflakes

1.8.3 Liquid-air interfacial self-assembly

To this end Langmuir-Blodgett (LB) techniques are considered as means of controlling nanoflake orientation via self-
assembly. Originally the method was developed with surfactants which form a monolayer at the liquid-air interface,
typically with water which is a poor solvent for organic molecules.* The monolayer of molecules could be transferred
by simply moving a hydrophobic substrate through the interface.’ The molecules, being more attracted to the substrate
than the water, are transferred in the same orientation in which they self-assembled at the interface.! Notably this
represents a relatively facile method with demonstrated control over particle orientation. Furthermore, because the
particles are forced to the interface by choosing a poor solvent, multiple layer depositions are possible as the solvent
will not disturb the already deposited film.

As with organic molecules, water is a poor solvent for untreated TMD nanoflakes; however rather than float to the
surface the flakes will slowly form restacked aggregates and eventually crash out of solution. In an attempt to pull the
flakes to the liquid-air surface early works employed amphiphilic compounds, which have both a hydrophilic part to
attract the TMD nanoflake and a hydrophilic part that migrates to the surface.%°? Like this nanoflakes could be pulled
from the dispersion to the liquid-air interface and deposited in the LB fashion.®%°? In this way closely packed, oriented
films are obtained. However, there is still a lack of control over nanoflake overlap and good contact between the basal
planes of the flakes and the substrate is not guaranteed. Furthermore, these amphiphilic compounds are insulating and
removing them post film deposition can be challenging.®?

A version of this technique uses the water-air interface, dripping the nanoflake dispersion on the surface rather than
try to pull them from the water.*® As with previous demonstrations this creates tightly packed films Figure 1.8f), however
there is still no mechanism to control nanoflake overlap and ensure a flat surface. Thus, while these self-assembly meth-
ods represent important advances, some additional modifications are required in order to achieve the goal of well-
oriented, non-aggregated thin films of TMD nanoflakes.

1.8.4 Liquid-liquid interfacial self-assembly

Taking inspiration from the LB techniques a space-confined liquid-liquid interfacial self-assembly (LLISA) film deposition
technique was developed (Figure 1.9a).%° In place of a liquid-air interface, this technique uses an interface between two
immiscible liquids which are both poor solvents for TMDs, for example water and hexane. Rather than try to extract the
nanoflakes from one of the poor solvents, a dispersion of nanoflakes in a good solvent (i.e., NMP) is injected directly at
the interface between the two solvents. In the case of a water-hexane-NMP system, the NMP dispersion is injected just
above the interface, the flakes settle at the water-heptane interface, and NMP, which is miscible with water, sinks into
the water phase leaving only a single layer of flakes. As such the flakes are confined to the interface and forced to orient
horizontally along the interfacial plane. Not only do the flakes self-orient, but they assemble such that overlap between
flakes is minimized as long as injection stops once a complete film is formed. This creates a puzzle-like morphology of
2D TMD flakes as depicted in Figure 1.9b.
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Figure 1.9. Description of LLISA film formation method.

(a) Schematic of LLISA method where the nanoflake dispersion (red) is injected at a hexane (blue)-ethylene glycol (green) interface until a complete
film is formed after which the hexane layer is aspirated off and the ethylene layer removed to deposit the undisturbed film. (b) lllustration of LLISA
film. (c) Top and (d) cross-section view of LLISA film. (e) lllustration of a film formed at an air-liquid interface. (f) Top and (g) cross-section view of air-
liquid film. Figures reproduced from reference ® (a-g).

After film formation at the interface, the top layer (hexane, for example) is removed via vacuum (or syringe) leaving the
single layer of self-assembled nanoflakes on the surface of the water. The film can then be transferred to the desired
substrate either from above, via stamping, or below, by placing the substrate in the water layer and slowly removing
the water thereby lowering the film onto the substrate. Importantly both methods afford the user to maintain the same
morphology created at the liquid interface in the final film (Figure 1.9b,c)

In the same work where this method was presented, it was shown that the LLISA film exhibited more desirable mor-
phology than a film created at the liquid air interface (Figure 1.9e-g).®> Notably no aggregates were formed (Figure 1.9¢c),
and a single layer of flakes could be seen to clearly lie flat along the substrate (Figure 1.9d), neither of which was true
for the air-liquid film (Figure 1.9e-g). The improved nanoflake-substrate contact led to improved film conductivity and
superior performance as a photocathode for water reduction. Indeed, the film had higher photocurrents yet lower light
absorption indicating superior incident photon-to-chemical conversion efficiency (IPCE). Importantly film thickness
could be tuned by adding additional layers without disturbing previous layers all while maintaining the puzzle-like struc-
ture.

Since its realization the LLISA technique has been used frequently when dealing with 2D TMD nanoflakes as it delivers
optoelectronic and electrochemical performances superior to previous works where any of the previously discussed
methods were employed (drop casting, spin coating, etc.).667:829394  Thijs allowed for the exploration of fundamental
principles related to 2D TMD films without the convolution of poor substrate contact or faulty flake-to-flake charge
transfer.”72% For example, the realization that optimal solar-to-chemical energy conversion takes place in large, thin
flakes thereby motivating much of the work presented in this thesis.®”
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1.9 Fine tuning thin films of 2D TMDs

At this stage, after preparing, selecting, and depositing the TMD nanoflakes along the needs of the device, the process
may be complete. However, as is often the case, additional modification may still be needed to enhance or adjust certain
aspects of the film. In this final section a few of the many ways to do this, namely via heterojunctions and defect miti-
gation techniques, are considered.

1.9.1 Van der Waals heterojunctions

As briefly discussed in section 1.4.1, van der Waals heterojunctions (vdWHJ) can be an effective way both to tune the final properties
of the film and enhance photogenerated charge separation, particularly in TMDs. The vdW interactions between the two materials
help the two materials to restack with some degree of orientation and communicate electronically.6® Of the three possible types,
type Il heterojunctions with staggered band alignment are the most promising for PEC applications.®® Indeed, many works have fo-
cused on TMD vdWHJs with WS,-MoS,;, WSe,-WS,, and WSe,-MoS, being the most popular (Figure 1.10a-c).59608395-97 As the CB
minimum and VB maximum are found in separate materials, photogenerated charges prefer to migrate and reside in separate loca-
tions(Figure 1.10b).599597 This enhances charge separation and facilitates eventual charge transfer by reducing charge recombina-
tion.60.9597 Indeed, groups have shown photoluminescence quenching in monolayer vdWHJs suggesting efficient charge transfer and
reduced charge recombination.%9> This is important for solid-state devices and crucial for PEC devices where transferring photogen-
erated charges out of the material to perform the desired chemical reaction can be challenging. Notably enhanced PEC performance
has also been shown in MoS,-WS, vdWHJs.%52¢ Given the ease of creating high-quality TMD vdWHIJs using the previously discussed
LLISA method (Figure 1.10c), it is a powerful route towards enhancing the performance of TMD-based devices and one that is solu-
tion-processable.

1.9.2 Hybrid organic-inorganic heterojunctions

Beyond inorganic heterojunctions, combinations of organic and inorganic materials can be used to create type Il junc-
tions as well.?>°® As the organic layer can be easily tuned it may even offer a greater range of possibilities compared to
purely inorganic combinations. The feasibility of a hybrid organic/inorganic heterojunction was demonstrated using
perylene-diimide functionalized with dihexanoic acid (DHA-PDI) and MoS; (Figure 1.10d,e).%* The hybrid system, used as
a photoanode, produced photocurrents 6 to 10 times higher than either individual material (Figure 1.10f) and IPCE
values up to 8 times higher. The behavior was explained by improved photogenerated charge carrier separation which
is similar to that seen in the type Il TMD vdWHIJs (Figure 1.10f-inset). This simple demonstration suggests even more
opportunity for tunability in solution-processable TMD-based devices.
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Figure 1.10. Examples of TMD based heterojunctions.

(a) lllustration of vdWHJ based on WSe: (purple) and MoS: (yellow) and a (b) schematic of the resulting band alignment and charge separation mech-
anism. (c) Experimental demonstration of (a,b) using sequential LLISA film depositions. (d) transmission electron microscopy image of hybrid
MoS:/DHA-PDI film. (e) Photograph of pure and hybrid films. (f) J-V curves of pure and hybrid films under intermittent lighting and an I'/I5 redox couple
(inset shows predicted band alignment and charge transfer mechanism). Figures reproduced from references & (c) and *® (d-f).

1.9.3 Defect mitigation

Another way to reduce charge recombination and improve PEC performance is defect mitigation. This step typically
takes place post film formation and there exists a myriad of techniques to achieve this. Like always the choice of defect
mitigation technique (DMT) largely depends on the final use of the device, with some DMTs only being suitable for
certain applications. This section discusses defect healing via thermal annealing and defect passivation via atomic layer
deposition (ALD) and surfactant treatment.

1.9.3.1 Low temperature annealing

Under the right conditions, thermal annealing is a simple, scalable option for defect healing in thin films. And while the
effects can be difficult to attribute to one sole factor (i.e., defect healing, removal of contaminants, improved flake-
substrate contact, etc.), the beneficial effects have been well demonstrated.”®’%% In extreme cases it has even been
shown that it is possible to partially recover the semiconducting (2H) properties of chemically exfoliated semimetal (1T)
MoS, nanoflakes by annealing at 300 °C.”® While full recovery is not possible,” it suggests that post film annealing step
are beneficial regardless of the state of the starting material. Indeed, several groups, have demonstrated increased
performance after annealing at 200-300 °C for a variety of devices: photoelectrodes, transistors,’® light emitters,”>°°
etc. Thus, thermal annealing represents an easy and reliable method for improving the performance of TMD devices.
However, it should be noted that thermal annealing can also lead to defects depending on the parameters (i.e. temper-
ature, vacuum, chalcogen-rich environment, substrate) selected.3*
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1.9.3.2 Defect passivation
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Figure 1.11. Examples of defect mitigation techniques.

(a) Schematic of edge defect passivation on the edges and step edges of a TMD nanoflake via ALD. (b) J-V curves of ALD deposition on different WSe:
nanoflake films under intermittent light using organic redox chloranil. Gray lines show photocurrent (Jon) of the bare electrodes and colored lines
show Jph after ALD deposition. Flake size decreases from A to D. (c) Schematic of defect healing in WSez. As-received powder (yellow) is pre-annealed
(blue) or processed directly in to a nanosheet film. Both films are then treated with a silane group to give “raw-HTS” and “healed-HTS” films. (d) The
absorbed-photon-to-chemical-energy (APCE) efficiency is shown for the resulting films described in (c) for hydrogen evolution in acidic conditions.
Figures reproduced from references  (a,b) and ®® (c,d).

On the other hand, the effects of ALD and surfactant treatments are well-understood to be the result of defect pas-
sivation.®6-68100-102 | short, ALD is a thin film deposition technique which works by reacting precursors in the gas phase,
each one reacting sequentially with the surface and typically with preference to surface defects.®”,1%! The process is self-
limiting allowing very thin films to be deposited in a controllable fashion. Less controllable, chemical treatments work
by introducing the thin film to a molecule which possesses one moiety that is attracted to dangling surface bonds (de-
fects) in semiconductors.5%681% This is usually done by submerging the film in a solution containing the surfactant, the
most common being silane-based surfactants. The benefits and drawbacks of both treatments are considered next.

ALD of Al,0s has been frequently used to passivate edge defects, particularly in PEC devices for water oxidation.'%! For
example, attempts to passivate WSe, with Al,0; yielded improved photocurrent and decreased dark current (Figure
1.11b).%” However, the improvement scaled as a function of the nanoflake lateral dimensions with larger flakes benefit-
ting the most.?” It was shown that ALD took place preferentially at the edge sites, leaving the basal planes relatively
untouched (Figure 1.11a).%” Open-circuit potential measurements confirmed that photogenerated charge carrier re-
combination was largely suppressed, thus improving photovoltage.®” However, because ALD had little interaction with
the basal plane, step-edge defects located at these sites were not passivated. Thus, to bring the discussion full circle,
sonicated flakes, which are smaller and possess many step-edge defects, would benefit less from this treatment com-
pared to the single-crystal electrochemically intercalated nanoflakes (section 1.6.3), which have larger lateral dimen-
sions and step-edge free basal planes. In contrast, ALD of Al,Os is not suitable applications that take place in aqueous
solutions of H,S04, namely PEC hydrogen production, owing to its instability in acid. Thus, DMT must be chosen accord-
ing to nanoflake morphology as well as desired implementation.
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In contrast, chemical treatments have been shown to work well in acidic conditions.®® Silane groups represent the most
commonly used molecules, with bis(trifluoromethane)sulfonimide (TFSI) being a popular choice. Though the mecha-
nism of defect passivation is not well-understood, TFSI has been used to improve photoluminescence to near unity and
improve charge mobility in MoS; nanosheets.®3821% |ndeed, treating MoS, nanoflakes with trichlorosilane groups can
be used to improve the conductivity and charge mobility of multiflake devices; however, the length of the attached alkyl
chains has a nontrivial effect.®? Notably hexyltrichlorosilane (HTS) has been shown to outperform butyl- or octyltrichlo-
rilanes.®? Accordingly, in another work, this finding was applied to single-layer nanoflake films of WSe, for water reduc-
tion in H,504.¢ Treating the WSe, photocathode with HTS effectively doubled the photocurrent compared to untreated
samples (Figure 1.11d). In fact, when employed with a pre-treatment strategy (Figure 1.11c), HTS-treated samples nearly
quadrupled the measured photocurrent and more than doubled the IPCE compared to untreated samples. This repre-
sents a facile DMT suitable for various materials and device applications.

Thus, as with each step in the film formation process, final device configuration (ex: vdWHJ) and DMT must be chosen
based on the nature of the nanoflakes selected, the morphology of the deposited thin film, and the intended use of the
entire system. For example, more aggressive DMTs are required for chemically exfoliated than for sonicated than for
single-crystal electrochemically intercalated nanoflakes. This represents the final step in assembling a photochemically
active 2D puzzle.
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1.10 Motivation

The previous sections have highlighted the exceptional semiconducting properties of 2D materials and the numerous
ways to produce, process, and tune them. Despite the large volume of existing work, there remain certain gaps which
prevent the use of semiconducting TMDs on a globally relevant scale. In particular there exist many methods to make
high-quality single-flake devices, but these approaches are not economically feasible for scale-up. In contrast, methods
which have been identified as scalable produce nanoflakes with undesirable morphology and high defect densities,
thereby diminishing their semiconducting properties. Thus, there remains a need for a scalable route to produce 2D
TMD nanosheets without sacrificing quality. Furthermore, while much progress has been made towards fabricating films
on the centimeter-squared scale, commercialization of 2D TMD-based devices for applications like solar energy conver-
sion will require m? fabrication capabilities. Once again this will require a system which is easily up scaled while main-
taining desirable film morphology.

Without these missing pieces, TMD devices will never make the transition from laboratory to real-world devices in large-
area applications. To this end, the goals of this thesis work are to (1) present a novel technique to produce high-per-
forming, semiconducting nanosheets from commercially available powders and (2) design a thin film fabrication system
capable of roll-to-roll 2D TMD film production.

Accordingly, Chapter 2 tackles the issue of scalable production of high performance, semiconducting TMD nanosheets.
A novel LPE method is presented which gives high yields of thin TMD nanosheets with large lateral dimensions and super
semiconducting properties, especially when compared to traditional LPE techniques. Importantly this method uses com-
mercially available powder, making it both economic and effective.

Chapter 3 follows this up by expanding this method beyond pure 2D TMDs to include alloyed materials. It is demon-
strated that a range of alloy compositions and concentrations can be made to fine tune the optoelectronic behavior of
these materials. In addition to scalability, this method provides an avenue for making multilayer alloyed nanoflakes,
both of which have generally been inaccessible to bottom-up approaches.

Therefore, Chapter 4 addresses the second goal by presenting an upscaled LLISA film deposition capable of continuous,
roll-to-roll 2D TMD film deposition. It is shown that this system can be applied for a range of layered materials and that
multiple depositions are possible, opening the door for thin film tuning at the large scale.

Finally, Chapter 5 provides conclusionary remarks and perspective on the future of this rapidly developing field. In ad-
dition to summing up the work presented in this thesis, remarks are made concerning ongoing questions and avenues
for future work.

When used in combination the chapters of this thesis map a path towards large-area films of high-performing TMD
nanosheets that can be precisely tuned according to the specific need of an application. It is hoped that this roadmap
will assist in enabling the transition of 2D TMD-based devices out of the laboratory and into the real world.
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A powder-based approach for the production of high-performance, semiconducting TMD nanosheets.

The previous chapter highlighted the exceptional semiconducting properties of two-dimensional (2D) transition metal
dichalcogenides (TMDs) and motivated their incorporation into photovoltaic (PV) and photoelectrochemical (PEC) de-
vices. However, it was also made clear that there lacks a suitable method for producing these materials in a scalable
fashion without sacrificing quality. This is a major issue for their commercialization and will be addressed in the forth-
coming chapter.

The liquid-phase exfoliation of semiconducting TMD powders into 2D nanosheets represents a promising route towards
the scalable production of ultrathin high-performance optoelectronic devices. However, the harsh conditions required
negatively affect semiconducting properties leading to poor device performance. Herein a gentle exfoliation method is
demonstrated which employs standard bulk MoS; powder (pressed into pellets) together with the electrochemical in-
tercalation of a quaternary alkyl ammonium. Resulting nanosheets are produced in high yield (32%) and are remarkably
thin (mono-, bi-, tri-atomic layers) with large lateral dimensions (>1 um), while retaining the semiconducting polymorph.
Exceptional optoelectronic performance of nanosheet thin-films is observed such as enhanced photoluminescence,
charge carrier mobility (up to 0.2 cm? V-1 st in a multi-sheet device), and photon-to-current efficiency while maintaining
high transparency (>80%). Specifically, as a photoanode for iodide oxidation, an internal quantum efficiency up to 90%
(at +0.3 V vs Pt) is achieved (compared to only 12% for MoS; nanosheets produced via ultrasonication). Further using a
combination of fluorescence microscopy and high-resolution scanning transmission electron microscopy (STEM) it is
shown that the gently exfoliated nanosheets possess a defect density (2.33 x 103 cm™2) comparable to monolayer Mo$S;
prepared by vacuum-based techniques and at least four times less than ultrasonicated MoS; nanoflakes. Finally, the
method is expanded towards other TMDs (WS,, WSe;) to demonstrate its versatility and open a path towards high-
performance and fully scalable van der Waals heterojunction devices.

" This chapter is adapted from a peer-reviewed article published in ACS Nano: Rebekah A. Wells, Miao Zhang, Tzu-Heng Chen, Victor Boureau, Marina
Caretti, Yongpeng Liu, Jun-Ho Yum, Hannah Johnson, Sachin Kinge, Aleksandra Radenovic, and Kevin Sivula. High Performance Semiconducting
Nanosheets via a Scalable Powder-Based Electrochemical Exfoliation Technique. ACS Nano. 2022.
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2.1 Introduction

Ultrathin “two-dimensional” (2D) nanosheets of semiconducting transition metal dichalcogenides (2D TMDs) with the
chemical formula MX; (X =S, Se, etc. M = W, Mo, etc.) are promising materials for next-generation optoelectronic de-
vices including transistors, light emitting diodes, and sensors, thanks to their exceptional semiconducting properties and
intrinsic stability.103-1%¢ These attractive properties together with the earth abundance of their atomic components also
makes them particularly attractive for large-scale applications requiring robust semiconductors such as photovoltaic,
photoelectrochemical, or photocatalytic energy conversion at a globally-relevant scale.®>1%7-1%° Towards this goal, sig-
nificant research efforts have been directed towards the fabrication of large-area, low-cost 2D TMD films 617883110

When considering the scalability and cost-effectiveness of 2D TMD film fabrication, liquid-phase exfoliation techniques
that employ bulk powders of micrometer-sized TMD particles®® have a clear advantage over techniques that employ
high-vacuum processes (such as chemical vapor deposition (CVD) 1112 and molecular beam epitaxy (MBE)!!2), or exfo-
liation methods that require large single crystals as starting material (e.g. mechanical exfoliation!*). Indeed micron-

115 and can be easily exfoliated into optoe-

sized crystalline powders of TMDs can be readily synthesized at large scales
lectronically active 2D nanoflakes or nanosheets dispersed in solution using ultrasonication,®¥%116117 shear, 118 or chem-
ical exfoliation (via Li ion intercalation).”®%° The resulting 2D nanomaterial dispersions can then be easily processed into

thin films using scalable roll-to-roll techniques.®

However, despite the versatility of the current liquid phase exfoliation approaches, the semiconducting performance of
the produced nanosheets are drastically decreased by the harsh nature of these exfoliation methods.®*57797%7% |ndeed,
ultrasonication or shear methods break MX bonds within the 2D layers leading to nanoflakes with small lateral dimen-
sions as well as a high concentration of chalcogenide vacancies,®*’%!® and chemical exfoliation techniques lead to a
conversion of the semiconducting 2H crystal phase of the TMD sheets to the semi-metallic 1T form, thus destroying the
semiconducting properties.””7>120:121 \While significant efforts have been directed to healing defects and repairing the
semiconducting properties of liquid-phase exfoliated 2D TMDs,66:67.7477,79,82102122 mqgst reported procedures require ag-
gressive chemical, heating, or laser treatments in the solid state, which limits the versatility and scalability of the overall
process. Moreover, the performance of defect-treated 2D nanoflakes generally remains poor’® compared to nanosheet
preparation methods that maintain the pristine 2H-phase throughout processing, or that produce it directly (e.g. CVD
or MBE). Thus, despite significant efforts developing approaches for the liquid phase exfoliation of bulk TMD powders,
there remains a clear need to realize a procedure that can yield high quality semiconducting TMD nanosheets directly
via a scalable exfoliation procedure.

Electrochemically-driven intercalation techniques have the potential to offer scalable production of TMD
nanosheets,””*23712> and moreover recent reports using bulk single crystals’®& of TMDs have suggested that high-quality
semiconducting 2D nanosheets can be produced with an electrochemical intercalation technique employing bulky or-
ganic cations. While promising, these processes are fundamentally limited by the difficulty of producing large-sized bulk
single crystal TMDs. The following work leverages the electrochemical intercalation approach using a bulky organic cat-
ion and presents a versatile method for the gentle exfoliation of TMDs starting with commercially available TMD pow-
ders. It is shown that MoS; nanosheet thin films produced from this method exhibit exceptional optoelectronic perfor-
mance and further demonstrated that the technique is suitable for exfoliating a range of TMD materials including MoS,,
WSe,, and WS,.
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2.2 Results and discussion

2.2.1 Electrochemical intercalation/exfoliation of pressed powder pellets

Figure 2.1. Schematic of the electrochemical pellet intercalation (ECPI) exfoliation method.

(1) As-received MoS; powder is pressed into a pellet. (2) The pellet is annealed at 1100 °C for 48 hours with excess S vapor. (3) The pellet isimmersed
in a solution of tetraheptylammonium bromide (THA*B") with a glassy carbon rod counter electrode. (4) Operating the pellet as a cathode causes THA*
intercalation and the sloughing of intercalated MoS.. (5) The intercalated powder is collected, rinsed, agitated, and finally centrifuged at low speed
to remove remaining bulk material. The result is a viscous, green-brown solution of exfoliated MoS; nanosheets.

To demonstrate the powder-based intercalation-exfoliation technique MoS; is used as a model TMD material due to its
well-documented challenges with the 1T-phase transition as well as its promising application for solar-energy conver-
sion devices.”®%® Figure 2.1 illustrates the full process of the electrochemical pellet intercalation (ECPI) exfoliation
method. First, commercially available micrometer-sized powder (Figure 2.2a,d) is pressed into a pellet using a standard
hydraulic press. The pellet is then annealed (1100°C for 48 hours) under the presence of excess sulfur (3:1 molar ratio
MoS;:S) to increase the mechanical robustness and electrical conductivity of the pellet. Indeed, larger crystalline do-
mains are observed by scanning electron microscopy of the annealed pellet (Figure 2.2b,c,e,f) compared to the unan-
nealed case and qualitative investigation of the pellet electronic conductivity shows little resistance across the annealed
pellet compared to unannealed pellet.
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Figure 2.2.Scanning electron microscope images of annealed and unannealed pressed MoS; pellets.
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Top view (a) and cross-section (d) of as-received MoS; powder pressed into a pellet without annealing. Only small domains up to 1 micron can be
distinguished. Top view (b) and cross-section (e) of as-received MoS, powder pressed into a pellet and annealed at 1000 °C for 8 h with excess sulfur
vapor. Some crystal growth and fusing is observed but domain size remains relatively small (< 2 um). Top view (c) and cross-section (f) of as-received
MoS; powder pressed into a pellet and annealed at 1100 °C for 48 h in excess sulfur. Large crystal domains and extensive fusing can be observed in
the 50+ micron range in both top and cross-section view.

Figure 2.3. The stages of pellet intercalation.

First (a) the annealed MoS: pellet (white alligator clip) is submerged in solution containing THA* and 10V is applied. The pellet begins to intercalate
slowly, resulting in the expansion of the pellet and some initial powder breaking free. After some time has passed more pellet material has intercalated
and broken away leaving the fluffy black powder seen in (b). The yellow solution is the result of bromide oxidized to bromine by the glassy carbon
electrode (rod). At the end of the intercalation process the majority of the pellet has broken away and remains at the bottom of the beaker. The
remaining pellet has expanded as a result of the intercalated, but not departed, MoS.. A close up of the remaining intercalated pellet after one hour
(c) and 24 hours (d).

The annealed pellet is then connected to a potentiostat as the working electrode using a metal clip and submerged into
an acetonitrile-based electrolyte containing tetraheptylammonium (THA*) bromide, so chosen for its large size (20A)
compared to the interlayer spacing of MoS; (6.1 A), and to avoid phase-changes as a result of electron injection.”® A
glassy carbon rod is used as the counter electrode, placed roughly 1 cm from the MoS; pellet, and a bias of 10 V is
applied causing THA* intercalation in the MoS; pellet cathode and bromide oxidization to bromine on the anode. As
intercalation proceeds, the electrolyte turns yellow due to bromine formation while areas of the pellet in contact with
the solution can be seen to visibly expand (Figure 2.3; a video demonstration can be found in the supporting information
of reference 1%9).
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Figure 2.4. Evidence of intercalation of THA* into the MoS; layered structure.

(a) Cyclic voltammogram for the MoS: pellet in 5mg/mL THAB in acetonitrile with glassy carbon counter electrode and Pt wire reference electrode.
Potential was swept between 8.0 and —10.0 V at 20 mV s™. (b) X-ray diffraction for pure MoS, powder and THA-intercalated MoS; powder. (c,d) Energy
dispersive X-ray spectroscopy of THA-intercalated MoS; powder. The N:Mo is calculated to be ~3%. Indicated region in (c) is shown magnified in panel

(d).

Intercalation of MoS; with THA* is confirmed with cyclic voltammetry (CV), X-ray diffraction spectroscopy (XRD), and
energy dispersive X-ray spectroscopy (EDS) (Figure 2.4). Periodically, these intercalated, expanded parts detach from
the pellet exposing new area of the pellet for intercalation. In principle, this sloughing feature is an advantage over
methods employing bulk single crystals where the single crystal cathode remains intact throughout the intercalation
process. Additionally, since the detached material is both intercalated and partially exfoliated, complete exfoliation into
nanosheets requires only gentle agitation (bath sonication in N-Methylpyrrolidone (NMP)), compared to the high-pow-
ered tip-probe sonication as described in single crystal demonstrations.”2°
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Figure 2.5. UV-Vis of fresh and sonicated NMP. ECPI-made MoS; dispersions.

(a) UV-Vis absorption of fresh NMP (black), bath sonicated NMP [Ultrasonic bath USC T, VWR, 45 kHz] (red dotted), tip sonicated NMP [800 W 50% -
10s on - 10s off - 0.4°C] (blue dotted), and fresh NMP with NMS dissolved up to 100 mg/mL (green). Because of the high energy input of tip sonication
NMP degrades during exfoliation using ultrasonication. This can be seen by the increase of absorbance of the blue line in the lower visible region
compared to the fresh NMP. This increase can be reproduced by dissolving NMS, a side product of NMP degradation, in fresh NMP. In contrast, the
bath sonicated NMP is identical to the fresh NMP, suggesting the low energy input does not lead to degradation. (b) Final dispersion of ECPI-made
MoS: nanosheets in NMP. The raw dispersion (left) is a viscous, greenish-brown solution in contrast to the black starting powder. The color change is
better observed in a diluted (at random) dispersion (right).

Notably the presence of N-Methylsuccinimide (NMS), a side product of the high-power ultrasonication of NMP,”* is
absent in this bath agitation approach (Figure 2.5 a) confirming the gentler nature of the process and eliminating the
problem of NMS contamination. After exfoliation, low-speed centrifugation is carried out to remove any unexfoliated
bulk powder, leaving a viscous greenish-brown solution (Figure 2.5 b). It is notable that no further nanosheet size selec-
tion is performed to isolate monolayers, or remove the smallest, optoelectronically inactive nanoparticles, like is typi-
cally performed with ultrasonication approaches.®’” Though the ECPI exfoliation method can be easily adjusted (see
Methods section), the typical process starts with 500 mg of as-received MoS; powder and ends with 8 mL of a dispersion
with a concentration of around 20 mg mL™ corresponding to a single pass yield of 32%. While yield is subject to numer-
ous adjustable processing parameters, namely centrifugation time and speed, this yield is similar to reports for high-
power ultrasonication and higher than studies on shear or hybrid chemical intercalation-ultrasonication methods (See
Table 1).6470:118,119
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2.2.2 Nanosheet characterization

2 Lavers
Figure 2.6. Structural and morphological characterization of ECPl made-MoS; nanosheets.

(a) TEM image and (b) selected area electron diffraction pattern of an ECPI-made MoS; nanosheet. (c) HAADF STEM image of a thin film of ECPI-made
MoS: nanosheets. The color-scale highlights thickness differences in the flakes: purple for monolayer, pink for bilayer or overlapping monolayers,
yellow for trilayers of overlapping mono/bi-layers, and white (saturated contrast) for regions greater than three layers. For better visualization the
flakes have been separated according to thicknesses and are shown with the same color scale in (d), (e), and (f).

To verify the success of the ECPI exfoliation method, the resulting MoS; nanosheets are extensively characterized next.
Transmission electron microscopy (TEM) was first used to examine drop-casted nanosheet dispersions. This revealed
the presence of pristine, thin MoS; nanosheets with lateral dimensions greater than 1 um, as seen in Figure 2.6a, that
have selected area electron diffraction (SAED) patterns confirming the semiconducting 2H-MoS; structure (Figure 2.6b).
In order to understand the relative abundance of such large, thin sheets (compared to smaller fragments) the MoS,
dispersion was processed into a thin film using a liquid-liquid interfacial self-assembly (LLISA) technique as described
previously,5# which produces a single layer of MoS; nanosheets on a desired substrate and allows hundreds of indi-
vidual flakes to be characterized simultaneously. The number of atomic layers in each nanosheet was investigated using
high-angle annular dark field (HAADF) scanning TEM (STEM), a technique sensitive to the thickness of thin samples,?’
and the presence of monolayer nanosheets was further verified by atomic force microscopy (Figure 2.7b,c). The HAADF
STEM image in Figure 2.6c was color-coded with respect to the number of atomic layers. Images showing isolated mono-
, bi-, and trilayers, were extracted from the HAADF-STEM image (Figure 2.6c) and are displayed in Figure 2.6d,e, and f,
respectively. These images facilitated the estimation of the nanosheet area distributions for each nanosheet layer pop-
ulation. Statistical results of the size estimation of over 150 nanosheets are displayed in the form of a histogram in
Figure 2.7a. Notably, unlike previous observations with nanoflakes exfoliated by ultrasonication®-%7.7082 the ECPI exfo-
liation method produces a majority of monolayer sheets over the entire nanosheet area range observed.
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Figure 2.7. Size-thickness analysis for ECPI-made MoS; nanosheets.

(a) Histogram of the nanosheet populations as a function of nanosheet area. Flakes thicker than 3 layers are less common than monolayers and tend
to occupy the smallest area range. This is in direct contrast to the expected size-thickness dependency where big flakes are normally thick and small
flakes are thin. (b) Atomic force microscopy (AFM) topography image of ECPI-made MoS: nanosheets. (c) Height analysis of monolayer marked red in

(b).

More specifically, previous descriptions of the liquid phase exfoliation of TMDs have consistently reported a similar
relationship between nanoflake lateral size and number of atomic layers (nanoflake thickness) where monolayers have
smallest dimensions and larger dimensions are only possible with thicker flakes.®#67798! This has been explicitly dis-
cussed for nanoflakes produced by ultrasonication exfoliation,®® and it is likely linked to the anisotropic mechanical
properties of the layered TMDs (stemming from the layered crystal structure). In stark contrast, the ECPI exfoliation
method is capable of producing very thin flakes (mono-, bi-, trilayers) with large lateral dimensions (> 1 um?) while
nanosheets with more than three atomic layers mostly occupy the smallest area range (< 0.25 um?, see Figure 2.7a). It
is reasonable to conclude that, since the ECPI exfoliation method does not rely on mechanical forces to exfoliate the
TMD layers,”® the resulting nanosheet size distribution does not have the same limitations as other powder-based ex-
foliation methods (See Table 1).

30



High performance semiconducting nanosheets via a scalable powder-based electrochemical exfoliation technique

Mo 3d MoS2 2H
Mo 3d MoS2 2H
Mo 3d MoS2 1T
i Mo 3d MoS2 1T
——82s
[—— Mo 3d MoO2
| —— Mo 3d MoO2
Mo 3d MoO3
Mo 3d MoO3 |
feevee- Envelope CPS j S
D —— T A N A

T T T T T T
240 238 236 234 232 230 228

Binding Energy (eV)

Intensity (cps)
Intensity (cps)

Intensity (a.u.)

250 78 76 74 72 70 68 66 o4 360 380 400 420 440 460
Binding Energy (eV) Wavenumber (cm ')

Figure 2.8. Chemical characterization of ECPI-made MoS; nanosheets.

The pristine nature of the nanosheets is confirmed by (a) Mo3d core level and (b) Br3d XPS and (a) Raman spectroscopy (see main text for references).

To further verify the quality of the ECPI exfoliated MoS; nanosheets, molybdenum and bromine core level X-ray photo-
electron spectroscopy (XPS) and Raman spectroscopy of the LLISA-deposited nanosheet films were performed, and the
results are shown in Figure 2.8. The XPS spectrum displays peaks from the Mo3d level at 229.7 eV and 232.7 eV and one
peak from the S2s orbital at 227.2 eV, which are in good agreement with the accepted references for pristine material.1?
Moreover, the deconvolution and fitting of the spectrum showed no trace of 1T-phase MoS; (see Figure 2.8a), and no
contribution from Br is recorded, suggesting that there is no detectable contamination from the THA* bromide (Figure
2.8b). Lastly, the Raman spectra displays two peaks corresponding to the in-plane E!y; and out-of-plane A;; modes at
384 cm™ and 409 cm™?, respectively (Figure 2.8c). No peaks corresponding to the 1T-phase (154 cm™, 219 cm™, or 327
cm™)12% were observed. These values confirm the pristine nature of the film despite the mix of the nanosheet dimen-
sions Methods section
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2.2.3 Defect mapping of EPI-made and ultrasonicated nanosheets

Figure 2.9. STEM and high-resolution STEM for ECPl-made and ultrasonicated MoS, nanoflakes.

HAADF STEM images for ECPI-made nanosheets (a, b) and sonicated (c, d) nanoflakes. High Resolution (HR) STEM images for ECPI-made nanosheets
(e, f) and sonicated (g, h) nanoflakes. Brighter regions suggest thicker material that interacts more strongly with the electron beam causing more
diffraction. (e, g) are HAADF detector images which have been falsely colored to highlight thickness differences. (f, h) are integrated differential phase
contrast detector (iDPC) images which allow clearer visualization of crystal defects and adatom contamination.

It is well understood that preserving the 2H semiconducting phase in MoS; is crucial for optoelectronic applications.
Compared to chemical intercalation, which induces the semimetal 1T phase, the ECPI method is clearly superior as a
scalable method for producing semiconducting nanomaterials. However, it is less clear if this gentle exfoliation tech-
nique holds a clear advantage over other 2H-preserving exfoliation methods, namely ultrasonication. To ascertain this,
dispersions of ultrasonicated MoS; nanoflakes using a procedure previously optimized for producing material with high
photoelectrochemical activity®® were prepared and compared to the ECPI-made nanosheets via a set of imaging tech-
niques performed on thin films of nanoflakes deposited by the LLISA technique. Resulting images are shown in Figure
2.9.

HAADF STEM images for ECPl-produced nanosheet films and sonicated nanoflake films are shown in Figure 2.9a and
Figure 2.9c, respectively. Both the ECPI and ultrasonicated nanoparticle thin films show the nearly close-packed mor-
phology that is typical of the LLISA deposition technique.®>783 However, the ECPI-made nanosheet film appears nearly
transparent against the background compared to the ultrasonicated nanoflakes, which appear generally brighter. This
is because the ECPI-made nanosheets are very thin, interacting minimally with the electron beam while the ultrasoni-
cated nanoflakes are thicker and therefore diffract the beam more strongly. Thus, despite each film being made up of a
single layer of nanosheets or nanoflakes, the ultrasonicated nanoflakes contain more atomic layers than the ECPI-made
nanosheets. This is further supported by analysis of UV-Vis absorbance spectra of the nanoflake dispersions used to
make the films (Figure 2.10b) where a shift in the exciton peak location confirms a difference in average atomic layer
numbers of the exfoliated nanoflakes/sheets. In addition to thickness differences, the ultrasonicated flakes have smaller
lateral dimensions which is expected according to the previous reports discussed above. Indeed, a statistical distribution
of the nanoflake size (Figure 2.10a) shows that the vast majority (96%) of the ultrasonicated flakes are below 0.25 um?
in area. At higher magnifications (Figure 2.9b and Figure 2.9d for ECPI and ultrasonicated nanomaterials, respectively)
a clear difference is also noted with respect to the presence of step-edge defects. While the ECPI-made nanosheets
appear flat with minimal edge steps, the ultrasonicated nanoflakes seem to consist of stacked atomic layers with differ-
ent lateral dimensions creating a large number of step-edges. Importantly, the presence of step-edge defects is well-
known to have a detrimental effect on the semiconducting properties of TMDs.3°
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Figure 2.10. Statistical and UV-Vis analysis of ultrasonicated MoS. nanoflakes.

(a) Statistical analysis of lateral dimensions of the ultra-sonicated MoS; nanoflakes shown in Figure 2.9c in the main text. (b) UV-Vis absorption of
the ECPI-made (red) and ultrasonicated (blue) MoS; dispersions. Exciton peaks A and B (around 670 nm and 612 nm, respectively) are blue shifted
for the ECPI-made nanosheet dispersion compared to the ultrasonicated, suggesting thinner nanomaterial. A peak around 420 nm, often referred to
as the “C peak” appears much sharper and in higher relative intensity to the A and B excitonic peaks in the ECPI-made dispersion compared to the
ultrasonicated dispersion. This observation has been attributed to both thinner3-133 and less defective’ 2D MoS,.

Differences in the defect concentration of the nanomaterials produced by the two methods are further highlighted by
high-resolution STEM imaging. Annular dark-field (ADF) images shown in Figure 2.9e and Figure 2.9g (color highlights
the thickness differences) were acquired simultaneously with integrated differential phase contrast (iDPC)'3* images
shown Figure 2.9f and Figure 2.9h for the ECPl-made and ultrasonicated MoS,, respectively (additional images can be
found in Annex Item 1, for a more thorough comparison). Notably the iDPC technique is very sensitive to changes in
height and contamination including adatoms.'3* From these images it is concluded that ECPI-made nanosheets do in-
deed possess flat basal planes as well as clean lattices. As with CVD or PVD grown and mechanically exfoliated
nanoflakes,37:3%4043.135 sy|fur monovacancy point defects can be observed; however, it is important to note that it is
challenging to differentiate intrinsic defects from those induced during imaging.3”-3° However, visual inspection of sev-
eral flakes gives an average defect density of 2.3 *+ 0.6 x 10** cm™, which is comparable to—and in some cases less
than—defect densities reported for CVD or PVD grown and mechanically exfoliated flakes.3%4%136 |n contrast, given the
irregular topography of the ultrasonicated nanoflakes, it is nearly impossible to find any large-area of flat basal plane of
a few atomic layers thickness for high-resolution STEM imaging (Figure 2.9g and Figure 2.9h, see Annex Item 1 for addi-
tional images). Moreover, the iDPC technique highlights high amounts of adatom contamination which appears worse
(blurrier) at the step-edges. These two factors make identifying point defects challenging and quantifying them unfea-
sible on the ultrasonicated nanoflakes.
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Figure 2.11. Results of 2D-PAINT method for mapping defects on films.

(a) ECPI-made nanosheets and (b) sonicated nanoflakes. Grayscale images show the PL for the 2D MoS: (left), heatmap images show the number of
the detected probe-defect binding events (center), and cyan-red maps show the probe-defect binding events (cyan) overlaid on the 2D MoS; PL (red)
to show probe location with respect to MoS; (right).

Given the difficulty to quantify the defect density difference between the MoS, nanomaterials produced with the two
different exfoliation methods using electron microscopy imaging alone, the next characterization employs a recently-
reported non-destructive technique for the large-area mapping of defects in 2D TMDs using fluorescent molecular
probes.3” This method, called 2D-PAINT, is a variation of Points Accumulation for Imaging in Nanoscale Topography
(PAINT) and relies on the specific interaction between a thiol functionality on the molecular probe and defects (sulfur
vacancies and edge defects) in the nanosheets. Also on the probe, opposite of the thiol group, is a dye whose intermit-
tent fluorescence is detected and imaged in an optical microscope. Applying the 2D-PAINT protocol to the solution-
processed 2D MoS; nanosheets herein affords the relative quantification of the defect densities on an ensemble of
nanoparticles. The results are shown for thin films of ECPI-produced (Figure 2.11a) and ultrasonicated nanoflakes (Figure
2.11b). The first panel (grayscale image) shows the normalized photoluminescence (PL) of the MoS; nanosheets them-
selves (not the molecular probe PL) observed in the 675-725 nm wavelength range (unnormalized images are shown in
Annex Item 2). The second panel (colored heatmap) displays the number of detected probes (509-530 nm wavelength
range) that have bound to defect sites on the MoS; nanosheets over the acquisition of 1000 frames. As observed in the
heatmaps, a higher concentration of probe-defect binding events is observed for the sonicated nanoflake films. An
overlap of the PL of the MoS; flakes and the heatmap of the probe-defect binding events is shown in the third panel to
better visualize the location of the probes with respect to the nanoflakes. To quantify the observed differences in probe-
defect binding events, the event density rates were extracted for multiple areas of each film leading to an average
probe-defect binding event density of 0.814 um™ frame™ for the ultrasonicated flakes and 0.283 um™* frame™ for ECPI-
made sheets. Such an event density rate is proportional to the total defect density on the nanosheets. Thus, by using
the 2D-PAINT method it can be estimated that ultrasonicated nanoflakes have roughly three times more defects com-
pared to the ECPlI-made nanosheets. However, due to the poorer dispersibility of the ultrasonicated nanoflakes, more
aggregation was observed in the thin film, which likely leads to an underestimation of the defect density.
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In fact, spatial autocorrelation of the probe-defect binding event heatmaps, allows us to quantitatively describe the
distribution of the probes via Moran’s Index.?*” For a Moran’s | value = 0 the events are considered a random spatial
distribution while increasing values are associated with grouping or clumping.'3” A Moran’s | value of 0.22 was recorded
for the ECPl-made nanosheets and 0.44 for the ultrasonicated nanoflakes,'3 which is consistent with a more even dis-
tribution for the ECPl-made samples and more concentrated probe binding events for the sonicated samples. It should
be noted that the clumping experienced by the ultrasonicated flakes can potentially lead to over-crowded probe binding
events that cannot be distinguished by 2D-PAINT, resulting in an underestimation of defects.
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2.2.4 Nanosheet optoelectronic and photoelectrochemical performance
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Figure 2.12. Optoelectronic properties for thin films of ECPI-made nanosheets and sonicated nanoflakes.

(a) UV-Visible (solid lines) and normalized PL (broken lines) spectra. Tauc plot analysis for the ECPI-made (b) and ultrasonicated (c) nanoflakes. By
fitting the linear regions (blue and green dashed lines), extrapolating (black dashed lines), and finding the intersection gives the intercept at 2.39 eV
for the ECPI-made nanosheets and 2.17 eV for the sonicated nanoflakes.

Having distinguished the ECPI-exfoliated nanosheets from the traditionally-produced ultrasonicated nanoflakes in terms
of morphology and defects, it is necessary to establish how these differences affect the optoelectronic performance of
the semiconducting nanomaterial. Firstly, the UV-Visible and PL spectra of the ECPI-prepared (red) and ultrasonicated
(blue) nanosheet thin films are displayed in Figure 2.12a. In terms of light absorption, despite both films being made up
of a single layer (one LLISA deposition) of nanosheets or nanoflakes with similar coverage (~80%), the ultrasonicated
nanoflake film absorbs 30-45% of the incident photons with energy above the excitonic peak (ca. 1.88 eV) while the
ECPI-produced nanosheet film absorbs < 20%. This is consistent with the observations made using STEM (Figure 2.9)
wherein the thicker ultrasonicated nanoflakes interact more strongly with the electron beam and thus are expected to
absorb more light. Additionally, blue shifts are observed in exciton peaks A and C of the ECPI film, found at 663 nm and
433 nm, respectively, compared to 668 nm and 477 nm in the ultrasonicated film, consistent with blue shifts observed
in the nanoflake dispersions (Figure 2.10). These blue shifts suggest larger optoelectronic bandgaps as a result of fewer
atomic layers in the produced nanomaterial'>!3°, Tauc plot analysis'*° confirms this hypothesis with estimated direct-
transition band gap energies of ~2.4 eV for ECPI-made nanosheets and ~2.0 eV for ultrasonicated nanoflakes (Figure
2.12). Indeed, the optical properties of these films are in direct agreement with the trends observed in STEM (Figure
2.9).

Using laser excitation at a wavelength of 532 nm, PL can be detected for both types of MoS, nanosheets and is shown
in Figure 2.12a (broken lines). The ECPl-produced nanosheets display strong PL; five-fold more than the ultrasonicated
nanoflakes, when normalizing the response. In accordance with the UV-Visible, the PL displayed by the ECPI film is also
blue shifted compared to the ultrasonicated film. It should be highlighted that the strong PL observed for the ECPI-made
nanosheet films is achieved without any complex post-film treatments which are typically employed (i.e. via laser an-
nealing,”®'*! chemical treatment,%10%102 gtc ), In addition to the established lower defect density (which should reduce
non-radiative recombination!*?) the higher PL can be attributed to morphology of the ECPI-made MoS; as thin, large-
area TMD nanosheets have longer exciton lifetimes.®”
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Figure 2.13. Photoluminescence spectra for ECPI-made MoS; nanosheets of different sizes.

Photoluminescence was collected using a Raman laser and 100x objective lens. Spectra were taken for several different random points surveying a
range of flakes thick and thin. All nanosheets display PL; however, the peak intensity and location shifts. Thus, PL is modulated as a function of flake
size.
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Figure 2.14. Photoluminescence for thin ECPI-made MoS: nanoflakes.

A typical ECPI-made dispersion was further processed at 16670 rcf to select the smallest and thinnest ECPI-made flakes. The flakes are shown via
HAADF STEM in (b). These flakes have much narrower size and thickness distributions. The lateral sizes, less than 500 nm across, are more similar to
those seen in the ultrasonicated nanosheets. Despite having smaller lateral dimensions, the flakes still display photoluminescence (a).

Additionally, it is notable that PL is observed for all ECPI-produced nanosheets regardless of size and can even be mod-
ulated as a function of nanosheet thickness (Figure 2.13). In fact, further processing of ECPI exfoliated dispersions at
high centrifuge speeds, to isolate nanosheets with smaller lateral size range (< 500 nm, more similar to that of the
ultrasonicated flakes), resulted in nanoflake thin films showing a sharp PL peak response (Figure 2.14). In contrast, the
ultrasonicated nanoflakes suffer from both small lateral dimensions (which limits exciton lifetime), and higher defect
densities (which increases the probability of non-radiative recombination). Together these aspects lead to fast recom-
bination rates and renders PL difficult to detect for ultrasonicated nanoflakes.5%°*
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Figure 2.15. Bottom gate / bottom contact transistors from ECPl-made and ultrasonicated MoS; nanoflakes.

(a) Shows a SEM image of the channel, (b) shows a sketch of the device, (c) is the output curves for LLISA deposited ECPI-made MoS; nanosheets and
(d) the transfer curve for a drain voltage of 40 V. (e) shows a SEM image of the channel, (f) displays the output curves for ultrasonicated MoS,
nanoflakes.

To compare the electron charge carrier mobility, W, of thin films prepared using the ECPI exfoliation method to the
standard ultrasonication, bottom gate/bottom contact field effect transistors (FETs) were fabricated by LLISA deposition
of ECPI-made MoS; onto gold patterned SiO; substrates. These simple devices (Figure 2.15a-d) show promising electron
mobilities (saturation region) up to pesat = 0.2 cm? V-1 s7! (and an average pesat = 0.11 cm? V=2 571 over eight devices).
Notably, this was achieved without any complex treatments, additives, or device configurations and represents a 10-
fold improvement over previous work using top-contact FETs made from ultrasonication exfoliated MoS,® even out-
performing reports made from CVD grown MoS; films.#37145 |n contrast, devices prepared by the same method but with
the ultrasonicated MoS; nanoflakes do not exhibit a gating effect (Figure 2.15e,f). This can be attributed to both the
small lateral nanoflake size that reduces connectivity across the transistor channel as well as defect-driven charge re-
combination.

The impressive UV-Visible, PL, and FET behavior of the ECPI-made nanosheets suggest that this material should exhibit
superior performance in solar energy conversion applications. To demonstrate this, simple photoelectrochemical (PEC)
devices were made by depositing a single layer of the exfoliated MoS; nanosheets onto fluorine-doped tin oxide (FTO)
coated glass substrates and evaluated the photo-driven oxidation of iodide (I7) to triiodide (I3~) under simulated solar
irradiation. The iodide/triiodide reaction (Figure 2.16c, inset) was chosen for its simple nature and well-studied mecha-
nism% compared to other potential redox couples. Moreover, iodine (l,) can be isolated as a potentially useful prod-
uct.’” For comparison, ultrasonicated MoS, nanoflake film devices were fabricated and tested under the same condi-
tions. The raw voltammetry data showing light and dark response can be seen in Figure 2.16a. The extracted photocur-
rent densities for the ECPI-made MoS; (red) and ultrasonicated MoS; (blue) are shown in Figure 2.16b as a function of
the applied potential.
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Figure 2.16. Photoelectrochemical (PEC) properties for films of ECPI-made nanosheets and sonicated nanoflakes.

(a) Raw linear scanning voltammetry (LSV) under intermittent 1-Sun solar illumination in 50 mM Lil, acetonitrile (a) Extracted photocurrent densities
for the I/Is. (c) Incident photon-to-current conversion efficiencies (IPCEs) for the I7/Is reaction at 0.3 V vs Pt reference electrode from 400-800 nm.
Inset: schematic of PEC set-up and I/ls reaction. (d) Absorbed photon-to-current conversion efficiencies (APCEs) correct IPCE for the percentage of
photons absorbed by each film.

Films made from ECPl-exfoliated MoS, achieve impressive photocurrents (average of 0.9 mA cm™ at +0.45 V vs. Pt in 50
mM Lil in acetonitrile over 12 photoanodes tested), with champion devices surpassing 1.25 mA cm= (Annex Item 3).
Compared to ultrasonicated nanoflake films, ECPl-prepared nanosheet films absorb less light (Figure 2.12) yet have
higher photocurrents (Figure 2.16a,b) and lower dark currents (see Figure 2.16a). Indeed at +0.3 V vs Pt, the ECPI-pro-
duced nanosheets shown in Figure 2.16b achieves three times more photocurrent (0.6 mA cm™) than the sonicated
nanoflakes (0.2 mA cm™). Note®®and (Figure 2.9 and Figure 2.11, respectively)

Considering the lower light absorption of the ECPI-made nanosheets compared to the ultrasonicated ones suggests a
large difference in the internal quantum yield between the two preparation methods. To confirm this, the photon-to-
current quantum yields were examined using monochromatic illumination between 400 and 800 nm at a photoanode
bias of +0.3 V vs Pt (chosen in order to fairly compare the sonicated and ECPI-made nanoflakes since the high dark
current of the ultrasonicated flakes at high voltages made extracting photocurrents unreliable). The extracted incident
photon-to-current conversion efficiency (IPCE) for both exfoliation methods is shown in Figure 2.16c. In both cases the
IPCE trace follows the absorptance spectrum of MoS;, with exciton peaks A and B around 660 nm and 606 nm, respec-
tively. However, the maximum IPCE of the ultrasonicated nanoflake photoanode (blue) is around 5% while ECPI-made
nanosheet photoanode (red) shows sharp features reaching 10% near the exciton peaks A and B and nearly 25% near
excitonic peak C (430 nm).
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The differences in the IPCE spectra are magnified when the photoanode light absorption is considered. Doing so gives
the absorbed photon-to-current conversion efficiency (APCE) shown in Figure 2.16d. Here the superiority of the ECPI-
made nanosheet film is clearly evident as it reaches 80% at 606 nm and 90% at 420 nm. Compared to sonicated films,
having a maximum APCE of 10%, this is 9-fold increase. Qualitatively this agrees well with the previous observations
that the ECPI-based nanosheet thin films absorb one third of the light on average (Figure 2.12a) yet produce three times
the photocurrent (Figure 2.16b). Note that applying a more positive voltage to the ECPI-made nanosheet photoanodes
would lead to slightly higher IPCE and APCE values since the saturation photocurrent density of the photoanode tested
was 20% higher than at the conditions tested (+0.3 V).

Compared to CVD-grown TMD monolayers tested in similar or more elaborate systems,>*148-151 the powder-processed
ECPIl-exfoliated perform equally or better (Table 1). For example, Wang et al. reported a CVD grown MoS; monolayer
with external and internal quantum efficiencies of 3.69% and 44.2%, respectively, for the iodide/triiodide redox couple
at +0.5 vs Ag/Agl in 1 M Nal (~0.57 vs Pt).>* Thus, the ECPI-made nanosheets reported herein represent benchmark solar
energy conversion performance for solution processed 2D MoS,.
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2.2.5 Applications to other layered TMD materials

Figure 2.17. ECPI-made nanosheets of other layered materials.

Figures (a) and (f) show thin films of the ECPI-made 2D TMDs via LLISA deposition onto FTO for Wse, and Ws,, respectively. Figures (b) and (g) show
SEM images for sonicated nanoflakes of Wse, and WS, respectively. Figures (c) and (h) show SEM images of ECPI-made nanosheets for Wse; and

WS, respectively. Figures (d) and (i) show bright-field TEM images for Wsez and WS;, respectively. Insets: selected area diffraction patterns. Figures
(e) and (j) show HAADF STEM images for WSez and WS, respectively.

Photon Energy (eV)

Photon Energy (eV)
a - 3282624 22 2 1.8 16 14 b 3 28 26 24 22 2 18 16
T T T T T T T T ‘»\I T T T T T T T T
Sonicated WSe, ‘,,_,,,v" \‘_ - — 50 . Sonicated WS, |
- ECPI WSe, H ‘1 1 ,". ECPIWS,
Y ;) - [}
i ; N
i L ~ 40 i .
< - i L 5 o =
Eo AR 3
@ ¥ H r ~
g ; i 2 8w 12
8 30 \ 1 2 @ 2
5 r A 1e 2 [}
S i £ g | =
2 | 920 13
< " SN g = 7
“i A
/ AN I
% '\“\ 10 4
10 g T
L . . - " [
400 450 500 550 600 650 700 750 800 850 900 950 1000 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Wavelength (nm)
Figure 2.18. Optoelectronic and PEC properties of ECPI-made WSe; and WS; nanosheets

UV-visible spectra (solid lines) and photoluminescence spectra (broken lines) for WSe; (a) and WS; (b). Colored lines represent ECPI made TMD while
the gray lines show the sonicated material. As with MoS,, sonicated material absorbs (solid lines) more photons than the ECPI-made nanosheet films.
As expected ECPlI-made nanosheets display more PL than their sonicated counterparts, three times as much in the case of WSe, and more than ten
times as much for WS,.

As a final note, expanding the scope of the ECPI exfoliation method was demonstrated by employing it to prepare
nanosheets of other TMDs such as n-type WS, and p-type WSe. In these cases, only small adjustments (including, for
example, the mass of powder for the pellet and the annealing conditions) were needed to afford the successful exfoli-
ation. Large-area and thin nanosheets were observed for the W-based TMDs without any additional treatments (Figure
2.17). Comparing the UV-Visible and PL spectra of these ECPI exfoliated WS, and WSe; to their ultrasonicated counter-
parts shows similar improvements as was observed for MoS; (Figure S19, Sl). These results underline the effectiveness
of the scalable exfoliation technique reported herein and, since many 2D TMD-based devices employ van der Waals

heterojunctions of more than one TMD, this showcases the feasibility of fully solution-processed high-performance het-
erojunction 2D TMD devices.
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2.3 Conclusions

In summary, this chapter presented a versatile and scalable approach for the gentle exfoliation of layered TMDs into 2D
nanosheets. By processing commercially-available TMD powders into annealed pellets, the intrinsic conductivity of the
material was leveraged to electrochemically intercalate them with large molecule cations. In doing so size-thickness
limitations experienced by other solution processable exfoliation techniques are overcome to produce very thin flakes
with large lateral dimensions. While the traditionally-produced ultrasonicated nanoflakes are thick, small, and plagued
by edge-steps, the ECPI-produced nanoflakes show more desirable morphology being thin, large, and with pristine, flat
basal planes. These factors lead to improved optoelectronic properties including enhanced PL, exceptional charge car-
rier mobility, and high photocurrent density while absorbing less than 20% of the incident light. These last properties
manifest as high internal quantum yields reaching 90% for the ECPl-made nanosheet photoanodes compared to just
12% for the ultrasonicated nanoflake photoanodes. Surprisingly the ECPlI-made nanoflakes films even outperform CVD
made flakes under similar testing conditions. Finally, the adaptability of this method is demonstrated by exfoliating W-
based TMDs WS, and WSe,. Like MoS,, these materials experience improved morphology and optoelectronic properties
compared to their sonication counterparts. This greatly expands the range of configurations for high-performing 2D
TMD devices. Thus, this work provides an advance for the scalable production of 2D materials ideally engineered for
solar-energy conversion applications.
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Table 1. Reference table comparing the performance of ECPl-made nanosheets to other relevant works.

Reference table comparing the properties, yield, photon conversion efficiency, intended use, and method of fabrication of TMD nanoflakes from 14
different works, including this one. The table includes both CVD and solution processable methods give the reader an overview of the field.
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2.4 Methods

Pellet Pressing + Annealing

500 mg of as-received MoS; powder (Sigma-Aldrich; powder < 2 um, 99%) was pressed using a manual Beckman hy-
draulic pellet press, 12.5 mm diameter die, up to 10 tons and held for 5 s. It is noted that this is a standard KCI pellet
press (as used for FTIR spectroscopy sample preparation) which operates by filling the die (polished plate, powder,
polished plate), compressing the sandwiched powder in the die with a pushing rod, and applying the pressure via the
press to the pressing rod to compact the pellet. The polished plates and pressed pellet are then gently removed from
the die using the pushing rod.

Up to three 500 mg pellets are vacuum sealed in a fused quartz glass tube (see Figure S20, SI) with 100 mg S powder
(3:1 molar ratio MoS;:S) ensuring the pellets are not touching to avoid fusing. The pellets are heated from room tem-
perature to 1100 °C over 8 hours, held at 1100 °C for 48 hours, then allowed to cool naturally. Similar conditions were
used for WS,. For WSe; better annealing results were obtained using 750 mg pellets and heating from room temperature
to 1000 °C over 8 hours, holding for 12 hours, and cooling naturally. See Supporting Information, Method note 1 for
additional information concerning starting mass, die diameter, and annealing conditions.

Electrochemical Pellet Intercalation and Exfoliation

The annealed pellet was clipped with an alligator clip and placed in a 50 mL beaker with a glassy carbon counter elec-
trode. Both electrodes were connected to a potentiostat with the MoS, pellet as the working electrode, WE. The two
electrodes are placed roughly 1 cm apart. A solution of 5 mg mL™ tetraheptylammonium bromide (Acros Organics, 99%)
in acetonitrile (Merck Millipore) was added until the pellet is submerged without liquid touching the alligator clip, and
with sufficient space between electrodes to avoid contact as the WE expands. A voltage of 10 V was applied for 24 h
(WE as cathode), during which the solution begins to turn yellow at the anode, and the pellet begins to slowly expand
and slough off. After the pellet has become a fluffy powder at the bottom of the beaker, the powder and remaining
pellet was carefully collected and washed thoroughly with ethanol via vacuum filtration with a nylon filter (pore size
0.45 um). The solid material is transferred to a 50 mL centrifuge tube with 10 mL of NMP (Acros Organics; 99+% for
spectroscopy) before and bath sonication (Ultrasonic bath USC T, VWR, 45 kHz) in water at 25°C for 1-2 hours. Finally,
the solution was centrifuged for 30 min at 120 rcf using an Eppendorf centrifuge 5810 equipped with a FA-45-6-30 rotor.
The top 8 mL of supernatant is collected and transferred to a new container. See Supporting Information Method notes
2 - 6 for additional information concerning salt choice, applied voltage, intercalation time, exfoliation time, and centri-
fuge speed.

Ultrasonication Exfoliation

For MoS,, 500 mg of as-received powder (Sigma-Aldrich; powder <2 um, 99%) was sonicated in 50 mL of NMP (Acros
Organics; 99+% for spectroscopy) by using a Qsonica Model Q700 probe sonicator for 2h at 50% amplitude (10 son, 2 s
off) while keeping the solution at 0.4 °C with a recirculating chiller. The resulting dispersion was first centrifuged for 30
min at 120 using an Eppendorf centrifuge 5810 equipped with a FA-45-6-30 rotor. The supernatant was collected and
centrifuged at 7750 rcf for 30 min. The pellet was collected and redispersed in 10 mL (10:1 by volume) of tert-butanol:n-
butanol (Sigma-Aldrich; ACS reagent >99.7%) via bath sonication for 30 min in ice water.

Thin Film Formation

Thin films were made via a liquid/liquid interface created between deionized water and hexane (Sigma-Aldrich; >99%)
using a previously-described approach.®” Transfer to substrate was accomplished by aspirating the organic phase and
then either aspirating the water phase to descend the film onto a pre-positioned substrate (for FTO glass) or via a
stamping method (for FET substrates) wherein the substrate is manipulated with a suction pen and pressed into the
film, transferring the material onto the substrate. FET substrates were cleaned by UV/O; for 10 min prior to deposition.
Films were then annealed at 200 °C for 120 min in a vacuum oven to remove excess solvent.
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UV-Visible / Raman / PL Spectroscopy / XPS / XRD

UV-Vis spectra were acquired using a Shimadzu UV 3600 spectrometer from 800-300 nm using an integrating sphere
with step size 1 nm and slit width of 5 nm. Measurements of solutions were taken using a quartz cuvette and films were
analyzed directly in transmission mode. Dispersions of nanosheets in NMP were diluted in water. The same quantity of
NMP was placed in water and used for a blank. Films were measured first in transmission mode then in reflectance
mode using an air blank. Inverse mode was used to collect total reflectance and double beam mode was used to avoid
fluctuations within the machine. All films were measured substrate-side towards the light source to mimic PEC testing
conditions. The absorption of FTO was measured and calculated separately. Absorptance was calculated as shown in
Equation 2.1 and Equation 2.2:

Absorptance (A%) = 100 — %T — %R

Equation 2.1. Absorptance of MoS; film on FTO-glass.

Absorptance(MoS,) = Absorptance(MoS, + FTO) — Absorptance(FTO)

Equation 2.2. Extracted absorptance of MoS..

Where %T and %R are the percent transmission and reflection, respectively. Raman spectra and PL spectra were ob-
tained using a Horiba Xplora Plus Raman microscope with 532 nm radiation (40 mW). Raman spectra were acquired
from 100-1800 cm® using a 100x objective, slit of 200 um, hole of 500 um, a grating with 2400 gr/mm, 10% filter, 10 s
of acquisition, and 5 accumulations. The PL spectra were obtained from 550-950 nm using a 100x objective, a grating
with 600gr/mm, slit of 200 um, hole of 500 um, 255 filter, 4s of acquisition, and 4 accumulations. Pl spectra were nor-
malized according to Raman signals appearing around 580 nm. XPS spectra were acquired using a PHI Versa Probe I
(Physical Instruments AG, Germany). Analysis was performed using a monochromatic Al Ka X-ray source operated at 50
W. The spherical mirror analyzer was set at 45° take-off angle with respect to the sample surface. The pass energy was
46.95 eV yielding a full width at half maximum of 0.91 eV for the Ag 3d 5/2 peak. Curve fitting was performed using
CasaXPS software. X-ray diffraction measurements were taken in Debye-Scherrer geometry (scanning mode) using Cu-
K-alpha radiation on a Bruker D8 Discover Plus instrument equipped with a rotating anode and a Dectris Eiger2 500K
detector. Samples were loaded into 0.5 mm borosilicate capillaries and spun during data acquisition.

SEM / TEM / HAADF STEM / HR STEM

SEM images were acquired using a Zeiss Merlin operated at 2 kV with probe current of 100 pA, a working distance of
about 2.8 mm, and using an in-lens detector. HAADF STEM images and SAED were acquired on a FEI Talos F200S micro-
scope operated at 200 kV. HAADF STEM images were obtained using a probe current of 100 pA, a camera length of 77
mm (collection angle > 75 mrad) and a dwell of 1-2 ps. High-resolution STEM images were acquired on a FEI Titan Themis
microscope operated at 80 kV and equipped with a field emission gun (X-FEG). The aberrations of the probe were cor-
rected with a CEOS DCOR system up to the 3rd order. ADF and iDPC imaging were acquired simultaneously using a probe
current of 30 pA, a camera length of 230 mm (collection angle for ADF > 35 mrad) and a dwell time of 8 ps.
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2D-PAINT

Defect mapping of MoS; was performed by the 2D-PAINT method that has been described in detail previously.?” Imaging
was performed on a custom-built total internal reflection fluorescence microscope with a dual-channel view optical
system (DV2, Photometrics) and an EMCCD camera (iXon DU-897, Andor) that allows simultaneous recording of the
specimen in the split wavelength windows of 509-530 nm and 675-725 nm. During imaging, liquid-exfoliated MoS;
nanosheets on a coverslip are mounted in a reservoir on top of the high-NA oil-immersion objective lens (UApo Nx100,
NA 1.49, Olympus). The probe, consisting of a 70 base pairs DNA oligomer with a thiol tail and an Atto 488 labeling dye
is used in all experiments. The probe concentration was 1.0 nM. Illumination from a 488 nm laser (Sapphire, Coherent)
was used to excite the sample and the probes. Exposure time is set as 50 ms with 500 ms sampling rate. For each
experiment, 1000 frames are recorded. Post-processing of the images to localize the centroids of the defect-bound
fluorophores is done by FlJI plugin ThunderStrom using integrated Gaussian PSF without multi-emitter fitting.'>2 Recon-
structed images were plotted using averaged shifted histograms rendering. Spatial autocorrelation analysis of the re-
constructed images is performed with a MATLAB code®®3 to extract Global Moran’s | value with the weight matrix set as
9-by-9 pixels (equivalent to 20-by-20 nm, close to the localization uncertainty).

FET Testing

FET measurements were carried out in a nitrogen atmosphere using a custom-built probe station and a Keithley 2612A

dual-channel source measure unit. Au coated SiO, transistor substrates (Fraunhofer ISE) were used with 10 mm channel
widths (W) and an insulator capacitance (C) of 1.8-:108 F. Channel lengths (L) of 5 or 10 um were used. Two LLISA
nanosheet depositions on the substrate were used to ensure continuous nanosheet coverage. Drain voltage was
scanned from 0-40 V with gate voltages from 0-40 V. The slope (m) was extracted from the device transfer curve and
the charge carrier mobility, psat, was calculated according to Equation 2.3:

2Lm?
HUsat = W_Cl

Equation 2.3. Charge carrier mobility.
Photoelectrochemical Testing

Single-layer (one LLISA deposition) nanosheet films deposited on FTO-coated glass were used as photoelectrodes di-
rectly. Linear scanning voltammetry (LSV) measurements were obtained using a three-electrode (BioLogic SP-200 po-
tentiostat) system with the TMD thin film as the working electrode a glassy carbon counter electrode and a Pt pseu-
doreference electrode. The active area of the electrode was 0.26 cm?. The electrolyte was 50 mM Lil and 25 mM TBAFP
(Sigma-Aldrich, 99%) in acetonitrile (Merck Millipore). Voltage was applied from —0.3 V to +0.5 V (vs Pt) at a scan rate
of 10 mV s71. A 1000W Xe light source with water and KG2 filter (Schott) was used and calibrated to 1-sun intensity.
Illumination was intermittent during LSV measurement ; on for 2s, off for 2s. All samples were measured substrate-side
towards the light source. To estimate the IPCE, photoelectrodes were measured under illumination from a Tunable
PowerArc monochromator. Incident photon power was recorded via a silicon photodiode. The illumination was scanned
from 650 nm to 400 nm with 2 nm steps and 2s light on and 2s light off between wavelengths while the photocurrent
was recorded at +0.3 V vs Pt.
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Methods Notes:

1. The starting mass of TMD powder and the die diameter can be adjusted as needed. It is also possible that
annealing times and temperatures can be adjusted; however, it is important to observe enough crystal grown
and fusing such that the pellet is electrically conductive. When using THAB a strong yellowing of the solution
indicates successful intercalation while weak or non-yellowing solutions may suggest the pellet is not well-
connected.

a. Typically annealing takes place in a quartz tube with an inner diameter of 15 mm and outer wall of 19
mm (2 mm thick walls). The final tube length is normally 12-15 cm after sealing. Note that with 100
mg of S powder the estimated pressure inside the tube can reach 16.5 bar and only certain quartz
tubes are able to withstand this pressure as small defects in the quartz tubes walls can lead to explo-
sions. To avoid this, the quartz must be of high quality with no defects.

2. Itis expected that other ternary ammonium salts will perform with similar success (i.e. tetraethylammonium
bromide, tetrapropylammonium bromide, tetrabutylammonium bromide, tetrabutyl ammonium tetrafluorob-
orate, etc.). To avoid producing bromine, tetraheptylammonium iodide or tetraheptylammonium hexa-/tetra-
fluoroborate may be used.

3. Alower or higher voltage may be used to achieve similar results. In the case of lower voltage, the intercalation
will take place more slowly and will therefore require more time. Conversely, higher voltages will induce faster
intercalation rates, but may have negative side effects with respect to oxidizing the counter electrode. A po-
tential of 10 V was chosen as the acceptable compromise between voltage applied and intercalation time.

4. Intercalation can be carried out for more or less time as desired. Generally, less time means less intercalation
and therefore less exfoliated material and more time produces the opposite trend to an extent. In the work
shown here 24 hours was the appropriate compromise between yield and time. Note that that the unexfoli-
ated, intact pellet can be retrieved after centrifugation, dried, and intercalated-exfoliated a second (or third,
fourth, etc.) time without negative consequences. The amount of NMP added after washing an also be adjusted
to tune final solution concentration as needed.

5. Bath exfoliation can also be extended as needed. If the solution does not appear viscous (clinging to the wall)
and/or has not undergone a color change (from black to greenish for MoS;), the solution needs more sonication
time. Figure S20b-e (see below) compares a well-exfoliated dispersion to a poorly exfoliated dispersion with
photographs and microscope images. Since different bath ultrasonicators have different powers and often pos-
sess “hot spots”, attention to this detail is important to ensure proper exfoliation.

6. Centrifuge speed can be adjusted to select for smaller or larger nanosheets as desired. For the purpose of this
work 120 rcf was suitable for removing bulk material while maintaining good yield.
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Chapter 3 Facile production of two-dimensional
transition metal dichalcogenide alloys
via a powder-based, solution-processa-
ble approach

Commercially available powders transformed into alloyed TMD nanosheets.

The previous chapter described a novel powder-based route for making high-performance transition metal dichalco-
genide (TMDs) nanosheets using an electrochemical pellet intercalation (ECPI) technique to assist exfoliation in a gentle
manner. This method not only worked well for model material MoS,, but could also be extended to other common
TMDs (WSe; and WS,). To further extend this method, this next chapter extends the technique beyond pure materials
to include alloyed TMD nanosheets.

The alloying of two-dimensional (2D) TMDs represents a promising route towards inexpensive, robust, and scalable
semiconductors with continuously tunable optoelectronic properties. However, to date all methods presented for fab-
ricating alloyed TMD nanosheets involve complex fabrication processes, which are not suitable for the scalable produc-
tion of large-area devices. Herein this chapter describes a powder-based, solution-processable route for the formation
of 2D TMD alloyed nanosheets. This method builds upon the previously discussed ECPI technique by simply mechanically
mixing two TMD powders prior to pellet formation. Beginning with the much-studied Moo sWsS; alloy, it is shown that
it is possible to achieve alloyed nanosheets wherein the metals are distributed over the nanosheets, as shown by high
resolution scanning transmission microscopy (STEM) and that the composition can be reliably controlled during the
pellet forming step as a result of ratio of the starting TMD powders. Accordingly, the optoelectronic properties of these
TMD nanosheets are tuned as a function of composition. For another degree of tunability it is shown that this method
can be used to form both metal-alloyed (MogsWosS and MogsWosSe) and chalcogenide-alloyed (MoSSe and WSSe)
nanosheets. Finally, this method is employed to make quaternary (Moo sWo sSSe) nanosheets. Using STEM with the help
of an integrated Differential Phase Contrast (iDPC) detector it is possible to differentiate the metal columns from the
chalcogenide columns, confirming the distribution of the atoms and the formation of the alloy. As a final note ultraviolet
photoelectron spectroscopy (UPS) is used to map the relative work functions of thin films of the nine (four pure, four
ternary alloyed, one quaternary alloyed) 2D materials presented in this work. This demonstrates the ability of this pow-
der-based, solution-processable approach to produce 2D TMDs with a broad range of optoelectronic properties in large
guantities.
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3.1 Introduction

Van der Waals layered materials are a promising class of materials owing to their thickness-dependent properties and
the ease at which they can exfoliated. Transition metal dichalcogenides (TMDs) represent an important subset of this
class of materials with nearly 40 different MX, (M = metal, X = chalcogenide) combinations to choose from°. These
combinations span the full range of materials from semimetal to semiconductor to superconductor!®. Of the possibili-
ties, M =Mo, W and X =S, Se have garnered much attention for their exceptional semiconducting properties, particularly
in their two-dimensional (2D) form124154155 Accordingly, exciting advances have been made with these materials in-

cluding photovoltaic, photoelectrochemical, catalysis, electronics, super-computing, and biomedical applica-
ti0n565,78,1557160_

More recently it has been shown that an additional degree of tunability can be obtained by making ternary and quater-
nary monolayer TMD alloys**4>48:161-163  Alloying allows for continuously tunable bandgaps, where the optoelectronic
properties can be precisely controlled based on the alloy combination and composition. The formation of these TMD
alloys is energetically favorable and complete miscibility is attainable*®*’. Indeed, all possible combinations involving
Mo, W, S, and Se, including ternary and quaternary alloys have been predicted theoretically and demonstrated experi-
mentally. As is the case for the pure materials, monolayer TMD alloys possess direct bandgaps because the same orbitals
participate in the conduction and valence band of the alloys as the pure materials*®*’. However, the location point of
the alloyed bandgap in the Brillouin zone may differ from the pure case and the bandgap energy varies parabolically as
a function of alloy composition due to a phenomenon known as band bowing**47/183, The vast number of possible TMD
combinations in conjunction with composition tuning allow for unprecedented optoelectronic opportunities for these
materials.

However, it should be noted that all demonstrations to date have been made via energy intensive approaches including
chemical vapor deposition (CVD), atomic layer deposition (ALD), molecular beam epitaxy (MBE), etc.'®! While these
methods have provided the necessary results to demonstrate and characterize these 2D TMD alloys, they are not suit-
able for scaled-up production.?! Additionally, studies have generally been limited to monolayers as growth conditions
are such that large-area multi-layer flakes are challenging to obtain.*®

This chapter address this limitation by presenting a solution-processable route for producing 2D TMD alloys. The method
begins with inexpensive, commercially-available starting materials and leverages the method reported in chapter two,
electrochemical pellet intercalation (ECPI), which has been shown to produce high-performing TMD nanosheets.? It is
demonstrated that this method can be used to make a range of TMD alloys (M = Mo, W, Sn; X =S, Se), including ternary
and quaternary, and that control over composition can be exerted. Importantly similar behaviors are observed in these
solution-processed nanosheets as in those made via CVD and MBE thus paving the way for large-scale alloyed TMD
devices.
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3.2 Results and discussion

3.2.1 Bulk alloyed TMD pellet fabrication

Figure 3.1. Schematic of the modified electrochemical pellet intercalation (ECPI) exfoliation for formation of 2D TMD alloys.

(1) As-received TMD (ex., MoSz and WS:) powders are ground together using mortar and pestle, pressed into a pellet, and annealed at 1100 °C for 48
h with excess chalcogenide vapor. (2) The annealed pellet is immersed in a solution of tetraheptylammonium bromide (THA* Br~) with a glassy carbon
electrode. Applying a bias with the TMD pellet as a cathode causes the THA* intercalation into the pellet and eventual detachment of the intercalated
material. (3) The intercalated powder is collected, rinsed, gently agitated, and centrifuged at low speed to remove remaining bulk material. The result
is a concentrated solution of exfoliated, alloyed TMD nanosheets.

The ECPI method, as presented in Chapter 2, is easily adjusted to make alloyed TMD nanosheets by simply mixing the
two pure TMD powders prior to pellet formation as depicted in Figure 3.1. The two TMD powders are mechanically
mixed in the desired concentration, for example equimolar amounts of MoS, and WS, to make MogsWqS,. Annealing
times and temperatures can be tailored based on the chalcogen species; for example higher temperatures for S-based
TMDs compared to Se.'” After annealing the pellet has sufficient electronic conductivity and can be electrochemically
intercalated with the large molecule cation THA*. After exfoliation using ECPI, low-speed centrifugation is performed to
remove the unexfoliated bulk, leaving a dispersion of TMD nanosheets. Note that this dispersion contains a range of
flake thickness from mono- to few-layer and different flake sizes can be selected according to the needs of the intended
application. If successful, this presents a promising approach when considering the difficulty of scaling up CVD tech-
niques and, in particular, growing multilayer alloyed flakes.
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Figure 3.2. Characterization of alloyed TMD pellet.

Powder XRD patterns from pellets made of pure MoS: (purple), pure WS; (green), and 1:1 MoS2:WS; (blue). (a) Wide view shows sharp, high-intensity
peaks confirming the crystallinity of the three pellets. (b) Close up of the (002) reflection shows systematic peak shifting consistent with changed
lattice parameters. (c) Calculated lattice parameters for pure MoS:; (purple), pure WS; (green), and 1:1 MoS2:WS; (blue) show a perfectly linear cor-
relation consistent with Vegard’s law.

As one of the most well-studied ternary alloys to date®>-48161,162,164-166 '\, ,\W,S; was chosen as a model system to
showcase this powder-based technique and demonstrate control over composition. A mixed pellet of 1:1 atomic ratio
MoS,:WS, was made by grinding together equimolar amounts of MoS; and WS, powder. In an effort to achieve a more
homogenous mixture the two powders were manually ground in a mortar and pestle for 2-3 minutes before they were
pressed into a pellet. The pellet was annealed at 1100 °C for 48 hours: the same conditions as for pure MoS,/WS; pellets.
X-ray diffraction (XRD) of the pure and mixed pellets shows well defined peaks consistent with successful formation of
crystalline domains (Figure 3.2a). A closer look at the (1 0 2) peaks at 14.35-14.40 shows a systematic shift to higher 26
from WS; to Moo sWosS; to MoS; (Figure 3.2b). This is consistent with a change in lattice parameters with the incorpo-
ration of the W atom. By fitting the intensities show in Figure 3.2a it is possible to calculate the unit cell volume for each
parameter, as shown in Figure 3.2c. The change in volume is perfectly linear and appears to follow Vegard’s law for
alloyed materials, which empirically states that combining two materials with the same crystal structure should yield a
linear combination of their lattice parameters according to the composition.*” This initial observation supports the no-
tion that the 1:1 MoS,:WS; mixed pellet has been successfully transformed to form the Moo sWqsS, bulk alloy.
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3.2.2 Nanosheet characterization
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Figure 3.3. STEM and high-resolution STEM of Moo.5sWo.5S2 nanosheets.

(a) STEM EDX of a typical nanosheet shows presence of S (top right), Mo (bottom left), and W (bottom right) distributed across the flake. STEM
operated at 200 kV. (b) High-resolution STEM HAADF image of monolayer region of a Moo.sWo.sS2 nanosheet. Brighter atoms correspond to W; darker
atoms to Mo. STEM operated at 80 kV. (d) Cropped and enlarged region highlighted in (b). Image falsely colored for clarity, W in green and Mo in
blue. (c) Line intensity profile of grayscale image as indicated in (d). The maxima correspond to metal atoms and minima to S, columns. W is assigned
to the higher intensity maxima and Mo to the lower maxima. Quantitative analysis finds a 53:47 ratio for W:Mo.

After confirming the formation of the Moo sWosS; alloy in the bulk phase, the pellet was electrochemically intercalated,
as described in Chapter 2,'%° to give a viscous dispersion of exfoliated nanosheets. The dispersion was then characterized
in the liquid phase or as thin films made by a previously described liquid-liquid interfacial self-assembly (LLISA) method.®°
Note that the thin films are approximately 5 cm? (Annex Item 4), but have the potential to be easily scaled to meters-
squared films.%?

Given the alloyed nature of the pellet, the TMD nanosheets produced from the pellet are expected to be alloyed as well
and with the same atomic concentration that was used to make the pellet. To confirm successful formation of the
Moo.sWosS; alloyed nanosheets, scanning transmission electron microscopy (STEM) and energy dispersive X-ray (EDX)
spectroscopy were used to observe the elemental mapping of the nanosheet (Figure 3.3a). From this image of a ca. 500
nm nanosheet it is possible to observe the presence of both the sulfur (red) and metal (blue and green) atoms, of which
the latter appear to be homogenously spread across the nanosheet, suggesting the successful formation of the 2D
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Moo.sWogsS; alloy. Note that phase pure, i.e., MoS; and WS,, nanosheets were observed if the starting powder was not
mechanically ground prior to pellet formation (Annex Item 5).

As EDX cannot achieve atomic resolution, high resolution STEM was performed to confirm the atomic mixing of the Mo
and W atoms. A high-resolution STEM high-angle annular dark field (HAADF) image of a monolayer region of a
Mo0o.sWq.5S2 nanosheet is shown in Figure 3.3b. The HAADF detector can be used to identify atoms of different Z values
as the intensity of the signal, or brightness, scales according to Z2.** Given that Mo and W have very different Z values,
they can be reliably differentiated from one another as well as the S atoms (Figure 3.3c,d). W is the largest atom and
thus interacts most strongly with the electron beam, appearing brighter, followed by Mo and then S. Figure 3.3d maps
out the W and Mo atoms as green and blue, respectively, for clarity. By mapping the intensity as highlighted in Figure
3.3d, a periodic pattern is observed where the maxima represent a metal atom, and the minima is vacuum (Figure 3.3c).
Two different maxima species can be seen where the higher maxima correspond to W and the lower correspond to Mo.
The variation in the minima is explained by the different chemical species surrounding the vacuum space, which causes
fluctuations in the beam.

An integrated differential phase contrast (iDPC) detector was used to observe both the metal (Mo, W) and chalcogen
(S) sites simultaneously (Annex Item 6). In this case the intensity of the atoms follows a linear relationship of Z, allowing
them to be differentiated;'** here the brightest spots will once again be W, followed, by Mo, and then by S,, and finally
S. This last case can be observed as occasional light spots in the form of S vacancies. This is consistent with the previous
work using this imaging technique (Chapter 2) as well as with CVD and mechanically exfoliated monolayers.3%4*

While preliminary computational works had suggested that the most energetically favorable atomic configurations are
those in which Mo-S-W bonds are maximized (an ordered W/Mo/W pattern),*® experimental works, including this
one, exclusively show a disordered phase, or clustering of atoms.**162-164 |ndeed, Tan and coworkers reexamined this
phenomena and found that the disordered phase becomes increasingly favorable with increasing temperature.®”
Therefore, given the annealing conditions used in this work (1100° C), the disordered phase is expected and consistent

with both recent computational and previous experimental works.

Finally, the Mo:W atomic ratio is considered. As the atomic ratio of the pellet was made 1:1, the same is expected
from the exfoliated nanosheets. Indeed, of the 1352 atoms displayed, 710 are W atoms and 642 are Mo atoms, yield-
ing a W-to-Mo ratio of 53% to 47%. This initial result is a good indication that some compositional control can be ex-
erted over the alloyed nanosheets via the starting mixture; however, additional compositions should be examined to
confirm this.
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3.2.3 Composition-tuned Mo(1-xWxS2 alloyed nanosheets

a b Photon Energy (eV) c

325 350 375 400 425 450 475 32 28 24 2 16 ol

~1.908|
21,96
il
1 &
Q
51.90.
51.85—
1.86]
1.84

19

E1

e
@

00 02 04 06 08 1.0
W atomic content

(1 o1 pazilewou) 1d

Intenisty (a.u.)
Absorbance (normalized to 1)

’
1 L ol L g

325 350 375 400 425 450 475 350 400 450 500 550 600 €50 700 750 800

Wavenumber (cm™) Wavelength (nm}

Figure 3.4. Optoelectronic characterization of Mo(-W,Sz2 nanosheets.

Investigation of Mo(1-4WxS2 nanosheets for x = 0 (purple, top), x = 0.4 (blue), x = 0.5 (light blue), x = 0.6 (teal), and x = 1 (green, bottom). (a) Raman
spectroscopy of a LLISA deposited thin film of 2D Mo-9WxSz. (b) Normalized UV-Vis absorbance spectra (solid lines) for Mo(-xW,S: nanosheet dis-
persions and normalized PL (broken lines) for thin films. (c) Extracted A excitonic peaks from the UV-Vis spectra and plotted as a function of x (W
atomic content). The black solid curve is the quadratic fit for the extracted data points and describes the bowing effect observed.

To ascertain whether some general control over nanosheet composition is feasible, the properties of these nanosheets
are studied as a function of composition. It has been theoretically predicted that the most energetically favorable Mo(-
WS, alloys are in the range of x = 0.44-0.66.%¢%” For this reason, alloyed TMD pellets with compositions x = 0.4-0.6
were chosen for exfoliation into nanosheets. Figure 3.4a shows the Raman spectra for LLISA films made of MoS,,
Mo00.6W0.4S2, M0 sWo.5S2, M0o.4Wo 6S2, and WS, from top to bottom, respectively. Pure MoS; displays the expected peaks
at 385 cm™ (E5) and 410 (Ayg) consistent with few-layer MoS,. With increasing W content, the A;; mode shifts to lower
frequencies (higher wavenumbers), eventually reaching 422 cm™, consistent with pure, few layer WS,. In contrast the
E', peaks from the pure MoS; shifts to higher frequencies (lower wavenumbers) and decreases in relative intensity with
increasing W content, eventually disappearing. Additionally, a second E',, peak is observed with the addition of WS,,
increasing in frequency as W content increases. These trends are consistent with those observed in CVD and ALD made
Mo(1-9 WS Nnanosheets, 45162168169 demonstrating compositional control in the thin films presented here.
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After confirming the composition of the flakes, the resulting optoelectronic properties can be evaluated. Figure 3.4b
shows the normalized ultraviolet visible (UV-Vis) absorbance spectra for the Mo(1-WS; dispersions (solid lines) and the
photoluminescence (PL) of the films (broken lines) studied in Figure 3.4a. It should be noted that the absorbance gives
an overview of all the flakes present in solution while the PL focuses on a small region of a single film. Once again, the
pure materials display the expected excitonic peaks at 671 nm (A) and 609 nm (B) for MoS; (top) and 625 nm (A) For
WS, (bottom). Importantly distinct excitonic peaks are present in the alloyed nanosheet dispersions, as opposed to a
mix of the MoS; and WS; signals. Indeed, as WS, content increases the A excitonic peak shifts first to lower energy
before shifting back to higher energies. This phenomenon is known as “band bowing” and it has been well-studied for
alloyed TMDs.#4-47,163,168-170 T hetter observe this behavior the A exciton peaks for several samples have been extracted
and plotted in Figure 3.4c. The bowing effect can be described by Equation 1.1,

EpexiMog_yWys, = (1 =X)Ea_ Mos, + XEa,, ws, = bx(1 —x),
Equation 1.1. Bowing parameters.

where x is the W content, Aex is the location of the excitonic peak, and b is the bowing parameter. Fitting the extracted
points in Figure 3.4c yields a bowing parameter of 0.19 £ 0.01 which is in excellent agreement with studies based on
CVD and ALD-made monolayers.4>162:163

In accordance with the absorbance spectra, band bowing can be seen in the PL spectra of the thin films (Figure 3.4b,
broken lines). Notably PL can be recorded for each alloy mixture, though intensity, Stokes shift, and peak sharpness can
be variable as a result of the flake morphology in the region of interest as discussed in Chapter 2;'?° indeed additional
tuning is possible by controlling layer number, which can be tuned during the centrifugation step and is an advantage
over CVD methods as noted in the introduction. Despite possible variabilities the general trend holds: the PL peak shifts
first to lower energy, then to higher energy. These results indicate that both absorbance and emission can be fine-tuned
using this method.
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3.2.4 Other ternary TMD alloys
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Figure 3.5. XPS for films of alloyed TMD nanosheets.

Mo3d (blue), W4f (green), S2p (red), and Se3d (yellow) core level spectra for the ternary alloyed TMD nanosheets confirms the presence of the
expected elements for each combination.

It has been clearly shown that the ECPI method can be used to make alloyed Mo(1-xWxS; TMD nanosheets and that their
optoelectronic properties can be accordingly controlled. To further extend the application of the ECPI alloy formation,
it is of interest to consider what other ternary alloys could be prepared. Thus, attention is now directed to other com-
binations comprised of Mo, W, S, and Se. In addition to Mo(1-WS, other candidates include Mo -y WSez, MoS(-,)Sey,
and WS(1-)Sey. As with Mo1-gW.S,, it has been generally predicted that the most favorable concentrations are when x,y
=0.5.%647 Therefore, MoosWosSez, MoSSe, and WSSe were selected for this demonstration, and dispersions of alloyed
nanosheets were prepared using the established ECPI method.

X-ray photoelectron spectroscopy (XPS) confirms the presence of the expected elements according to the alloy compo-
sition (Figure 3.5). A more detailed fitting of the W4f and Mo3d orbitals can be found in Annex Item 7 and Annex ltem
8, respectively. It should be noted, however that these XPS results do not differentiate between an alloy and a hetero-
junction of pure phases, for example. To concretely confirm alloy formation Raman spectroscopy is shown in Figure
3.6a. These results show vibration modes which are distinct from the pure phase (ex., Mo-S-W or S-Mo-Se) and con-
sistent with monolayer CVD grown demonstrations.*#4>4950.162.168 pane| one and two (green and purple) show evidence
for the typical group VI metal-alloyed TMDs, M0g.sWy5S2 and Moo sWg sSez. Notably this means that both n-type and p-
type alloys can be fabricated and tuned using this method. Additionally, panel three and four (cyan and blue) confirm
that chalcogen-alloyed TMDs are also attainable, finishing off the possible combinations. These mixtures are important
as semiconductors with different extrinsic behaviors, for example n-type WS, and p-type WSe,, can be merged to make
materials with ambipolar behavior,* for example. Additionally, the incorporation of S into Se-based materials may help
to improve their stability.*’” This greatly expands the number of blends and, therefore, range of properties that can be
harnessed using this method.
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Figure 3.6. Characterization of ternary alloyed nanosheets made from combinations of Mo, W, S, and Se.
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From left to right: Mo-gW,S: (green),Mo—W,Sez (pink), MoSSe (cyan), and WSSe (blue). (a) Raman spectroscopy for thin films made of the four
ternary alloys. (b) Normalized UV-Vis absorbance spectra of the nanosheet dispersions (solid lines) and normalized PL spectra of the thin films (broken

lines) for the four ternary alloys.

Next, the optoelectronic properties are studied using UV-Vis (solid lines) and PL (broken lines) in Figure 3.6b. As with
the Raman spectroscopy the UV-Vis spectra show unique absorption signals, displaying altered exciton peaks and re-
gions of increased absorption compared to the pure TMDs. Accordingly, PL is also shifted compared to the pure mate-
rials and can be recorded for all combinations, with the exception of the Moo sW sSe; alloy. Given the red-shifted nature
(compared to MoSe; and WSe;) of the excitonic peak and the expected Stokes shift of the PL signal, it is possible that PL
is present but not detectable in the set-up used in this work. Another explanation could be the general instability of

selenide-based materials.’”* Indeed, if too many defects are present charge recombination may occur too quickly to be

detected in this very simple apparatus.
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3.2.5 Quaternary TMD alloy formation
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Figure 3.7. Characterization of quaternary alloy MoosWosSSe.

(a) Powder XRD pattern for the alloyed pellet (orange) as well as the pure starting materials MoS; (purple) and WS, (green). Inset gives a closer look
at reflections (1 0 3), (0 0 6), and (1 0 5) from left to right, respectively. (b) Raman spectrum for a thin film of exfoliated MoosWo.sSSe. (c) XPS spectra
for a thin film of exfoliated Moo.sWosSSe for core level Mo 3d (top left), W 4f (bottom left), S 2p (top right), and Se 3d (bottom right). (d) Normalized
UV-Vis absorbance spectra of the nanosheet dispersions (solid lines) and normalized PL spectra of the thin films (broken lines) for the quaternary
alloy. Sharp peak at 900 nm is assigned to fluorescing defects in the glass substrate.*?

As all four of the common TMD components (Mo, W, S, Se) have been successfully incorporated into ternary alloys, it is
reasonable to expect that the quaternary alloy MoW,S-)Sey is attainable. This should be possible either by mixing
all four binary TMDs MoS,, WSe,, WS,, MoSe,, a combination of three, or the correct choice of two. Figure 3.7 shows
the results of mixing MoS, with WSe; in equimolar amounts in hopes of obtaining Moo sWo.5S1Se1 nanosheets using this
method.

XRD analysis of the annealed Mo(5Wo5SSe pellet is shown in Figure 3.7a, along with XRD for the pure materials that
were mixed to form the pellet. From the wide view it can be seen that all three materials give sharp peaks, consistent
with the formation of crystalline domains. The inset shows a close up of the (1 0 3), (006), and (1 0 5) peaks, respectively
left to right. For each reflection the quaternary alloy lies directly in the middle of the two pure materials, seemingly
following Vegard’s law for alloyed materials.*’ As the lattice parameters for MoS, and WSe, are quite different,” a
distinction is more clearly seen here than in the MogsWosS; pellet. Convinced of the successful alloying of the pellet,
ECPI assisted exfoliation was performed to produce and analyze resulting nanosheets.

Once again XPS spectra confirms the presence of the four expected elements (Figure 3.7c, Annex Item 7, Annex Item 8),
but this is not sufficient to assert alloy formation. For additional confirmation, the Raman spectrum for a Moyo.5)Wo.sSSe
nanosheet film is shown in Figure 3.7b. This spectrum is complex as is expected for a material with many vibrational
modes including: Mo-S-W, W-S, Mo-S, Mo-W-Se, W-S-Se, Mo-S-Se.** Importantly this spectra is not only distinct from
either pure material, but also from all of the ternary alloys previously discussed (Annex Item 9).

The optoelectronic properties of these nanosheets are examined in Figure 3.7d. As with the previous alloys UV-Vis (solid
line) shows a unique signature. The PL (broken line) is severely red shifted compared to the pure materials, thereby
extending the range to the infrared edge of the spectrum. Note that the sharp peak seen around 900 nm is attributed
to PL defects in the underlying glass substrate (Annex Item 10).
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Figure 3.8. STEM EDX and high-resolution STEM of 2D Moo.5Wo.5SSe nanosheets.

(a) STEM EDX of a typical nanosheet shows presence of Mo (top left), W (top right), S (bottom left), and Se (bottom right) distributed across the flake.
STEM operated at 200 kV. (b) High-resolution STEM HAADF image of a mono and bilayer region of a multilayer MoosWosSSe nanosheet. On the
monolayer area (left) brighter atoms correspond to W; darker atoms to Mo. On the bilayer area the brightest spots correspond to W/W columns,
intermediary spots to Mo-W columns, and dimmest spots to Mo/Mo columns. STEM operated at 80 kV. (c) High-resolution STEM iDPC image of a
multilayer flake where both metal and chalcogenide columns can be identified. (d) Line intensity profile for line highlighted in (c). Metal columns are
assigned to the first maxima (green) and chalcogenides the second (red). (e) Schematic of predicted lattice recorded in (c) with the same line profile
highlighted. Green atoms are assigned to metal columns and red to chalcogenide columns.

To examine the elemental mapping and atomic configuration of the quaternary alloyed nanosheets, STEM EDX and high-
resolution STEM are shown in Figure 3.8. STEM EDX suggests the presence of all four elements with even spreading over
the entire 2D nanosheet (Figure 3.8a). High-resolution STEM was performed in hopes of distinguishing atoms based on
their Z values (Figure 3.8c-e); however, the lighter nature of the chalcogens atoms makes them more challenging to
distinguish compared to the metal atoms. To overcome this an integrated differential phase contrast (iDPC) detector
was used as it is more sensitive to small changes in Z, scaling linearly (Figure 3.8c).13%173

To reliably differentiate the atoms, a monolayer region is required to limit the possible number of chalcogenide atom
combinations along the z-axis to five (i.e., S-S, S-Se, Se-Se, S-vacancy, Se-vacancy). Adding more layers quickly compli-
cates the situation rendering quantitative analysis challenging. As the quaternary nanosheets were found to be more
sensitive to oxidation and degradation, likely due to the selenium, only multilayer flakes could be examined (Figure 3.8b-
e).

While it is not possible to identify the exact atomic nature of each item and therein quantify atomic ratios, Figure 3.8b-
d still supports formation of the alloy and homogenous atom distribution. The edge of a nanosheet is shown in the
HAADF image in Figure 3.8b with a small monolayer region on the bottom left and a bilayer on the right. Atoms of
different intensities can be distinguished as result of the heavier W atoms and lighter Mo atoms. On the leftmost region
the spots will be single Mo (dimmer) or W atoms (brighter), while the bilayer area will be metal columns (i.e., W/W
(brightest), W/Mo (medium), Mo/Mo (dimmest)). Consistent with the STEM EDX, the two metal species are evenly dis-
tributed across the flake with some clustering as observed with the MogsWosS; case and consistent with ALD-grown
monolayers.*
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To observe the chalcogenide columns a thin region (tri-layer) of a flake is investigated with the iDPC detector (Figure
3.8c). From this grayscale image it is possible observe the hexagonal lattice (illustrated in Figure 3.8f) of the nanosheet
and to see that atom columns of varying intensities are present. A top-view schematic is shown in Figure 3.8f for clarity
while Figure 3.8e shows the schematic of a cross section of a trilayer. Metal atoms (M = Mo or W) are represented in
green, chalcogen atoms (X =S or Se) in red.

The line profile is shown in Figure 3.8d for the purple line highlighted in Figure 3.8c,f. A From this profile a periodic
pattern is observed with two types of maxima corresponding to heavier columns (yellow) and lighter columns (blue).
These maxima are a combination of metal and chalcogen atoms as depicted in Figure 3.8e. As the iDPC intensity scales
linearly, the brightest spots correspond to M-X-M columns (yellow) and can therefore be attributed to the first maxima
as it is, on average, the greater of the two. The second maxima species (marked in blue) is therefore attributed to the
X2-M-X; columns (blue) and the minima is vacuum. Note that a flake with an even number of layers (2,4,6, etc.) would
have two maxima which generally even out (i.e., Xo-M-X2-M or M-X-M-X;), while an odd number of layers will have one
column that is typically greater than the other owing to the heavier metal atoms (M-X2-M or X,-M-X3). The latter case is
observed here, supporting the tri-layer claim (observing a clear iDPC signal as shown here is challenging for flakes grea-
ter than 3 layers, eliminating 5-layers,7-layers, etc.).

Of critical importance, both the yellow and blue maxima vary along the line selection, indicating the presence of dif-
ferent chemical species. This indicates that different atomic combinations (M-X-M or X;-M-X; columns) are present
and distributed over the nanosheet, further supporting the formation of the quaternary alloy. Thus, the 2D nanosheet
quaternary alloy is formed with confidence.
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3.2.6 Overview of the electronic structures of the 2D TMDs made via ECPI-exfoliation
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Figure 3.9. Summary of electronic structures of the ECPl-made 2D TMDs.

Relative work functions of all the thin films of 2D TMD materials explored in this work including: four pure materials, four ternary alloys, and one
quaternary alloy.

Finally, ultraviolet photoelectron spectroscopy (UPS) was used to estimate changes in the band structure as a function
of alloy composition. UPS was performed on the thin films made from each material. Taking the information provided
by the secondary electron cut off (SECO) it is possible to estimate their work functions. Thus, the estimated relative
work functions of the pure, ternary alloyed, and quaternary alloyed materials are depicted in Figure 3.8. The trends of
the pure materials follow those reported in the literature,'’* allowing the trends of the alloyed materials to be consid-
ered as well. This display highlights the effectiveness of this ECPl-based approach and its ability to deliver TMD
nanosheets with a broad range of optoelectronic properties.
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3.3 Conclusions

In summary, this chapter presents a simple, solution-processable route for the scalable production of 2D TMD alloys.
Using the previously described ECPl method, five different alloys were made and characterized, including four ternary
and one quaternary combination. Concentrated dispersions were obtained wherein nanosheets films on the centime-
ter-squared scale were made and analyzed. Conveniently this method is applicable for metal (Mo(1-4W\X;) and chalco-
gen (MS(>-,)Sey) alloyed nanosheets or both (Mo(1-gW,S(2-y)Sey). Furthermore, it was shown that this method can be used
to precisely tune the optoelectronic properties as a function of alloy composition. The trends observed are notably
consistent with those reported for CVD and ALD-made monolayers. Not only does this represent a scalable alternative
to such methods, but it also presents a solution to the limitation of CVD to grow large-area multilayer flake films. The
work presented here is an important step forward in making large-area devices based on alloyed TMD nanosheets.
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3.4 Methods

Pellet Pressing + Annealing

As-received TMD powder (Sigma-Aldrich; powder < 2 um, 99%) was pressed using a manual Beckman hydraulic pellet
press, 12.5 mm diameter die, up to 10 tons and held for 5 s. It is noted that this is a standard KCI pellet press (as used
for FTIR spectroscopy sample preparation) which operates by filling the die (polished plate, powder, polished plate),
compressing the sandwiched powder in the die with a pushing rod, and applying the pressure via the press to the press-
ing rod to compact the pellet. The polished plates and pressed pellet are then gently removed from the die using the
pushing rod.

For alloys the desired powder amounts were weighed based on desired atomic concentration and ground together with
a mortar and pestle for 2-3 minutes. Typically batches of 3 or 6 pellets were weighed out simultaneously, grinded to-
gether, and then separated into portions for pellet pressing.

For S-based and S/Se materials (): Up to three 500 mg pellets are vacuum sealed in a fused quartz glass tube with 100
mg S powder (3:1 molar ratio MoS,:S) ensuring the pellets are not touching to avoid fusing. The pellets are heated from
room temperature to 1100 °C over 8 hours, held at 1100 °C for 48 hours, then allowed to cool naturally.

For Se-based materials (): Up to three 750 mg pellets are vacuum sealed in a fused quartz glass tube with 100 mg Se
powder () ensuring the pellets are not touching to avoid fusing. The pellets are heated from room temperature to 1000
°C over 8 hours, held at 1000 °C for 12 hours, then allowed to cool naturally.

For S/Se-based materials (): Up to three 500 mg pellets are vacuum sealed in a fused quartz glass tube with 50 mg of S
powder and 50 mg of Se powder ensuring the pellets are not touching to avoid fusing. The pellets are heated from room
temperature to 1100 °C over 8 hours, held at 1100 °C for 48 hours, then allowed to cool naturally.

See Methods section, Chapter 2, Method note 1 for additional information concerning starting mass, die diameter, and annealing conditions.
Electrochemical Pellet Intercalation and Exfoliation

The annealed pellet was clipped with an alligator clip and placed in a 50 mL beaker with a glassy carbon counter elec-
trode. Both electrodes were connected to a potentiostat with the TMD pellet as the working electrode, WE. A solution
of tetraheptylammonium bromide (Acros Organics, 99%) in acetonitrile (Merck Millipore) was added until the pellet is
submerged without liquid touching the alligator clip, and with sufficient space between electrodes to avoid contact as
the WE expands. For S and S/Se-based pellets 5 mg mL™t was used; for Se-based pellets 10 mg mL™* was used.

A voltage of 10 V was applied for 24 h (WE as cathode), during which the solution begins to turn yellow at the anode,
and the pellet begins to slowly expand and slough off. After the pellet has become a fluffy powder at the bottom of the
beaker, the powder and remaining pellet was carefully collected and washed thoroughly with ethanol via vacuum filtra-
tion with a nylon filter (pore size 0.45 um). The solid material is transferred to a 50 mL centrifuge tube with 10 mL of
NMP (Acros Organics; 99+% for spectroscopy) before and bath sonication (Ultrasonic bath USC T, VWR, 45 kHz) in water
at 25°C for 1-2 hours. Finally, the solution was centrifuged for 30 min at 120 rcf using an Eppendorf centrifuge 5810
equipped with a FA-45-6-30 rotor. The top 8 mL of supernatant is collected and transferred to a new container.

Thin Film Formation

Thin films were made via a liquid/liquid interface created between deionized water and hexane (Sigma-Aldrich; >99%)
using a previously-described approach.?” Transfer to substrate was accomplished by aspirating the organic phase and
then either aspirating the water phase to descend the film onto a pre-positioned substrate (for FTO glass) or via a
stamping method (for FET substrates) wherein the substrate is manipulated with a suction pen and pressed into the
film, transferring the material onto the substrate. Films were then annealed at 200 °C for 120 min in a vacuum oven to
remove excess solvent.
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UV-Visible / Raman / PL Spectroscopy / XPS / UPS / XRD

UV-Vis spectra were acquired using a Shimadzu UV 3600 spectrometer from 825-300 nm using an integrating sphere
with step size 1 nm and slit width of 5 nm. Measurements of solutions were taken using a quartz cuvette directly in
transmission mode. Dispersions of nanosheets in NMP were diluted in NMP. NMP was used for a blank. Absorbance
was calculated as shown in equation (1), where %T is percent transmission:

Absorbance = 2 — log,,(%T)

Raman spectra and PL spectra were obtained using a Horiba Xplora Plus Raman microscope with 532 nm radiation (40
mW). Raman spectra were acquired from 100-1800 cm™ using a 100x objective, slit of 200 um, hole of 500 um, a grating
with 2400 gr/mm, 10% filter, 10 s of acquisition, and 5 accumulations.

PL spectra were obtained from 550-950 nm using a 100x objective, a grating with 600gr/mm, slit of 200 um, hole of 500
um, 255 filter, 4s of acquisition, and 4 accumulations. PL spectra were normalized according to Raman signals appearing
around 580 nm to adjust for material content and then to [0,1] for display clarity.

XPS spectra were acquired using a PHI Versa Probe Il (Physical Instruments AG, Germany). Analysis was performed using
a monochromatic Al Ka X-ray source operated at 50 W. The spherical mirror analyzer was set at 45° take-off angle with
respect to the sample surface. The pass energy was 46.95 eV yielding a full width at half maximum of 0.91 eV for the Ag
3d 5/2 peak.

Powder XRD measurements were taken in Debye-Scherrer geometry (scanning mode) using Cu-K-alpha radiation on a
Bruker D8 Discover Plus instrument equipped with a rotating anode and a Dectris Eiger2 500K detector. Samples were
loaded into 0.5 mm borosilicate capillaries and spun during data acquisition. Lattice parameters were measured by
fitting peak intensities. For thin films Bragg—Brentano XRD measurements were carried out using a Bruker D8 Vario
diffractometer equipped with a Johansson Kal (A = 1.5406 A).

STEM EDX / HAADF STEM / HR STEM

STEM EDX and HAADF STEM images were acquired on a FEI Talos F200S microscope operated at 200 kV. HAADF STEM
images were obtained using a probe current of 100 pA, a camera length of 125 mm (collection angle > 75 mrad) and a
dwell of 1-5 ps. High-resolution STEM images were acquired on a FEI Titan Themis microscope operated at 80 kV and
equipped with a field emission gun (X-FEG). The aberrations of the probe were corrected with a CEOS DCOR system up
to the 3rd order. ADF and iDPC imaging were acquired simultaneously using a probe current of 30 pA, a camera length
of 230 mm (collection angle for ADF > 35 mrad) and a dwell time of 8 ps.
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Chapter 4 Roll-to-roll deposition of semiconduct-
ing 2D nanoflake films of transition
metal dichalcogenides for optoelec-

tronic applications®
OO

Roll-to-roll films of self-assembled TMD nanosheets.

The previous chapters have explored a novel approach for the scalable synthesis of two dimensional (2D) transitional
metal dichalcogenides (TMDs) which promises large quantities of material without compromising the semiconducting
properties of the nanosheets. When producing thin films of 2D TMDs, this requires a film production technique engi-
neered to handle high volumes of material. Once again, the challenge is to do so without sacrificing the quality of the
final film. This next chapter addresses this by describing an apparatus designed to deposit large-area films of 2D TMDs.

Exfoliated TMD nanomaterials possess remarkable and tunable semiconducting properties which make them competi-
tive for use in ultrathin, flexible devices such as photodetectors, sensors, and photoelectrodes for solar energy conver-
sion. Until now, the large-scale production of such devices has presented a challenge that limits their commercialization
and broad application. This chapter demonstrates, for the first time, a procedure for the roll-to-roll (R2R) deposition of
two-dimensional (2D) TMD nanoflake thin-films via a continuous liquid-liquid interfacial self-assembly method. Remark-
ably, no solvent removal is required during film deposition nor is there any nanoflake accumulation in the solvent bath,
making continuous operation feasible. In this prototype deposition system described herein, TMD nanoflakes (9 nm
average flake thickness, 50-500 nm long) are self-assembled into large-area films up to 100 mm in width that are repro-
ducibly printed at 10 mm s™* with nanoflake loadings of 35 mg m™2. Optically uniform coverage on transparent conduc-
tive oxide coated flexible plastic substrates is shown and key printing parameters to afford the required single-flake-
layer deposition are identified. Photoelectrochemical testing verifies optoelectronic activity of the MoS; nanoflake films
achieving photocurrent densities for iodide oxidation of 40 pA cm™2 at +0.1 V (vs. an Ag/Ag* reference) under 1-sun
illumination. In addition, it is shown that these R2R films are robust and that this method works for multiple (successive)
flake layer depositions by preparing large area MoS,/WSe; heterojunction nanoflake films. This demonstration repre-
sents an important milestone in advancing large-scale production of 2D TMD films towards low-cost, high-performance
optoelectronic devices.

* This chapter is adapted from a peer-reviewed article published in ACS Applied Nano Materials: Rebekah A. Wells, Hannah Johnson, Charles R.
Lhermitte, Sachin Kinge, and Kevin Sivula. ACS Appl. Nano Mater. 2019, 2, 12, 7705-7712.
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It should be noted that the exfoliated material used in the demonstrations of the R2R apparatus was prepared via ul-
trasonication. While the electrochemical pellet intercalation (ECPI) technique previously described is readily scaled up,
laboratory demonstrations typically make 8-10 mL at a time. As the purpose of this demonstration was to show that
large volumes of material could be efficiently processed into sheets, it was more reasonable to use ultrasonication,

which typically makes 40 mL per batch.
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4.1 Introduction

Mono- or few-layer semiconducting transition metal dichalcogenides (TMDs) from group 6 with the form MX; (M = Mo,
W and X =S, Se, Te) have recently emerged as outstanding materials for many optoelectronic applications'’>76 due to
their exceptional semiconducting properties and chemical robustness. These favorable properties arise from the TMD
crystal structure of X-M-X layers held together with strong interlayer bonds and weak intralayer van der Waals forces
that permit exfoliation into “two-dimensional” (2D) sheets or flakes.° Currently, 2D TMDs are under development as
chemical and biological sensors,'’”178 light emitting diodes,*”® photodetectors,'8%8! and for solar energy conversion
with photovoltaic and photoelectrochemical cells.0%182

The typically-employed mechanical exfoliation (adhesive tape) methods to prepare 2D TMDs yield micron-sized flakes
isolated on a substrate; however, for many of the emerging applications—in particular for solar energy conversion—
the need for the rapid production of large area (meters-squared) films of 2D TMDs is apparent.®! While much effort has
been dedicated to create large area films by gas phase deposition techniques such as chemical vapor deposition (CVD)

184 or pressure conversion reactions (>500 °C e.g. using a

or atomic layer deposition (ALD),*® or using high temperature
carbonate melt!®) these techniques are not ideally suited to fabricate solar energy conversion devices for global-scale
implementation due to technical and economic limitations.! Indeed, due to the harsh conditions used CVD approaches
require substrate transfer methods*®®
While plasma enhanced CVD may be able to overcome these limitations,'®® this process is energy intensive. ALD can
also be compatible with lower temperatures, but requires exotic metal organic precursors to afford reproducible film

formation and still suffers from difficulty controlling the cryptographic orientation of the resulting films.18°

or expensive noble metal substrates'®” to afford TMDs on conductive substrates.

On the other hand, the liquid phase exfoliation (LPE) of bulk TMD powders can yield high-quality semiconducting mono-
or few-layer nanoflakes dispersed in common solvents.®® These dispersions can be prepared by various methods (e.g.
ultrasonication,®® shear mixing,’? and electrochemical exfoliation!®®) and offer the potential for inexpensive, low-tem-
perature solution-based processing of 2D TMD thin films.1°78192 Nevertheless, the use of typical solution processing
techniques (e.g. spin coating, drop casting, inkjet printing, or spray coating) with 2D TMD dispersions is limited by the
low dispersion concentrations of LPE semiconducting TMD nanoflakes and their rapid restacking/aggregation upon sol-
vent evaporation.'®*1%482 To gvercome this limitation, a self-assembly technique employing a liquid-liquid interface to
suppress aggregation has been recently developed for 2D TMD nanoflake film deposition that yields single-flake layer
films with good coverage and superior electronic contact to the deposition substrate compared to other solution pro-
cessing methods.®® This method has been demonstrated with WSe,, MoS,, MoSe;, and over a range of different flake
sizes.82%% Furthermore, the possibility to passivate defects introduced by the LPE process after film deposition has been
demonstrated resulting in exceptional semiconducting properties for solar energy conversion (i.e. photoelectrochemical
H, production).%®

While the liquid-liquid interfacial self-assembly deposition technique represents a viable route towards large area and
high-performance solution processed 2D TMD films, the extension of this method to a true (i.e. fully continuous) roll-
to-roll (R2R) process will be necessary for practical application.’®> However, in contrast to liquid-air self-assembly dep-
osition techniques (e.g. Langmuir-Blodgett),'%® the extension of liquid-liquid interfacial self-assembly deposition tech-
niques to R2R film processing of 2D TMDs has not been demonstrated to our knowledge. Herein a true R2R film depo-
sition of 2D TMD nanoflake films is reported using a continuous liquid-liquid interfacial self-assembly method. This work
identifies parameters critical to the homogeneous film formation, demonstrates the activity of resulting films toward
solar energy conversion, and shows that R2R processing of van der Waals TMD heterojunctions via multilayer deposition
is also possible.
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4.2 Results and discussion

a)

IV 4 Paddle belt

Top liquid |
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Figure 4.1. Roll-to-roll (R2R) apparatus.

A schematic side-view of the R2R deposition apparatus is shown in (a) and a photograph of the system is shown in (b) where the inset gives a close-
up overhead view. The substrate is introduced via the substrate roll (1). An array of needles (2) connected to syringe pumps loads the nanoflake
dispersion into the solvent bath. A computer-controlled drive motor (3) turns the paddle belt (4) and the attached pusher paddles (i-iv) that push the
2D TMD nanoflake film, which has self-assembled at the liquid-liquid interface between the top and bottom liquids, to the continuously moving
substrate.

To demonstrate R2R 2D TMD film deposition the concept of the previously reported batch-mode liquid-liquid interfacial
self-assembly method® was extended to a continuous-mode system. Briefly, the batch-mode operation begins by in-
jecting a dispersion of TMD nanoflakes at the interface of two immiscible liquids (i.e. ethylene glycol and n-hexane),
both of which are poor solvents for nanoflake dispersion. After loading the interface with an amount of nanoflakes
sufficient to form a uniform single flake layer, the lower density liquid (n-hexane) forming the top layer is completely
removed by aspiration via a pipette before the denser bottom liquid layer (ethylene glycol) is removed via vacuum
though a glass frit to deposit a homogenous thin film on an awaiting substrate immersed in the bottom layer. Consider-
ing future industrial application, a first consideration was solvent modification to replace the solvents with more eco-
friendly alternatives, using water and n-heptane as the bottom and top layers, respectively. The TMD nanoflakes pro-
duced via LPE (see Experimental Methods section) are re-dispersed in a 10:1 (v:v) tert-butanol:n-butanol mixture (the
n-butanol is used to lower the melting point of the dispersion solvent). The dispersion solvent has a lower density than
the bottom liquid phase (water), and this is important for the operation of the R2R system, which is shown schematically
in Figure 4.1a and with a photograph in Figure 4.1b.
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Figure 4.2. Ultraviolet-visible spectroscopy for the R2R solvent system.

The red and orange curves show controls for water and heptane, respectively. The blue and green curves show samples for heptane and water,
respectively, which were taken after several consecutive film depositions had been performed in the same solvent bath. The violet and purple curves
give the absorption spectra for trace amounts of MoS: dispersed in the 1:10 by volume tert-butanol/1-butanol mixture. Importantly, no trace of MoS:
is observed in either of the solvents after the film deposition.

The R2R apparatus consists of a substrate roll system that guides a conductive, flexible plastic substrate (e.g. indium tin
oxide (ITO) coated on polyethylene terephthalate (PET)) into and out of a bath containing the two liquids. Unlike the
reported batch method, the TMD nanoflake dispersion in butanol can be injected from the bottom layer as shown in
Figure 4.1a. The less dense butanol carries the TMD nanoflakes up through the water layer to the water-heptane inter-
face, and the subsequent rapid dissolution of the butanol in the water layer leaves the nanoflakes at the interface. This
bottom-positioned injection allows the dosing devices to be easily fixed to the bottom of the bath and also leaves the
top of the bath free for the paddle-belt-pusher assembly, which is driven by a computer-controlled stepper motor. The
paddles extend the width of the deposition bath and act as moveable barriers to push the nanoflake film, which has
self-assembled at the liquid-liquid interface, to the substrate. Specifically, as the first paddle (/) advances out of the bath,
the self-assembled TMD nanoflake layer behind it is pushed towards the receiving substrate by a second paddle (ii), as
indicated in Figure 4.1a (a video demonstration can be found in the supporting information of reference %3). Before
paddle ji exits the bath, a third paddle (iii) enters the bath, and the formed nanoflake film in the region between paddles
jii and jii is advanced towards the substrate. While a minimum of three paddles is necessary, in principle, four paddles
was the optimal number for continuous operation based on the dimensions of this specifically designed system where
the distance between the paddles is 85 mm.

It was first sought to demonstrate the R2R system with MoS, nanoflakes produced via LPE as these are the prototype
2D semiconducting TMD material. Remarkably, no solvent removal is required to produce a uniform film of MoS,
nanoflakes on the desired substrate. This greatly simplifies the overall operating conditions and minimizes the amount
of solvent needed. Furthermore, UV-Vis analysis of the solvents after a typical deposition run confirms the absence of
detectable MoS; nanoflakes in either top or bottom layer (Figure 4.2), suggesting that the system can be operated
continuously without the accumulation of nanoflakes in the bath. However, it should be noted that a technique to
remove butanol from the bottom layer (e.g. by continuously adding fresh water and removing the butanol:water mix-
ture), would be needed for continuous operation for extended duration, and was not implemented in this proof-of-
concept system.
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Figure 4.3. Comparison of number of dispersion injection sites.

(a) MoS: deposited on flexible PET substrate in semi-continuous mode using a needle array containing 16 needles and (b) MoS. deposited on flexible
PET substrate in semi-continuous mode using a needle array containing four injection sites. Despite injecting over the same area, the film shown in
image b is more uniform than the film shown in image a. Though some dark areas can still be observed for the four injection sites, they are less
apparent and produce an overall more uniform film than when four times as many needles are present.

To validate the proof-of-concept R2R film deposition, a number of factors required optimization. Among the most im-
portant were the locations of the injection needles, the rate of dispersion injection, and the travel speeds of the sub-
strate and pusher paddles. Regarding the injection needle locations, it was determined that minimizing injection sites
led to a more homogeneous and reproducible self-assembled films with less aggregation compared to films prepared
with a large array of injection ports (Figure 4.3). Accordingly, optimal positioning for continuous operation was found
to be a single row of evenly-spaced needles located opposite of the substrate feeding as depicted in Figure 4.1a. Needles
were placed every 20 mm, for example: four injection sites for a substrate width of 100 mm.
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Figure 4.4. Optimization of MoS; nanoflake film loading.

(a, b, c) show differences in nanoflake loading rates, respectively, for films deposited in semi-continuous mode. (d) An optimized MoS: film deposited
in continuous mode.

Table 2. Summary of parameters used in the semi-continuous deposition injection rate study.
A 100 mm by 100 mm liquid-liquid interface was used. Injection rate was controlled via syringe pumps, which could then be translated into flake

loading and finally loading rate. For each loading rate similar flake loading per area was observed. Therefore, the large difference in film formation
observed in Figure 4.4a-c is solely a result of the nanoflake loading rate.

Dispersion volume in-
jection rate (mL min)

Dispersion injection
duration (s)

Final Nanoflake load-
ing per substrate area
(mg m?)

Nanoflake loading rate
per substrate area (mg
s1 m?)

2 13.5 45 3.3
9 2.53 38 15
15 1.88] 47 25

Loading rates were also evaluated to estimate the limits of the R2R deposition. Figure 4.4 demonstrates the difference
in macroscopic film morphology between films prepared at differing loading rates (using a semi-continuous mode that
allows to keep the same substrate feed rate, see Experimental Methods section) with a 1 mg mL™ MoS, nanoflake
dispersion. Despite similar amounts of material being loaded per unit area in each case (about 40 mg m= for each case,
see Table 2), slower flake loading rates yield more uniform films (as seen in Figure 4.4c), while faster rates (Figure 4.4a,b)
show dark spots indicating regions of aggregated nanoflakes (as compared to the lighter tan-colored regions, which
represent a single nanoflake layer, and the white regions which represent gaps in the film). It is supposed that higher
deposition rates create turbulence at the liquid-liquid interface making it difficult for the TMD nanoflakes to self-assem-
ble in the expected edge-to-edge fashion, leading to aggregates and gaps in the final film. Regarding the dispersion
concentration, ca. 1 mg mL™ typically gave the most uniform thin films. Increasing the concentration will cause the TMD
nanoflakes to aggregate in the dispersion before injection and lead to poor film formation. On the other hand, reducing
the concentration requires either increased loading rates, which has negative effects as discussed above, or that overall
deposition be slowed.
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Figure 4.5. Optimizing substrate pre-treatment.

(a) MoSz deposited on as-received ITO-coated PET (solaronix) and (b) UV-treated ITO-coated PET. It is clear that the MoS; nanoflakes are better able
to adhere to the treated substrate resulting in a better film transfer and a uniform final product.

For the optimal film transfer from the liquid-liquid interface to the substrate in continuous mode, the speeds of the
paddles and the substrate should be considered. High speeds should be avoided to maintain laminar flow and the
most homogeneous films were formed when the substrate withdrawal speed is matched with the pusher paddle
speed. Empirically, a moderate speed of 10 mm s was found to be ideal. While faster rates can likely be achieved by
optimizing the liquid handling to avoid turbulence, it should be noted that the volumetric injection rate and/or disper-
sion concentration will need to be modified in accordance to obtain full nanoflake coverage. In addition to substrate
withdrawal rate, the substrate choice is not trivial. The nanoflakes must be able to adhere well to the substrate, which
is immersed in the water layer just prior to deposition. As such, hydrophobic substrates are not suitable. In this case,
the conductive and flexible ITO-coated PET substrate requires UV-ozone cleaning as a pretreatment to increase the
hydrophilicity before use as demonstrated in Figure 4.5. After substrate optimization the films were observed to be
remarkably well-adhered to the substrate, resisting scratching and solvent rinsing. Only sonication in n-methyl-2-pyr-
rolidone (NMP), the original exfoliation solvent, was able to remove the nanoflakes from the substrate.
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Figure 4.6. Reproducibility of R2R-made films.

Three MoS: films on deposited in continuous mode on flexible plastic substrate demonstrate that the R2R system can consistently produce large area
thin-films of semiconducting nanoflakes of similar quality.

After exploring the deposition parameter space for continuous-mode deposition, reasonable values were chosen for
the R2R deposition: nanoflake loading of 3.3 mg s m™2, at 10 mm s7! substrate withdrawal/paddle speed, and a sub-
strate width of 100 mm (equivalent to a mass loading per unit area of 33 mg m™2, similar to batch mode operation).
These parameters afforded continuous film deposition of MoS; nanoflake films as demonstrated in Figure 4.4d where
a film with a length ca. 3 times the paddle-to-paddle distance is shown. Figure 4.6 shows repeat depositions illustrat-
ing the process reproducibility. While certain film defects can be observed at the edge of the films, these film edge
defects could be trimmed off in an industrial system. However, these defects could likely be minimized with additional
apparatus modifications which are beyond the scope of this work.
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Figure 4.7. Characterization of R2R deposited nanoflake films.

(a) Optical microscopy for a R2R film deposited on FTO-coated glass according to the procedure in the methods section. Scanning electron micros-
copy for (b) top view and (c) cross-section view of MoS: (brown) films deposited via R2R deposition (continuous mode) onto conductive ITO(blue)-
coated PET (purple).
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Figure 4.8. Characterization of R2R nanoflake films.

(a) Raman spectroscopy for a R2R (red) and batch (black) film shows the expected MoS; vibration modes at 383 cm™ and 408 cm for both deposi-
tion methods. (b) UV-Vis spectroscopy for a R2R (red) and batch (black) film gives the expected exciton peaks at 610 nm and 670 nm for both films
as well as similar absorbance around these values. No miscellaneous solvent peaks, organic residue, or other impurities are observed.

Visually these large-scale films of MoS; nanoflakes appear mostly uniform and complete. Optical microscopy (Figure
4.7a) confirms the completeness of the film and shows no evidence of large agglomerates. Films deposited on conduc-
tive ITO-coated PET substrate were examined using scanning electron microscopy (SEM) as shown in top-down and
cross-sectional images in Figure 4.7b and c, respectively. Flake-to-flake alignment was observed in the top-down im-
age consistent with previously reported results®>=¢7-%% and comparable to batch-processed films on rigid substrates
(shown for MoS; and WSe; in Annex Item 11). Importantly, the cross-sectional SEM image shows that the flakes align
parallel to the ITO surface. It should be noted that the surface of the flexible conducting substrate is extremely rough
compared to its rigid, glass-based counterpart (Figure 4.10), and the final roughness of the film is limited by the sub-
strate roughness.

Finally, UV-Vis measurements and Raman spectroscopy confirm that the R2R thin films of MoS, nanoflakes are with-
out residual solvent and retain their expected optical properties for few-layer nanoflakes (Figure 4.8). No measurable
difference in spectra is observed between the R2R films and the batch-processed ones. The thickness of the continu-
ously-deposited MoS; nanoflakes films was calculated to be ca. 7 nm based on the UV-Vis absorption, which is con-
sistent with the average flake thickness (ca. 9 nm) and the flake coverage (ca. 80%) observed by SEM. These values are
similar to MoS; films prepared by the batch deposition approach.
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Figure 4.9. PEC characterization of R2R nanoflake films.

Photocurrent density (dark current subtracted) under 1-Sun illumination recorded versus applied potential (vs. Ag/Ag* in 50 mM TBAP 25 mM Lil in
MeCN) for MoS; nanoflake film photoelectrodes deposited on ITO-coated PET (blue circle markers), or FTO-coated glass (red square markers). Filled
markers are R2R coated films and open markers represent batch coated films. Inset: Schematic representation of MoS. photoanode and the oxidation
reaction occurring under illumination.

Next, to validate the optoelectronic performance of the R2R MoS; films deposited on ITO coated PET, they were em-
ployed as photoanodes to explore their photoelectrochemical response in an iodide-based electrolyte. In this case
under simulated 1 sun illumination (100 mW cm™2), photogenerated holes in the MoS, will oxidize iodide to triiodide,
and the measurement of the resulting photocurrent in the external circuit as a function of applied potential is an indi-
cation of the photoactivity of the film.1% Figure 4.9 summarizes results for R2R MoS; nanoflake film photoanodes
compared to batch-deposited films prepared on flexible ITO-coated PET or rigid fluorine-doped tin oxide (FTO)-coated
glass (see Experimental Methods section). Additional current-voltage behavior under dark and intermittent illumina-
tion conditions is presented in Annex Item 12. The R2R photoanode prepared on flexible ITO coated PET substrate
yielded a photocurrent density of 40 pA cm™ at +0.1 V versus an Ag/Ag* reference electrode. Notably the R2R-based
photoanodes exhibited about 60% of the photocurrent density of the photoanodes prepared via the batch process for
both ITO(PET) and FTO(glass) substrates. This is in contrast to a comparison of photoelectrodes prepared by the batch
(liquid-liquid self-assembly) technique and a liquid-air interfacial self-assembly technique (also a batch process but
with poor flake-substrate alignment), wherein the liquid-air interfacial self-assembled photoelectrode exhibited only
10% of the photocurrent compared to the liquid-liquid self-assembled photoelectrodes.®® This suggests that the
nanoflake self-assembly in the R2R process could still be further improved, but that it is comparable to the batch pro-
cess. Additional steps towards ameliorated nanoflake PEC performance include material pretreatment, post-film dep-
osition treatments, and the addition of an appropriate catalyst.5>®7 Such strategies have already been shown to signif-
icantly increase TMD nanoflake quantum efficiencies and improve overall device performance, but are not considered
in this work.
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Figure 4.10. Comparison of substrate roughness and conductivity.

Profilometry of blank substrates shows that the conductive, flexible ITO-coated PET substrate is significantly rougher than the conductive, rigid FTO-
coated glass substrate. This contributes to the lowered performance of the MoS: films coated on the ITO-coated PET substrates compared to those
deposited on FTO-coated glass substrates.

Table 3. Substrate sheet-resistivity as measured by a four-point probe.

Notably, the manufacturer, Solaronix, lists the sheet resistivity of the ITO-coated PET as 18 ohm/sq.

Substrate FTO-Coated Glass ITO-Coated PET

Sheet Resistivity (ohm/sq) 16 30

Notably, the data in Figure 4.9 also show that the substrate has a large effect on the photocurrent. The performance of
the photoanodes prepared on FTO-coated glass is more than double that of those prepared on ITO. As previously men-
tioned, the ITO-coated PET is significantly rougher than the FTO-coated glass substrate (Figure 4.10). Additionally, the
sheet resistance of the ITO-coated PET is greater than that of FTO-coated glass (Table 3), further limiting the perfor-
mance. Thus, the substrate sheet resistance, substrate roughness, and substrate-to-nanoflake contact in the R2R dep-
osition process are factors to address in future improvements of the R2R 2D TMD nanoflake films.
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Figure 4.11. Characterization of batch scale WSe>/MoS; heterojunction film.

(a) Scanning electron microscopy top view and (b) cross-section view of a batch WSe,/MoS; heterojunction deposited on FTO-coated glass. (c) UV-Vis
spectroscopy of the individual films and heterojunction film. (d) Open circuit photopotential of the individual films and the Van der Waals heterojunc-
tion in sacrificial conditions (MoSz: 25 mM Lil and 50mM TBAP in acetonitrile; WSe; and WSe>/MoS; : 100 mM NBusPFs and saturated chloranil in
acetonitrile). As in the individual TMD films, SEM images continue to show good flake-to-flake alignment and parallel flake-to-substrate alignment for
the heterojunction film. UV-Vis spectroscopy shows that the expected exciton peaks are present for the individual MoS: (610 nm and 670 nm) and
WSe: (760 nm) films as well as in the heterojunction film. As expected, the light absorbance of the heterojunction film is twice that of either of the
single films. Open circuit potential for the heterojunction film, however, is not merely additive, but is fundamentally improved. Interfacing these
materials allows for electrons and holes to be more efficiently separated in the two materials and for more holes to be stored in the WSe,, leading to
the greatly improved photovoltage seen here. (e, f) X-ray photoelectron spectroscopy for a batch processed WSez / MoS; heterojunction film confirms
both material’s presence within the same spot. Notably, sputtering was not needed to detect WSe; as the MoS: layer is extremely thin.

In addition, one well-documented route to improve the performance of 2D TMD-based solar energy conversion devices
is employing a van der Waals heterojunction (vdWH)J) between two different TMD nanoflakes.'*® The offset in conduc-
tion and valence bands between the two different TMDs provides a thermodynamic driving force for photogenerated
charge separation.’®® Mechanically-exfoliated 2D TMD heterojunctions,?°®2%2 CVD grown heterojunctions,*®? and LPE
TMD nanoflake heterojunctions®®2% have been demonstrated in photovoltaic or photoelectrochemical cells. To provide
proof-of-concept that the R2R deposition system is capable of producing vdWHJs with different TMD nanoflake films,
the WSe,/MoS; combination was chosen as it is well demonstrated in the literature.>®242% For referencing purposes,
a nanoflake heterojunction film was first prepared using the batch-processing method sequentially (see Experimental
Methods). Characterization by SEM, UV-vis spectroscopy, and X-ray photoelectron spectroscopy verify the morphology
and composition of the resulting vdWH)J film (see Figure 4.11), and an improved performance of the heterojunction
photoelectrode was observed via photopotential measurements (Figure 4.11d).
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Figure 4.12. Characterization of a R2R MoS./WSe: heterojunction film.

(a) Photograph of a R2R-produced MoSz/WSe: film produced using the R2R deposition apparatus. (b) Optical microscope image of interface high-
lighted in (a). (c) UV-vis spectra of individual MoS; and WSe; films compared to the heterojunction film. For MoS; excitonic peaks at 670 nm and 610
nm are observed. For WSe;, an exitonic peak at 760 nm is observed. The heterojunction film displays all three peaks. (d) Raman spectroscopy for the
R2R heterojunction film presents the expected vibrational modes for MoS; (383 cm™ and 410 cm™*) and WSe; (250 cm™) as well as confirms that no
miscellaneous peaks are present due to residual solvents, organic residue, or other impurities.

Next, the vdWHJ formation with the R2R system was straightforwardly performed by first depositing MoS; onto a plastic
substrate, allowing the film to dry, and then depositing the WSe, on the MoS,. Itis important to note that this procedure
could be performed in a continuous manner by using two R2R units in series with proper film drying between them.
Figure 4.12a shows a large area R2R-processed vdWHIJ film composed of MoS,, WSe,, and overlapping heterojunction
domains as indicated. Visual inspection indicates a uniform film, absent of aggregates and large cracks. A closer look
with optical microscopy highlights a sharp interface between the MoS; and MoS, / WSe; films (Figure 4.12b), verifying
that the MoS; film remained intact during the second deposition. The UV-vis spectra (Figure 4.12c) show the expected
exitonic peaks for both MoS; and WSe; in the heterojunction film and an overall increase in the absorbance compared
to the single component films. A Raman spectrum of the heterojunction film also gives the expected peaks for each
material and is notably free of additional impurity or solvent peaks (Figure 4.12d). These results clearly indicate the
presence of both TMD materials in the heterojunction while also emphasizing the robustness of the films and the ver-
satility of the R2R deposition method, which can be used for a range of 2D nano-materials to produce thin films of
various thicknesses and material configurations.

80



Roll-to-roll deposition of semiconducting 2D nanoflake films of transition metal dichalcogenides for optoelectronic applications

4.3 Conclusions

In summary, this chapter presented a novel approach for producing large area single-flake-layer semiconducting TMD
thin films in a continuous manner using a custom-built R2R system. This approach, which employs a liquid-liquid inter-
face known to afford exceptional 2D nanoflake self-assembly, consists of a substrate roll system, deposition bath, and
film pusher system that acts as a movable barrier. The batch-deposition protocol was modified to include solvents that
are both environmentally friendly and avoid the accumulation of nanoflakes in the system, further supporting the ap-
peal of this system for practical application. Parameters affecting the operation of the system were discussed and opti-
mized settings for homogeneous film formation were identified using 1 mg mL™ TMD nanoflake dispersions at loading
rates of 3.3 mg s* m™2 and a 10 mm s~! substrate withdrawal/paddle speed. Using MoS; the resulting nanoflake films
had a loading of 33 mg m™ and a thickness of ca. 7 nm. While reproducible film formation as large as 80 cm? was
demonstrated, it is accepted that additional device optimization will be needed for the production of completely defect-
free films. The liquid handling and the substrate roughness/adhesion were identified as important factors for further
improvement. Remarkably, these R2R TMD nanoflake films showed similar photoactivity in photoelectrochemical tests
compared to their batch-scale counterparts. Moreover, the R2R method is highly adaptable and can be used for multiple
depositions, heterojunction formation and a variety of layered materials. This presents a crucial advance towards the
industrially-scaled production of a promising class of materials for low-cost and high-performance solar energy conver-
sion.
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4.4 Methods

Liquid-assisted exfoliation of 2D TMDs

For MoS;, 500 mg of as received powder (Aldrich; powder < 2um, 99%, see Figure S13 for an SEM characterization of
the starting powder) was sonicated in 50 mL NMP (Acros Organics; 99+% for spectroscopy) using a Qsonica Model Q700
probe sonicator for 2-12 hours at 50% amplitude (10 s on, 2 s off) while keeping the dispersion at 0.4 °C using a recircu-
lating chiller. The resulting dispersion was centrifuged first at 2000 rpm (Eppendorf Fixed-angle rotor F-35-6-30) for 60
min to remove unexfoliated material, then again at 7830 rpm for 30 min to remove impurities. The pellet was collected
and redispersed in 20 mL 10:1 (by volume) tert-butanol:n-butanol (Sigma-Aldrich; ACS reagent > 99.7%) bath sonication
for 30 min at 0°C. For WSe; 250 mg was sonicated in 50 mL NMP for 12 hours at 50% amplitude (10 s on, 2s off) at 0.4
°C. The solution was collected and centrifuged at 2000 rpm for 30 min followed by 7830 rpm for 30 min. The pellet was
collected and redispersed in 20 mL 10:1 (by volume) tert-butanol:n-butanol via bath sonication for 30 min at 0°C. Raman
and UV-Vis characterization of the as-exfoliated MoS, and WSe;, before R2R deposition, is presented in Figures S14 and
S15, respectively.

R2R Deposition

A liquid/liquid interface was created between deionized water and heptane (Sigma-Aldrich; >99%) in a bath with overall
dimensions of 250 mm by 100 mm as shown in Figure 1. The substrate was a 188 um thick polyethylene terephthalate
(PET) film with an 18 ohm sq™* indium tin oxide (ITO) coating on one side (Solaronix S.A.) or 100 um thick polyester films
(Folex). Deposition was operated in one of two modes: semi-continuous and continuous. For the semi-continuous dep-
osition, first the paddle belt and substrate feed roll were static. The paddle submerged in the bath together with the
back wall of the bath defined an area of liquid-liquid interface of 100 mm by 100 mm for the nanoflake deposition. The
TMD dispersion (1 mg mL™) was injected via 4 needles arranged in a square formation supplied by two syringe pumps.
The dispersion injection rate and injection time was varied as described in the main text and Table S1, Supporting Infor-
mation. Once a complete film was formed at the liquid-liquid interface, the injection was stopped and the paddle belt
and substrate roll system were switched on (paddle speed and substrate linear speed of 10 mm s7%). The self-assembled
nanoflake film was then advanced toward the substrate at the opposite end of the bath until the film transfer was
complete and the belt and substrate roll system were stopped. This process can be repeated forming a 100 mm by 100
mm film each cycle. For continuous mode operation, a single row of 4 evenly-spaced needles was used (located opposite
of the substrate feeding as depicted in Figure 1a), and continuous operation was started by first starting the dispersion
(1 mg mL™?) injection at ca. 2 mL min~! (total) until a complete self-assembled film was formed over the area defined by
the static paddle and the back wall of the bath (again 100 mm by 100 mm). Then the paddle belt and substrate roll
system were started (at 10 mm s linear speed) while the injection of the TMD dispersion continued at 2 mL min™* (33
ul s71). Slight tension was maintained across the substrate at all times. At this point, the R2R apparatus can be run
continuously keeping the same settings.

R2R film deposition on FTO-glass

An FTO-coated glass slide (10mm by 10mm) was attached the plastic substrate and lowered into the water layer prior
to film formation and subsequent deposition. The R2R system was then run under normal continuous-mode conditions,
the rigid slide being pulled up through the bath with the plastic substrate. The TMD thin film was thus deposited on the
FTO-coated glass and surrounding plastic substrate simultaneously.
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Batch-mode electrode fabrication

A liquid/liquid interface was created between deionized water and heptane (Sigma-Aldrich; >99%). The TMD dispersion
(1 mg mL™) was injected just below the interface (ca. 12.5 cm?). Once a complete film was formed the heptane was
removed via pipette and then dried with the assistance of light argon gas flow. A slight vacuum removed the water layer
through a porous PTFE membrane and fritted glass, depositing the film on the substrate (FTO-coated glass or ITO-coated
PET). The film was dried for 1 hour at 100 °C. For heterojunction films WSe; was first deposited in this manner, the film
was dried at room temperature before depositing the MoS, using the same procedure.

Ultraviolet-Visible spectroscopy

Measurements of solutions were taken using a quartz cuvette and films were analyzed directly in transmission mode
using a Shimadzu UV 3600 spectrometer. Spectra were acquired between wavelengths of 800-300 nm using an inte-
grating sphere with step size 0.5 nm and slit width of 8 nm. The thickness of the resulting MoS; films were estimated

using the UV-vis spectra and the reported absorption coefficient of 2.4 x 10°cm™.2%6

Electron microscopy

Single window silicon nitride support film were used for TEM imaging. The grids were placed on the substrate during
the film fabrication process and thus transferring the film to the grid in the exact same manner. TEM was measured
using a FEI Talos electron microscope operated at 200 kV. SEM images were acquired using a Zeiss Merlin operated at
2.00 kV, probe current set to 100 pA, working distance of 2.7-2.9 mm, and using an In-Lens detector.

X-Ray Photoelectron Spectroscopy

Measurements were carried out using a PHI VersaProbe Il (Physical Instruments AG, Germany). Analysis was performed
using a monochromatic Al Ka X-ray source operated at 50W. The spherical mirror analyzer was set at 45° take-off angle
with respect to the sample surface. The pass energy was 46.95 eV yielding a full width at half maximum of 0.91 eV for
the Ag 3d 5/2 peak. Curve fitting was performed using CasaXPS software.

Photoelectrochemical measurements

Single-layer nanoflakes films deposited on FTO-coated glass or ITO-coated PET substrates were used as photoelectrodes
directly. The flexible substrates were fixed to glass substrates to aid with the rigidity of the samples. Silver paste was
coated at the top edge of each electrode to improve the electrical contact between the working electrode and the
alligator clip. Linear scanning voltammetry (LSV) measurements were obtained using a three-electrode (BioLogic SP-200
potentiostat) system with the TMD thin film as the working electrode a Pt counter electrode and an Ag/AgNOs (satu-
rated) reference electrode. The active area of the electrode was 0.26 cm?. For MoS; the electrolyte was 25 mM Lil and
50 mM TBAP in acetonitrile. Voltage was applied from —0.3 V to 0.3 V (vs Ag/Ag’) at a scan rate of 10 mV s*. For
WSe,/MoS; the electrolyte used was 0.1 M tetra-n-butylammonium hexafluorophosphate and saturated chloranil in
acetonitrile. Voltage was applied from 0.3 V to —0.3 V (vs Ag/Ag*) at a scan rate of 10 mV s™*. For all electrodes 1-sun
illumination (100 mW cm™2) with a filtered Xenon lamp was used to provide intermittent illumination (calibration of light
source given in a previous study?%’).
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Chapter 5 Conclusions and outlook

A bright future for solution-processed 2D TMDs.

This last section briefly summarizes the work presented in this thesis, addresses ongoing questions raised therein, and suggests
possible future avenues to advance the field.

5.1 Summary of findings

The exceptional semiconducting properties of exfoliated transition metal dichalcogenide (TMDs) nanosheets have inspired their
use in applications such as transistors, photodetectors, biosensors, and photoelectrodes. These two-dimensional (2D) TMDs (ex.,
MoS,, MoSe,, WS,, and WSe,) are particularly desirable for their tunable optoelectronic properties and robustness, which are
ideal for solar energy conversion. However, scalable routes to produce large-area, high-quality TMD thin films remain a challenge
for device implementation on a globally relevant scale.

The work discussed in this thesis aims to address the limitations related to the (1) scalable production of high-performance semi-
conducting TMD nanosheets and (2) processing them into large-area thin film devices. A novel exfoliation technique was presented
which advanced 2D TMD dispersion preparation towards nanosheets with more favorable morphologies, fewer defects, and
higher internal quantum vyields, thereby achieving benchmark solar energy conversion performance for liquid phase-exfoliated
MoS;. This technique was further applied to make composition-tuned alloyed TMDs, which extended the range of optoelectronic
properties accessible to solution-processable methods. Lastly, a system for continuous roll-to-roll (R2R) nanoflake film deposition
was described when in large volumes of 2D TMD material were processed into large-area thin film devices. The highlights from
each chapter are briefly summarized below.

Chapter 2 details the electrochemical pellet intercalation (ECPI) technique for gently exfoliating bulk TMDs to high-performance
semiconducting nanoflakes. Using the model material MoS,, improved nanosheet morphology (large lateral dimensions, 1-3
atomic layers) was observed compared to ultrasonicated nanoflakes. Indeed, exceptional optoelectronic performance was found
in the form of enhanced photoluminescence, charge carrier mobility (up to 0.2 cm? V= s7* in a multi-sheet device), and photon-
to-current efficiency while maintaining high transparency (>80%). Specifically, as a photoanode for iodide oxidation, an internal
quantum efficiency up to 90% (at +0.3 V vs Pt) was achieved (compared to only 12% for MoS; nanosheets produced via ultrason-
ication). This impressive behavior was attributed both to improved flake morphology and a lower defect density (2.33 x 10** cm~
2, comparable to monolayer MoS; prepared by vacuum-based techniques) as shown by fluorescence microscopy and high-resolu-
tion scanning transmission electron microscopy (STEM). Notably this method was extended to include other TMDs (WS,, WSe;),

demonstrating versatility and adaptability, which is important when considering the needs of future devices not yet realized.
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Building upon this concept, a modified ECPI technique was presented in Chapter 3, further extending it to alloyed TMD nanosheets.
Here it was shown that composition-tuned TMD alloys could be achieved by mechanically mixing TMDs prior to pellet formation.
High-resolution STEM confirmed mixing at the atomic level yielding results similar to monolayers prepared using energy intensive
techniques. It was shown that tunable optoelectronic properties could be obtained as a function of composition. For another
degree of tunability both metal-alloyed (Moo sWo.sS and MogsWosSe) and chalcogenide-alloyed (MoSSe and WSSe) nanosheets
were demonstrated. Finally, this method was employed to make quaternary (Moo sW sSSe) hanosheets. Ultraviolet photoelectron
spectroscopy (UPS) was used to estimate and compare the work functions of the nine materials prepared and highlight differences
in the electronic structures. Indeed, the ability to facilely tune these materials using a scalable method is an attractive prospect
for future large area-devices and one that can likely be pushed beyond what has been shown here.

Finally, Chapter 4 addressed large-area film formation of 2D nanoflakes by presenting a R2R system capable of depositing self-
assembled films on flexible substrates. Large-area films up to 100 mm in width were reproducibly printed at 10 mm s with
nanoflake loadings of 35 mg m=and key printing parameters to afford the required single-flake-layer deposition were identified.
Optically uniform coverage on transparent conductive oxide coated flexible plastic substrates was obtained and good flake-sub-
strate alignment was observed. Photoelectrochemical testing verified the optoelectronic activity of the MoS, nanoflake films
achieving photocurrent densities for iodide oxidation of 40 A cm™ at +0.1 V (vs. an Ag/Ag" reference) under 1-sun illumination.
Importantly, large-area MoS,/WSe; heterojunction nanoflake films were prepared via successive flake layer depositions rendering
this method applicable for all of the 2D materials prepared in this thesis as well as additional combinations not considered here,
but are of interest elsewhere.

In conclusion, the work presented here advances solution-processing methods for semiconducting TMDs towards processes that
yield 2D materials with greatly improved optoelectronic properties and expanded opportunities for tuning these properties. While
the devices shown here do not demonstrate record-breaking performances compared to 2D materials prepared by expensive
vacuum-based techniques, they push the boundaries beyond what was previously accepted for solution-processed TMD
nanosheets. For example, overcoming the size-dependent thickness limit typically observed in other liquid phase exfoliation tech-
niques; approaching 100% photon conversion efficiency which has only been demonstrated in mechanically exfoliated or
CVD/MBE prepared monolayers; transforming commercial powders into exfoliated alloyed nanosheets; preparing a meter-long
film with controlled nanosheet orientation. These advances motivate further attention be given to these solution-processed ma-
terials. Indeed, combining high APCEs and facile continuous tunability with R2R film deposition signals promise for the future of
TMD-based, large-area solar conversion devices.
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5.2 Future work

While this body of work attempted to address ongoing challenges in the field, there remain many more to overcome. Furthermore,
the studies presented also raised some additional questions of their own. To this end, the future work discussion will begin with
avenues that are directly adjacent to this thesis and will briefly discuss ongoing queries and additional remarks. The second part
will take a broader looks at possible future directions and themes.

5.2.1 Future work related to this thesis

Pellet annealing

The success of the electrochemical pellet intercalation technique (ECPI) relies heavily on the success of the annealed pellet. If
sufficient conductivity is not achieved the process will fail. Notably different materials such as S-based and Se-based TMDs require
different annealing conditions. One study that was not done but would be of interest for the future of this method for industrial
applications, would be to study the performance of TMD nanosheets as a function of annealing time and/temperature. This may
lead to several outcomes including: a change in nanosheet morphology, an increase in method efficiency (ex., if the same results
can be achieved at lower temperatures or for less time), and/or an overall better understanding of the role of this crucial step.

In the same domain, such a study for the alloyed materials could lead to a fundamental understanding of the alloying process that
takes place during the annealing of mixed powder pellets. While some mechanisms have been proposed,*® they are few and little
has been done to support them. Notably these works typically consider monolayer examples and discussion of bulk alloy formation
is challenging to find. Furthermore, the atomic configurations generally predicted by computational studies*®*” are in stark con-
trast to what has been observed experimentally as described in this thesis and elsewhere,**1617163 yet it does not appear to be
discussed in the literature. By controlling all aspects of pellet annealing (ramp time, holding time, cooling time, temperature, pellet
mass, etc.) it may be possible to extract more fundamental information as well as more favorable results. Ideally both experimental
and computational work would be carried out in tandem.

Doping with ECPI

It was well-established in this work that ECPI could be used to obtain desirable nanosheet morphology as well as tune the prop-
erties of the nanosheets through alloying. An additional extension to this method would be to use ECPI to dope TMD nanosheets.
Indeed, many works involving CVD grown TMD monolayers have used other transition metals (ex. Nb to p-type dope MoS;) to
tune the properties of the materials, for example to create catalytically active sites for the hydrogen evolution reaction (HER) or
to obtain ambipolar behavior.2%212 Given the promising results observed in those works, achieving the same using a scalable
approach (i.e., ECPI) would be a powerful tool moving forward.

Use of “green” solvents

Notably the solvent chosen for liquid exfoliation in this work is N-Methyl-2-pyrrolidone (NMP), which is an excellent solvent for
exfoliating nanomaterials, but is also toxic, particularly to the reproductive system.?'* Thus, large scale processing of TMDs (exfo-
liation, storage, and film fabrication) would be better carried out in less harmful solvents. This poses a particular problem as

solvents that are least harmful typically destabilize nanomaterial dispersions (water, ethanol, etc.). As such, it may be necessary

215

to engineer the appropriate solvent. While works have begun to move in this direction,’!> and some have even considered solvents

216

from renewable sources as possible candidates,?'® more could certainly be done in this direction.
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Non-traditional uses of TMD nanosheets

Typically works that describe TMD-based devices, including this one, are centered around the performance of the TMD. However,
many opportunities are likely missed by not using the TMD as a mere component. For example, as a charge transport and/or
protective layer in perovskite or organic solar cells or an additive in polymer blends for 3D printed electrodes. The exceptional
semiconducting properties of these materials combined with their thinness and robustness means that they can be beneficial to
existing device structures. Though some works have tentatively explored this,*8217-21% the field would likely benefit from further
optimization of such devices and additional creativity for future devices.

Furthermore, it was demonstrated in this work that characterization techniques (2D PAINT, high-resolution STEM) and devices
(FETs) which have typically been reserved for mechanically exfoliated and CVD-grown single flakes can be applied to solution-
processed material so long as the nanosheets are of good quality. Blending the two sectors further will inevitably lead to new
fundamental insights, particularly for solution-processed materials.
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5.2.2 2D TMDs for solar energy conversion on a global scale
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Figure 5.1. Projected performance of TMD-based, flexible solar cells.

This projection highlights the (1) current state for TMD-based flexible solar cells and (2) projects unprecedented performance with the improvement of the power
conversion efficiencies of these materials. Figure reproduced from reference 3.

This worked presented in this thesis focused primarily on TMD-based devices for solar-to-chemical energy conversion applications. However, in
the context of solar energy conversion on the global scale, there other systems where TMD nanomaterials can have a positive impact, namely
photovoltaic and photocatalytic. Indeed, the diversification of renewable energy technologies is an effective and necessary strategy for combat-
ting climate change globally.

In particular ultrathin, flexible photovoltaic (PV) devices are particularly interesting as large-area devices require little material and they can be
facilely incorporated into existing structures (i.e., smart windows, solar farms, etc.). In fact, a recently published work showed that TMD-based
materials have the potential to outperform nearly all existing flexible and thin solar cell technologies (Figure 5.1).3 While TMDs have high theo-
retical limits (ex., ~27%), state-of-the-art typically give power conversion efficiencies (PCE) less than 10% (for 2D single crystals). Thus, bridging
this gap is essential towards advancing these technologies. This will require nanomaterials with high quantum efficiencies, high charge mobility,
and efficient charge separation. While these phenomena are often studied in single flake devices, similar studies on solution-processed 2D
material is scarcer. Indeed, for such technologies to become viable on a global scale, more scalable solutions will likely need to be employed. As
hinted to in the previous section, work in general should be carried out to fil the gaps in understandings the fundamental behavior of solution
processed TMD nanosheets. By taking techniques once reserved for single flakes, these lapses can be filled. Such techniques include: small-gated
FETs to assess charge mobility across films as a function of gate width and time-resolved PL (TRPL) to study charge life time (and charge separa-
tion in a heterojunction), and intensity modulated photovoltage spectroscopy (IMVS) and intensity modulated photocurrent spectroscopy (IMPS)
to provide insight into charge carrier dynamics. In amassing more information about what happens inside these solution-processed nanosheets,
it will be possible to identify limitations and design additional strategies to help these materials reach their theoretical limits.

Stepping away from thin film devices, photocatalytic systems are an emerging technology and TMD-based photocatalysts should be considered
moving forward as well. Notably these systems have the advantage of being incredibly simple as they are typically comprised of the photocatalyst
floating in electrolyte. From this respect, solution-processed TMDs are ideally suited as they are made in solution and can be easily transferred
without requiring complicated transfer processes as would be the case for mechanical or CVD-prepared materials. Furthermore, the range of
tunable properties shown by TMDs are such that they can be engineered for the desired reaction (ex. HER), including band gap and catalytically
active sites. Additionally, similar strategies which have been used to improve the performance of thin films, will likely be transferrable to photo-
catalytic systems (i.e., vdW HlJs, hybrid organic-inorganic, HJ, chemical functionalization, etc.), proving a plethora of initial studies to be done.
Lastly, the stability of these materials compared to their organic counterpart would mean longer lifetimes and the potential to be operating
under harsher conditions. However, to date very little work can be found in the literature using TMD-based photocatalysts. Future work devoted
to this area would likely be of much interest to the field and of much use to a planet seeking alternative sources of energy.
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Annex

ECPIl-made MoS, nanosheets Sonicated MoS, nanosheets

a3

Annex Item 1. Additional high-resolution STEM images for ECPlI-made and ultrasonicated MoS..
Images (a-d) display additional high-resolution ADF STEM images for ECPI-made MoS: nanosheets, highlighting their clean lattice and homogenous thickness.

Images (e-h) display additional high-resolution ADF STEM images for sonicated MoS, nanoflakes where edge steps cover the surface, leaving only very small
areas of few- or monolayered flake at the perimeter.
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Annex Item 2. Raw images from optical defect mapping experiment (2D PAINT) for sonicated and ECPlI-made MoS..
Raw images from optical defect mapping experiment for sonicated nanoflakes (a) and ECPI-made nanosheets (b). The left panels show the unnormalized PL of

the MoS; material (channel 675-725 nm) while the right panels show the unnormalized PL of the bound probes (channel 509-530 nm). THE ECPI-made MoS; has
stronger PL (left) with fewer probe binding events (right).
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Annex Item 3. Raw LSV for "champion" performing device for ECPI-made MoS; nanosheets.

Raw linear scanning voltammetry (LSV) under intermittent 1-Sun solar illumination in 50 mM Lil, acetonitrile for a “champion” performing device for the ECPI-
made MoS; nanoflakes with a photocurrent around 1.2 mA at +0.5 V vs Pt.

Annex Item 4. Typical batch-scale nanoflake films made via LLISA deposition.

Batch-scale films (~ 5 cm2) of (a) ultrasonicated MoS,, (b) ECPI-made MoS;,and (c) ECPl-made MoosWo.sS: made via Liquid-liquid self-assembly (LLISA) deposition
into FTO-coated glass.
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Annex Item 5. STEM EDX of exfoliated nanosheets made from alloyed powders which were not mechanically ground.

STEM (a) HAADF and (b) EDX images for Moo.sWo.sS2 nanoflakes made from powders which were mixed but not mechanically ground prior to pellet formation.

While some nanosheets show even distribution, indicating alloy formation, others appear to be phase pure. This emphasizes the importance of thorough grinding
of the powders before pressing them into pellets.

Annex Item 6. iDPC image of a M0oosWo.5S2 nanosheet.

Integrated differential phase contrast detector (iDPC) image of a monolayer region of a Moo.sWo.sSz nanosheet, allowing metal and chalcogen species to be ob-
served. The expected hexagonal arrangement is observed where brightness scales linearly with Z. Brightest spots correspond to the heaviest atom, W, followed
by Mo, Sz columns, and finally S in the case of S vacancies.
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Annex Item 7. Detailed fittings of W4f spectra.

XPS WA4f spectra for pure materials (a) WSz and (b) WSe: yields typical contributions from the MX; species as well as WOs. Binding energies for the S and Se TMD
shift slightly according to the slightly different orbital interactions (2p for S and 3p for Se). W5p can also be observed as a contributing factor for lower binding
energies. Similar contributions are observed for the (c) chalcogen alloy, WSSe; binding energies are slightly shifted compared to either pure material suggesting
different chemical species and interactions. Metal alloyed TMDs (d) MoWS; and (e) MoWSe; also show contributions from the Mo 4p orbital in additional to the
previously discussed contributions. Again, binding energies are unique for these ternary alloys. Finally, (f) MoWSSe shows contributions from the WA4f related to
MX; and WOs as well as W5p and Mo 4p.
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Annex Item 8. Detailed fittings of Mo3d spectra.

XPS Mo3d spectra for pure materials (a) MoS, and (b) MoSe: yields typical contributions from the MX: species as well as MoO.. Binding energies for the S and Se
TMD shift slightly according to the slightly different orbital interactions (2p for S and 3p for Se) and the S2p is, of course, absent from the MoSe; spectra. Similar
contributions are observed for the (c) chalcogen alloy, MoSSe; binding energies are slightly shifted compared to either pure material, confirming the different
chemical nature and interaction. Metal alloyed TMDs (d) MoWS; and (e) MoWSe: also show the previously discussed contributions and binding energies that are
unique for these ternary alloys. Finally, (f) MoWSSe shows all contributions with shifted binding energies once again. It should be noted that the Mo3d spectra is
less well-fitted compared to W4f spectra.
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Annex Item 9. Composite of Raman spectra for pure, ternary, and quaternary TMD materials.

(a) Raman spectra for the quaternary alloy shows distinct signal unique from the pure TMD materials (b) Raman spectra for the quaternary alloy also show unique
signals compared to the ternary alloys. This reinforces the notion of a unique quaternary alloy rather than of a material composed of a mixture of various pure or
ternary materials.
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Annex Item 10. PL of a glass slide.

Photoluminescence of a glass slide shows a sharp peak around 900 nm as a result of fluorescing defects within the glass.’”? Owing to the thin nature of the TMD
films this peak can always be observed.
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Annex Item 11. Electron microscopy of batch-scale LLISA films of ultrasonicated TMD nanoflakes.

Scanning electron microscopy of batch films deposited on FTO-coated glass, MoS: (a) and WSe; (b). Transmission electron microscopy of a batch film of MoS, on
a SiNi grid (c), where dark represent thicker flakes, grey represents thinner flakes, and white represents unfilled space. Film coverage is estimated at 80%. Film
morphology shows good flake-to-flake alignment and, importantly, no large aggregates. We observe no notable difference between film morphology of the
batch and R2R films.
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Annex Item 12. Additional PEC characterization of R2R films.

Current-voltage character for R2R and batch films under dark conditions (left) and under chopping, 1-sun illumination (vs. Ag/Ag* in 50 mM TBAP 25 mM Lil in
MeCN).
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