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woEdimensionl @PhA trnsition metl dihlogenides @whgsA re lrge fmily of Ph mterils overing rod rnge of eletroniD optil nd mgneti propertiesF hese omE poundsD mde of few or single lyer of the formul is w 2 @w trnsition metlD hlogen tom D e or eA hve een known for dedes in their ulk formD nd it is only sine PHIH tht they strted to ttrt strong interestF sn prtiulrD semionduting Ph whgs hve een intensively studiedD proly in reson of their unique optoeletroni properties @eFgF strong sorption of lightD exitonEdominted light emission t room temperE tureD diret or indiret ndgpD the spinEoritEindued polristion of the eletroni ndsA whih strongly depend on the numer of lyersF he present mnusript is lso foused on these semionduting mterils nd ddresses their growthD struturl nd eletroni propE ertiesD in some ses in sitution tht is relevnt pn the long term in the prospet of optoeletroni pplitions where understnding the e'et of defetsGdoping nd the nture of juntions is ruilF hile these questions hve een thoroughly investigted in the se of Qh semiondutorsD t the moment our work strted this ws not the se for Ph whgsF he work presented here relies on oth experimentl nd omputtionl methodsD whih re presented within the (rst hpterF hereD we explin si onepts of density funtionl theory @hpA lultions tht were used to simulte the groundEstte strutures nd their eletroni propertiesF e lso give more prtil detils relted to the wy they were perE formedF sn this hpterD we lso introdue the surfe siene tools tht were used to study the growth nd struture of the whgsF his omprises desription of the ultrhigh vuum systems hosting the growth filities nd hrteriztion tehniquesD snning tunneling mirosope @wA nd re)etion highEenergy eletron di'rtion @riihA pE prtusF he seond hpter presentsD in prtil wyD the stte of knowledge on some of the si properties of Ph whgs put in perspetive with those of grpheneF e fous is given on the vrition of the eletroni properties s funtion of the numer of lyersF he orresponding literture review is supplemented with new hp lultions of the struture nd eletroni properties of wo 2 in di'erent rystllogrphi struturesD tht will serve s referene for the rest of the mnusriptF his seond hpter lso disusses the prtil I P CONTENTS issue of the preprtion of Ph whgsD whih helps to position the work tht we present in Chapter SF sn the third ChapterD we report our study of defets in freeEstnding Ph wo 2 F sing hp simultionsD we ddress lrge numer of defetsD vnies nd sustitutionl tomsD nd disuss their struture nd their impt on the eletroni properties of the mterilF his study llowed us to identify new kind of defet found in experimentsF hese sustituE tionl defetsD presumly x sustitutionl tomsD hve strong onsequenes on the optil properties of the mterilF e rie)y summrize the orresponding experimentl results t the end of the hpterF sn the fourth Chapter we turn to Ph juntions omining two di'erent whgsD woe 2 nd e 2 F uh rhiteture is thought to yield pEn juntionsF ith hp lultionsD we nlyze their strutureD the modi(tion of the eletroni properties in the two mterils due to the ontt with the otherD nd whether interfe eletroni sttes formF his study is ruil to devise on the use of these juntions in future optoeletroni deviesF e lso study the in)uene of defetD hlogen vnyD in these juntionsF he (fth hpter is devoted to prtil reliztion of singleElyer wo 2 when it is prepred on n eu@IIIA sustrteF e provide detiled struturl nlysis sed on wD riihD nd synhrotron Ery di'rtionF e (rst ddress the growth of wo 2 using retive moleulr em epitxy methodF sn this system @wo 2 Geu@IIIAAD wo 2 is not freeEstnding ut is rther strongly oupled to its sustrteF eiming t reovering qusiE freeEstnding propertiesD we then investigted the deoupling of wo 2 from eu@IIIA using the proess of interltionD here with n ultrEthin lyer of gsF e (nd tht the struture of wo 2 is indeed sustntilly hnged fter interltionF he proess is promoted y moderte inrese in temperture nd n e reversed when the temperture is further inresedF Chapter 1

Simulation and Experimental Methods

1.1 Density Functional Theory -a brief summary he pursued gol of simultion t the tomi level is to e le to desrie nd even predit the struturl nd eletroni properties while keeping the omputtionl lod eptleF his mens solving the following hrödinger eqution @in tomi unitsAX 

I |r i -r j ] Ψ = EΨ @IFIA
nd then desrie intertions within system @eletronEeletronD eletronEnuleiD nuleiE nuleiA with su0iently high uryF hi'erent pprohes re ville sed on di'erent levels of pproximtionF huring my hFhF worksD s used hensity puntionl heory @hpAD soElled ab-initio pproh euse it does not require the use of prmetersF he min ide of hp is to fous on the eletroni density n(r) nd not on the wvefuntionsF roweverD prmeterEfree does not men no pproximtion nd the min pproximtions used in the hp re desried in the followingF he ion mss is muh lrger thn the eletron one so tht one n onsider tht the eletrons respond instntneously to the motion of the ionsD or sid di'erentlyD for ny ioni movementD the eletrons n e onsidered s in their groundEstteF sons n then e treted s lssil prtilesD nd their motion lulted from lssil equtions of motionF ith this diti pproximtionD the hrödinger eqution redues to its eletroni prtD desriing the eletron motion in n externl potentil reted y the ionsD Q R 

I |r i -r j | Ψ = EΨ
rohenerg nd uohn showed tht the externl potentil is funtionl of the eletroni density n(r) so tht i is funtionl of n(r) nd then tht solving this eqution is equivlent to minimizing the energy s funtion of the eletroni density n(r)F he ground stte eletroni density is the one tht minimizes the energy nd the ground stte energy is the minimum energyF glulting n(r) is not strightforwrd nd uohn nd hm solved this di0ulty y mpping the tul system of x prtiles intertion on x nonEinterting systemsF hey used sis of IEeletron funtions to express the eletroni density nF hey otined the uohnEhm equtionsX

-I P 2 +V KS (r) ϕ(r) = ε i ϕ i (r)D n(r) = i |ϕ i (r)| 2 D V KS (r) = V ext (r) + V H (r) + V XC (r)D V H = n(r ) |r -r | dr D V XC = δE XC δn F
hese re hödingerElike equtions with uohnEhm potentil V KS tht ontins the eletronEnulei intertion V ext (r)D the rrtree term V H (r) nd n extr term tht desries eletroni intertionsD the exhngeD nd orreltion XC potentilF he min di0ulty stys now in this exhnge nd orreltion term V XC tht n not e otined esilyF uohn nd hm proposed rther rw pproximtionX they lulte the g energy of the rel system using the g energy of the homogeneous gs for the eletroni density n of the rel system t eh position rX

E LDA XC |n(r)| = ε hom XC (n = n(r))n(r)drD
this vol hensity epproximtion @vheA works surprisingly well in multiple systems nd is S prt of the suess of the hp pprohF roweverD vhe lso hs mny drwks nd espeillyD it tends to overestimte the inding energyF he overestimtion omes from the ft tht vhe is sed on homogeneous system expressions while the rel eletroni system is nonEhomogeneousF hereforeD in order to desrie the eletron density vritionsD orretions hve een proposedD suh s generlE ized grdient pproximtion @qqeAD in whih the E XC (n) depends not only on the eletron density n(r) t given point @lollyA ut lso on its grdient δn(r) @nonElolAF ell the lultions performed during my hFhF works hve een otined with the erdewD furkeD nd irnzerhof @fiA expression of qqeF 121 iventullyD fores re otined from the prtil derivtive of the totl energy s funtion of the positionF prom the fore lultion the tomi positions in the groundEstte geometry n e deduedX

F i = - δE δR i F
n der ls intertions n ply n importnt role in Ph mterilsF sn eD they n e ounted for using di'erent funtionlsF sn most of the lultions presented in the following s used fi only ut some tests were mde using fiH nd riHT 83 struture of given systemF sn some lultionsD the prtil hrge mps integrted in n energy window |Ψ| 2 dE re lso plotted to ompre to w imgesF he e progrm uses plne wve sisD nd we used the projetedEugmentedEwve @eA formlism to desrie the eletronEion intertionF e requires periodi systemF hevitions to QhE periodi defetEfree strutures hene need to e onsidered with reF sn the se of surfe or n interfeD the superell must e lrge enough @empty spe nd sustrteA to void spurious intertion etween imges reted y periodi onditions @ee pigF IFIAF hefets re lso modeled using superell pproh where lrge unit ell is reted ssemling m × n × l unit ellsD the defet is introdued in the enterF rere ginD the superell hs to e lrge enough to desrie n isolted defet nd not periodi rry of defetsF he min (les used for e lultions re given in eppendix eF 1.2 Ultra High Vacuum (UHV) system he r system instlled t snstitute xeel inludes severl hmers nd instruments tht llow us to perform smple preprtion nd in situ hrteriztionF he following prts give rief introdution to this systemF 1.2.1 Multi-purpose UHV system r onditions re essentil for surfe siene sine hemilly len smple surfes withE out ny unwnted dsortes re requiredF he r system is shown in pigF IFPF st ontins R hmers onneted y tunnel whih is lso in r with se pressure of IH -10 mrF wost of the timeD ll hmers re isolted from the tunnel y mehnil vlvesF he tunnel is used to trnsfer the smples from one hmer to nother one y mgneti trnsfer rodsF st is lso used to introdueGremove smplesF o do soD smll prt of the tunnel is (lled with xitrogen gs nd exposed to the environment during the introdution of the smplesF his prt is refully isolted from the whole systemF mples re mounted onto molydenum pltesD tht re themselves held onto IEinh lrge molydenum loks designed to e omptile for the trnsfer nd lso the smple holder of eh hmer @inluding the growth nd the w hmersAF s minly used the growth nd w hmersF he growth hmer is lso equipped with n eletron gun nd phosphor sreen to perform re)etion high energy eletron di'rtion @riihAF U

STM chamber

Growth chamber

Introduction chamber

Analysis chamber PLD chamber pigure IFPX he r system is omposed of R hmers onneted y trnsfer tunnelF prom left to rightD the w hmerD the enlysis hmerD the qrowth hmer nd the vh hmerF

Reection High Energy Electron Diraction (RHEED)

he riih mesurements re used to get informtion on the surfe struture of rystlline mterilsF hue to the grzing inident eletron emD the riih mesurement is very sensitive to the smple surfe or ny dsorte on top of it @inluding rystllogrphy nd morphologyAF sn this thesisD we used riih mesurements s referenes to hek the qulity of the surfe nd lso to nlyze the surfe rystllogrphyF Working mechanism sn riih 104;117 D highEenergy eletron em @generted y thermioni emissionD typiE lly of few IH ke E in our mesurements in ghpter SD we used i a IU ke for ll riih ptternsA strikes the smple9s surfe t nerEgrzing inidene @≈ I o vi fousing system sed on eletrostti lensesA nd re)et on phosphoresent sreenF pigure IFQ @A shows the iwld onstrution llowing to predit the ngulr orienttion of the di'rted emsF feuse of the short men free pth nd glning ngle inident geometry of the eletron emD the di'rtion ptterns otined re from the nerEsurfe regionF his mens tht the numer of plnes with unit vetor in the diretion perpendiulr to the surfe involved in di'rtion is smllD nd the reiprol lttie hs rodElike struture perpendiulr to the surfeF he intersetion etween the iwld sphere nd the rods is in priniple set of pointsF

V 1.2. ULTRA HIGH VACUUM (UHV) SYSTEM
roweverD in prtieD the eletron em is not stritly monohromti nd hs (nite divergeneD so the iwld sphere is rther shellD nd imperfetions in the rystl roden the streksF he result is tht the riih pttern of n tully )t surfe is usully set of streks perpendiulr to the smple9s surfe @pigF IFQ@AAF pigure IFQX @A iwld onstrution of the di'rtion onditionD with the sphere de(ned y the Ery wvevetor9s length s rdiusD nd the sttering vetor n r whose end oinides with the interept etween the sphere nd reiprol spe rod from the trunted rystl orresponding to the smple with its surfeF @A hreeEdimensionl view of the iwld9s sphere onstrutionD with set of (rstEorder reiprol spe rods from the smpleD yielding series of di'rtion streks in the soElled (rst vue zoneD nd representtive riih pttern otined for len eu@IIIA surfe with herringone surfe reonstrutionF Experimental setup sn our setup mesurementD the riih system is loted in the growth hmerF he di'rted ems re visulized onto )uoresent sreenD nd the pttern is quired with merD whih llows postEnlysis of the riih ptternsF he smple holder llows djusting the ngle of inidene of the eletron em nd the reltive orienttion of the smE ple with respet to the diretion of the em @zimuthAD so di'erent sets of rystllogrphi plnes n e seleted to nlyze the smple surfe9s reiprol speF 1.2.3 Scanning Tunneling Microscope (STM) sn omplement to riih experiments whih give ess to ensemleEverged rystlloE grphi dt @the eletron em rdius is out ImmAD we lso hve mesurement y w tht provides imges in rel spe t the tomi sleF he w ws invented y finning nd ohrer nd lter implemented y finningD ohrerD qerer nd eielF he (rst implementtion rpidly llowed to resolve the fmous @U × UA W reonstruted surfe of i@IIIA 15 F efter the suess of the wD mny other mirosopes were invented suh s the tomi fore mirosopes @epwAD the mgneti fore mirosopy @wpwA to nme fewF por ll of these mesurementsD the dt re olleted from very shrp proe snned over the smple9s surfeF Working mechanism pigure IFS shows the essentil element of w setupF e very shrp metl tip is rought very lose to the surfe of the smpleF ine the distne etween the tip nd the smple is of the order of I ÅD the eletron wvefuntion in the tip nd the smple overlpsF st retes tunneling hnnel nd y pplying voltge is etween the tip nd the smpleD tunneling urrent is genertedF

E F E F
pigure IFRX hemtis of the eletroni wveEfuntion in the tip nd in the smpleD nd vuum tunneling rrier under the pplition of tunneling isF he tip is usully mde of tungsten or tGsr lloy nd is onventionlly hosen to e groundedD s resultD the voltge b H mens the eletrons re tunneling from the oupied sttes of the tip to the empty sttes of the smpleF he tunneling urrent is then onverted to voltge y urrentGvoltge mpli(erD whih then n e used in negtive feedk loop to djust the is pplied to the piezoeletri element tht ontrols the tipEsmple distne @z piezoAD hene the tunneling urrentF he negtive feedk is working s followsX if the tunneling urrent is lrger thn the hosen setEpointD then the z piezo is ontrtedD therey lowering the tunneling urrentD nd vie versF es the tip sns over the xy plneD the is pplied to the z piezo is mesuredF his onstnt urrent mp n e onverted into n pprent height mp sine the height is diretly relted to the tipEsmple distne @see next prgrphA nd z piezo extensionF xote tht the tunneling urrent is dependent on the lol eletroni density of sttesD whih priori vries for instne when the hemil nture of the surfe hngesF he trnsmission oe0ient D whih is the rtio of the tunneling urrent t the distne z nd the urrent when the tip nd surfe is t ontt is given yX

I = I(Z) I(H) = e -2kz @IFPA
where k = sn the experimentl result presented in this thesisD the w mesurements were perE formed under r ondition with the se pressure of IH -11 mr t room tempertureF e used ommeril ymiron rEw I with hemillyEethed tipF et (rstD the smple is mounted to the smple holderD the tip is pled lose to the smple y the orse positioning @s seen in pigF IFSAD this proess is utomtized nd stops when tunneling urrent eomes mesurleF es the tip trvel long x nd y diretions with preon(gurtion prmetersD the onstnt height mps re printed to the displyF 1.3 Conclusion huring my hFhFD s oupled hp lultionsD growth smples nd perform w experiE mentsF goupling hp nd w enle us to tke dvntge of the possiilities of the two pprohesX high ury @inluding informtion on the hemil nture of the tomsA ut model system for hp nd diret imging of the rel system for wF gompring the dt to the simultions enled us to disriminte etween di'erent kinds of defets @Chapter QA or to get etter understnding of whg juntions @Chapter RA nd whgGwetl interfes @Chapter SAF Chapter 2

Transition Metal Dichalcogenides (TMDC) tritly twoEdimensionl @PhA mterils were long thought to e unstleF his hd een theE oretilly predited nd strongly supported y experimentl oservtions 107 F xeverthelessD reports on whgs monolyer ppered k in the VHsD nd even erlier for few lyers wo 2 D ut they did not rise strong interest t tht timeF 68 et the eginning of this millenniumD the (eld reignited fter the elortion of grphene y fergerD 13 hngD 171 nd xovoselov 115 nd the explortion of its unique propertiesD suh s n norml roomEtemperture quntum rll e'etF ine PHHR nd grpheneD the twoEdimensionl mteril fmily kept on growE ing with hfxD silieneD phosphoreneD germneneD stneneD trnsition metl dihlogenidesFFF e fous here on whgs nd more spei(lly on semionduting whgsF he nture of their gp @diretGindiretA n e modi(ed y vrying the numer of lyersD or y strinF xowdysD these mterils re t the hert of intense reserh tivities devoted not only to their intrinsi properties ut lso for prtil pplitions oneX optoeletroni properE ties 6 D tlyti e'ets 152 superondutivity 123 or extremely lrge mgnetoEresistneD 5 etF sn this hpterD we ompre some elementry propertiesD suh s lttie onstntD polymorE phismD eletroni strutureD reported in the litertureD with our own lultions performed y hensity puntionl heory @hpAF e present some dditionl lultions on the lttie deformtion nd doping of the most studied whgs systemsF IQ 

a 1 = ( √ QD H)a 0 a 2 = ( - √ Q P D Q P )a 0 D @PFIA
where the prmeter a 0 = IFRPÅ is the distne etween two nerestEneighors ron tomsF he (rst frillouin zone @pfA is hexgonl with rottion of π/T with respet to the originl honeyom lttieF he reiprol spe is onstruted from two fundmentl

vetorsX b 1 = Pπ a 0 √ Q (ID I √ Q ) b 2 = Rπ Qa 0 (HD I)F @PFPA
ome speil points re lso noted in pigF PFI@AD these re the Γ = (HD H)D the M = IS pigure PFPX qrphene9s nd struture with respet to the permi levelF he dshed hexgon indites the (rst frillouin zoneF pigure PFRX op nd threeEdimensionl views of the @A Pr nd @A I wo 2 lttie struE turesD urple @ellowA disks represent wo @A tomsF he two frvis lttie vetors re indited in redF xotie tht in @A two hlogen toms sit on top of eh otherF he frillouin zone is shown in @A with reiprol lttie vetors in lueF

π a 0 √ 3 (ID 1 √ 3 ) nd the two inequivlent hir pointsX K = ( Rπ Q √ Qa 0 D H)D K = ( Pπ Q √ Qa 0 D Pπ Qa 0 )D @PFQA these two K nd K re inequivlent
a 1 = (a 0 √ QD HD H)D a 2 = ( -a 0 √ Q P D Q P a 0 D H)D @PFRA
where the prmeter a 0 is the distne etween two nerestEneighors wEw @or EA tomsF e single unit ell ontins I w tom t @HD HD HA nd P tomsF sn the se of Pr stkingD the two toms re mirror re)etion with respet to the plne of w tomsD they re seprted y severl Å nd their oordintes s funtion of (a 1 D a 2 ) re ( 1 3 D 2 3 )F por I stkingD the two toms sty on eh side of the w tom plneD nd their oordinte re ( 1 3 D 2 3 ) nd ( 2 3 D 1 3 )F truturl dt for di'erent whgs re shown in le PFID our results were otined y hp using e 82 nd the generlized grdient pproximtion @fiA for the exhnge nd the orreltion energy for neutrl ut lso doped systemsF he energy uto' nd the frillouin zone smpling were hosen to onverge the totl energy with vlues of THH e nd T×T×I @T×T×TA in se of ilyer @ulkAF imilr results were lso found in referenes 84;96;131 F prom le PFID one n see tht hnging the hlogen toms leds to sustntil inrese in the lttie onstnt in w 2 systemF whgs with the sme hlogen tom hve very similr lttie vetorsF his is of high importne for the formtion of heterojuntions s desried in Chapter RF le PFIX vttie prmeters of whg ompounds from our e lultionsD in whih d ∠S-∠S @ÅA is the distne etween two hlogene lyers nd d M-S is the distne etween metl nd hlogene tomsF otl energy per hemil formul is given for diret omprison @ E 2 for I9 phseAF 0 @ÅA d ∠S-∠S @ÅA d M-S @ÅA otl ixiq @eA wo 2 @PrA QFIV pigure PFSX pree energy s funtion of lttie onstnt in wo 2 with di'erent phses PrD I nd I9D for di'erent phses nd Q eletron doping levelsX negtive @EI eAD neutrl nd positive @CI eAF he hrged system is lulted with ompensting homogeneous kground to keep the system neutrlF es energy is lowerD the system is more stleF por I D the struture is hieved y relxing the superstruture P×I from the I phse with smll displement of one wo tom with respet to the otherF st9s lso worth to note thtD the energy nd the lttie onstnt of I9 phse is verged y numer of unit formulF pigF PFTF e similr trend is oserved for ll w 2 F sn most neutrl sesD the Pr phse is the equilirium stteD exept for e 2 D where the I9 phse is more fvorle thn the Pr phseF his is in very good greement with the literture 20 F he optimized lttie
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pigure PFTX yur lultions show the evolution of energy i vsF lttie onstnt t three di'erene eletron doping levelsD negtive @EI eAD neutrl nd positive@CI eA for wo 2 D woe 2 D woe 2 D 2 D e 2 nd e 2 F prmeter hnges with dopingF sn greement with yuynd et al. 119 the I phse lwys hs the highest energyF sn our lultion the I9 phse hs the lowest energy when doped with eletrons exept for the wo 2 system where the Pr phse remins the most fvorle oneF st should e noted tht energies for di'erent sttes of hrge nnot e ompred for tehnil reson @eAF es previously sidD single lyer of whgs is mde of Q tomi lyersD nd within these three lyers wE onds re ovlentF ingle lyer whg n e stkedEup to eome pigure PFUX fulk polytypes of whgsD @A I phse nd @A Pr phseF pigure PFWX yur lultions on eletroni density of sttes of the v PrD I nd I9 phses of wo 2 from our lultionsF

Γ Γ K M Γ c c E -E F (eV) E -E F (eV) E -E F (eV) (a) (b) (c) (d) (e) (f ) 
pigure PFIHX yur hp lultions show the eletroni nd struture of @A ulkD @A ilyer nd @A v of wo F @dA pirst frillouin zone nd some high symmetry k"pointsD in whih Λ is etween of Γ nd KF ed @flueA rrows visulize the diret @indiretA nd gp in v @iElyer nd ulkA nd strutureF the evolution of the nd struture of Pr wo 2 with di'erent numer of lyersD from ulk phse to ilyer nd vF he positions of vlene nd nd ondution nd edges show PS progressive hnge upon deresing thiknessD s the indiret nd gp semiondutor turns into diret nd gp semiondutorF eording to our hp lultionsD the ndgp of wo 2 Pr ulk nd v re HFVW e nd IFTV eF qqe is known to underestimte the nd gpD y using ryrid funtionl to the lultionsD other groups otined gp of out PFI e 131 D in good greement with some experimentl vlues 106 F ell lultions gree with mximum of the f loted t the u points for v nd Γ for more thn one lyer nd minimum of the gf t u for v wheres the position of the minimum of the ondution nd is not so ler for more thn one lyerF sn our lultionsD we (nd it t the Λ C point2 F trin ws proposed to ply mjor role for the lotion of the minimum 120 F pigure PFIIX @A he lulted vlues of nd gps y q lultions with respet to the numer of lyers @nAD nd @A nd edge positions s funtion of numer of lyersF eprodued from 120 F sn vD the di'erene in energy etween the top of the f Γ V nd the seond highest stte t K V is very smll while it is muh lrger nd with hnged ordering for P nd more lyersF he di'erene in energy etween the ottom of the ondution nd t Λ c nd K C is very smll in the ulk nd muh lrger in vF o summrizeD when deresing the numer of lyersD the eletroni struture experienes two proessesX @IA the nd gp widens from HFVW e to IFTV e @in our lultion with simple fiA nd @PA there is trnsition etween indiret to diret nd gpF o understnd the origin of the indiretEdiret trnsformtion nd lso of the gp wideningD following dhil et al. 120 D we nlyze the hrter of the sttes in the viinity of the permi level pigF @PFIPAF glose to E F D nds hve Mo d -S p hrterF ttes t u @gf nd f edgesA hve nerly onstnt energy from ulk to v while the energy of the ondution nd edge t Λ C dereses nd of the vlene nd t Γ V inreses when lyers re dded @pigF PFII 120 AF ell our lultions presented up to now do not tke spin orit oupling @ygA into ountF pinEorit intertion or spinEorit oupling is the intertion etween the spin of the eletron nd its ngulr motionF sn whg systemsD the urmer9s degenery

[E ↑ ( k) = E ↓ ( k)] in the w 2 ulk omes from the omintion of timeEreversl symmetry [E ↑ ( k) = E ↓ ( -k)] nd inversion symmetry [E ↑ ( k) = E ↑ ( -k)]
D thus yg indues no splittingF 176 roweverD due to the sene of inversion symmetry in n w 2 vD spin splitting is oserved exept for some speil symmetry k points in the frillouin zoneF
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pigure PFIQX yur lultions on nd strutures with spin orit oupling of @A wo 2 D @A 2 nd @A e 2 lulted y enling the spin orit intertion in eF por instneD the nds re spinEdegenerted t the Γ point due to timeEreversl symmetry loneF 176 e omintion of timeEreversl nd trnsltionl symmetry results in no splitting t the w pointD wheres the spin splitting of generl @ kA point is determined y timeE reversl nd the pointEgroup symmetry of the trigonl prismti rystlF es shown in pigF PFIQD the y intertion reks the spin degenery of the vlene nd the ondution nds p to nowD severl experimentl methods hve een used to hrterize di'erent whg eletroni propertiesD suh s photoluminesene @vAD w @AD mn spetrosopyF hespite its extreme thinnessD whg vs sor light stronglyF ht is shown in multiple mesurement of the optil nd gp @whih di'ers from the eletroni nd gp we disussed so frD due to the inding energy of the eletronEhole pirs tht reomine to emit photonAF yne of the (rst studies on strong light sorption of whgs is the one pulished y wk et al. 106 F sn their reportD the uthors mesured photon emission under the exittion of lightEsoure with n energy lrger thn the nd gp energy of the mterilF he uthors showed sustntil sorption enhnement in wo 2 v @pig PFIR@AAF en intense right v pek t IFW e in wv wo 2 ws deteted t vrine to the se of fv wo 2 D whih is ttriuted to the ft tht fv wo 2 is n indiret ndEgp semiondutorF pigure PFIRX hotoluminesene spetr for @A mono nd ilyer wo 2 mesured in the photon energy rnge from IFQ to PFP eF @A xormlized v spetr y the intensity of pek e s funtion of numer of wo 2 lyersF end @A ndEgp energy of thin lyers of wo 2 F eprodued from ef 106 he eletroni nd gp of whgs ws lso studied y severl groupsF wo very populr methods to hrterize the morphology nd eletroni struture re snning tunneling mirosope @wA nd snning tunneling spetrosopy @AF por instneD wo 2 v on highly ordered pyrolyti grphite @ryqA hs n eletroni nd gp of PFIS or PFQS e t UU u depending on riteri hosen to de(ne the edges of the vlene nd ondution nd @elowGove whih ertin tunneling urrent is mesuredAF 167 pigure PFIS@A shows typil w imge of wo 2 vF he wo 2 )ke hs the tringulr shpe nd the height of PW the )ke is HFTU nm orresponding to v wo 2 F pigF PFIS@A shows the nd gp of wo 2 v tht ppers when mesuring the di'erentil tunneling ondutne s funtion of the tipEsmple is @ mesurementAF he fw is loted t EIFVI nd the gfw is loted ixfolition n e done in solution vi gittion @suh s sherD ultrsonitionD or thermlAF his ws (rst used to disperse grphene nd lter lso pplied to frite single or few lyers of severl whgsD suh s wo 2 D 2 etD 29;58 F sn these frition proessesD ultrsoni wves generte ules tht ollpse into high energy jetsD reking up the lyered rystllizes nd produing exfolited nnosheetsF 112 he solvents ply n importnt role in the qulity of the exfolitionX for instneD for the solvents tht hve surfe energy similr to tht of lyered mterilsD the energy di'erene etween the exfolited nd reEggregted sttes will e very smllD nd so will e the driving fore for reggregtionF 29 viquid exfolition n lso e done with the help of guest tomsGmoleuleD usully smll ions @egF vi + 37 D iodine romide @sfrA 136 A re interlted into the interlyer sping of the ulk whg therey wekening the interlyer dhesion nd reduing the energy rrier to exfolitionF he interlnts lso trnsfer hrges to the lyers nd this wy further redues interlyer indingF he whg )kes re further peeled o' y using ultrsonition 37

long the line Γ → M → K → Γ of
or therml shok 136 nd remin stle in the solution itselfF hese pprohes y liquid exfolition lso hve some drwks suh s the pperne of defetsD nd the interltion proess my itself lter the lttie struture of the whgs lyersF wo 2 )kes diretly on ritrry sustrtesD howeverD the sustrte tretment prior to the growth must e onsidered with reF he sustrte tretment using romti moleules suh s grphene oxide @rEqyAD peryleneEQDRDWDIHEtetrroxyli id tetrpotssium slt @eA nd peryleneEQDRDWDIHEtetrroxyli dinhydride @gheAD promotes the lyer growth of wo 2 F 93 hese grpheneElike moleules t s nuletion for this oneEstep ghF ythers my rgue tht the nuletion of the growth n our t the edges or defets of the sustrteF his llowed produing tringulrEshped wo 2 lyers with the typil domin size muh lrger thn IµmF vrger dominsD of IPH µm @wo 2 A nd IVH µm @ 2 A were lso otinedF 30 enother ondition tht 'ets the morphology of whg growth is the nture of the preursorsF qnorkr 46 studied gh growth of wo 2 with two preursorsD woy 3 nd wogl 5 nd found tht while the woy 3 preursor results in tringulrEshped wo 2 D the wogl 5 results in uniform wo 2 ut without the tringlesF fesides the fvorite iy 2 sustrteD whg v n lso e synthesized not only on other insulting sustrtes @i wfer or spphireA ut lso on grphiteF 167 fesides growth on wekly interting sustrteD growth on more strongly oupling sustrte @uh s eu@IIIA 139 D xi@IIIA 10 D eg@IIIAD 105 etA hs een studied reently using vd epitxyF sn n exmpleD the wo toms re evported under n ultrEhigh vuum to 

E f = E def T ot -E host T ot ± i n i µ i D @QFIA
where i f is the defet formtion energyD i def T ot nd i host T ot re the totl energy tken from hp lultions with nd without the defetD respetivelyD n i nd µ i re the numer nd the hemil potentil of the removedGdded tomsF

(a) V S (e) V Mo (b) V S2 (superimposed) (c) V S2 (neighboring) (d) S subtitution (f) Mo substitution
pigure QFPX qeometry of di'erent types of point defets within whg singleElyerX vnE ies @AE@AD @dA sutitutionl t position of tomD @eA woEvny nd @fA sutitutionl t position of wo tomF iventullyD nother type of intrinsi defet " outside the lyer " is n dtomF pigure QFQX uperell used for the lultion in @A side nd @A top viewF @A he lol density surfe for simulting the w imges regrding oth sides of the defet positionsF he lrge @purpleA nd smll @yellowA lls indite wo nd tomD respetivelyF

S vacancy

pigure QFR shows our hy nd prtil hrge mps @w imgesA on oth sides of the wo 2 plne of vny @ S A in wo 2 vF es one tom is removed from the superstrutureD three nerest neighor wo toms re found to e shifted wy from the vny y HFI Å in the woEplneD the tom ellow is shifted downwrd y only HFHQÅF he vny indued QW two sttes in or lose to the gpF he (rst one is (lledD on top of the vlene nd @EHFIS eAD the seond one is empty @CIFI eA nd stritly lolized on the vnyF Defect-free

S-vacancy

Electronic density (states/eV.atom)

E -E F (eV) (a) (b) (c) (d) (e)
pigure QFRX vny in wo 2 @A hy @EeA prtil hrge mps on oth sides of the wo 2 plne nd integrted on the shded resF @A nd @A @respF @dA nd @eAA orrespond to (lled sttes @respF empty sttesAF @A nd @dA re on the vny side nd @A nd @eA on the opposite sideF flue@ellowA lls orrespond to wo@A tomsD respetivelyD the red squre indites the defet positionF

S divacancy

sn ddition to single vnyD we lso hrterize the possiility of doule vny in wo 2 vF wo on(gurtions were onsideredD in the (rst oneD the two missing toms re (rst neighors @then in the sme plneA while in the seond se they re superimposed on oth sides of the wo lyerF he superimposed on(gurtion is preferred y RH me using formul QFIF purthermoreD our lultions in greement with others show tht divny 

E -E F (eV) Defect-free S-divacancy (a) (b) (c) (d) (e) (f) (g) (h) (i) (1) (2) (3)(4)
pigure QFSX divny in wo 2 where the two missing toms re on the sme plneF @A hyD @EiA prtil hrge mps on oth sides of wo 2 plne nd integrted on the shded res mrked @IAD @PAD @QAD @RA in @AF he hy of pristine wo 2 hs een shifted to mth the gfw of the defet hyF veft @rightA olumn of the prtil hrge mps orrespond to the defect @other A sidesF pigure QFTX divny in wo 2 where two removed toms re superimposedF @A hyD @EeA prtil hrged mps on oth sides of the wo 2 plne nd integrted on the shded resF @A nd @A @respF @dA nd @eAA orrespond to (lled sttes @respF empty sttesAF he hy of pristine wo 2 hs een shifted to mth the gfw of the defet hyF rtil hrge density uts re identil on oth sidesF

Se/S substitution

Electronic density (states/eV.atom)

E -E F (eV)

Defect-free Se/S substitution pigure QFUX hy of wo 2 v where tom is repled y e tomF @A hyD @EeA prtil hrged mps on oth sides of the wo 2 plne nd integrted on the shded resF @A nd @A @respF @dA nd @eAA re the prtil hrge t the viinity of the vlene nd @respF ondution ndAF rtil hrge density uts re identil on oth sidesF rereD we nlyze the se where n tom is repled y e tomF he reson ehind these lultions is tht w 2 Gwe 2 heterostruture hs een investigted reently y severl 

E -E F (eV) (b) (c) (a)
pigure QFVX f sustituting in wo 2 vF @A hyD @EA prtil hrge mps @w imgesA on oth sides of the wo 2 plne nd integrted on the shded resF he hy of pristine wo 2 hs een shifted to mth the gfw of the defet hyF veft @rightA olumn of the prtil hrge mps orresponds to the defect @other A sideF RR 3.2. DFT CALCULATIONS OF POINT DEFECTS IN MOS 2 3.2.6 C/S substitution pigure QFW shows the hy nd the prtil hrge density uts of wo 2 v where tom is repled y g tomF imilr to f S defetD the sustitutionl g tom moves HFUS Å towrds the woEplneF e single defet stte is found in the hy @pigF QFV@AA t the top of the vlene ndD in greement with referene 101 F Electronic density (states/eV.atom)

E -E F (eV) Defect-free C/S Substitution (b) (c) (a)
pigure QFWX g sustituting tom in wo 2 vF @A hyD @EA prtil hrge mps on oth sides of the wo 2 plne nd integrted on the shded resF he hy of pristine wo 2 hs een shifted to mth the gfw of the defet hyF veft @rightA olumn of the prtil hrge mps orresponds to the defect @other A sideF 

E -E F (eV) (b) (c) (a)
pigure QFIHX x sustituting tom in wo 2 vF @A hyD @EA prtil hrge mps on oth sides of the wo 2 plne nd integrted on the shded resF he hy of pristine wo 2 hs een shifted to mth the gfw of the defet hyF veft @rightA olumn of the prtil hrge mps orresponds to the defect @other A sideF RT prtil hrge mps integrted in region @IAE@RA re given in pigF QFIP @EiAF smges on oth sides re identil euse of the symmetry of the defetF Electronic density (states/eV.atom)

E -E F (eV) Defect-free Mo-vacancy (b) (c) (a) (1) (2) (3) (4) (d) (e) (f) (g) (h) (i) (1) 
(2)

(3) (4)

pigure QFIPX @A hensity of sttes of wo vny Mo in wo 2 vF @EAD @dEeAD @fEgAD @hEiA orresponds to prtil hrge mps t pek positions @IAD @PAD @QAD @RA in @AD respetivelyF hy of pristine wo 2 hs een shifted to mth the gfw of the defet hyF veft @rightA olumn of the prtil orresponds to the sme defet side @oppositeAF 3.2.10 Fe/Mo substitution xextD we onsider the sustitution of wo y peF hen pe reples woD two extr eletrons re dded to the superellF st retes pek loted well ove the gfw t HFU eF he sustitutionl defet lso retes defet stte inside the ndgp @pigF QFIQ@AAF he simulted w imges re identil from oth sides euse of the symmetry of the systemF w imges of rGr wo 2 with S lyers show two prominent popultions of point defetsD whih pper s right feture nd depressionD respetively @pigure QFIRAF hepressionElike defets of the sme extension @I-P nmA or slightly lrger @in the few nnomeE ter slesA hve een reported previouslyF 49;101;125;147 emong themD one ppers s depresE sion t negtive tipEsmple is s in our oservtions nd is hrteristi defet in nturl wo 2 tht is sried to missing EwoE frgments loted either in the top or in uried wo 2 lyerF 3 he seond kind of defet @the right one ! green rrowA hs not een oserved RW pigure QFIRX w topogrphy @ b a EPD s t a HFP neA loseEup view on some defetsF he green nd pink rrows point to two kinds of defets @mesurements y F wlletD tFEF euillen nd oEworkersAF in nturl wo 2 smples nd is hene generted during the preprtion of the rGr smE pleF st hs hrteristi shpe resolved with shrp w tipsD onsisting of ring with three pirs of rdil legsF he size of the ring is typilly HFU nmF hefets feturing ring shpe in w hve lso een reported previously 1 nd were sried to lkli toms dsored on the surfeF xeither the rGr proess nor the ultrEhighEvuum hmer where the w mesurements were performed seems to yield suh dsortesF smpurities tht re deteted in the hemil nlysis of rw wo 2 or present in the hEfx psule used in the rGr proess were desried in the previous prtF he ummry of the prtil hrge mps tht we lulted is given in pig QFIS for omprison with w imgesF his inludes sulfur vnyD molydenum tom sustituted y n iron tomD sulfur tom sustituted y ronD nitrogenD nd oron tomF ih of these defets re ssoited with eletroni sttes inside the ndgp of wo 2 or lose to the ndgp edges @QFISAF 34;101;144 he sptil resolution is higher in prtil hrge mps thn sn se of Qh mterilsD when two doped semiondutors @eFgF two whgsA re rought together to form p-n juntion t therml equiliriumD eletrons @holesA from the n@pA prt di'use to the p@nA prt where they reomineD leving the hrged ions @ionized dopntsA unE ompenstedF hue to the limited density of free rriers in semiondutorD reomintion ours within region of (nite width whih eomes insulting ut hrged nd is lled deE pletion lyerF his region is ssoited with n extended interfe dipoleF he orresponding eletri (eld indues ending of vlene nd ondution nds of eh onstituentF sn juntion etween intrinsi semiondutorsD the nds my lign with respet to the vuum levelF his nd lignment desription ssumes tht no interfil or defet stte exists within the gpsF sf it is not the se @the most ommon seA then these defet will pin the permi enswering these questions requires the understnding of the Ph interfe physis t the tomi sleD n issue whih is poorly known up to nowF sndeedD to our knowledgeD only few studies t this sle hve een pulishedF sn (rst one wG nd photoluminesene experiments re oupled on wo 2 islnds on highly oriented pyrolyti grphite ryqF st demonstrtes pinning of the permi level y edge stte loted within the gp nd determines the nd ending nd the width of the depletion lyerF 168 snEplne nd vertil juntions etween two Ph mterils n oth e prepred y in-situ growth 48;62 F sn this hpterD we fous on Ph juntions s prototypes of wht true Ph eletronis ould eF whgs with the sme hlogen tom hve very similr lttie prmeters llowing the growth of shrp inEplne juntionsF 4.1.1 Methods glultions were performed using the e ode whih is sed on density funtionl theoryF he eletronEion intertion is desried within the e pprohD nd we use fi funtionlF he superell pproh is used to lulte rions @PH×IA or juntions @PH×I or PH×R with defetsAF e lrge empty spe is introdued in the superell @ PS ÅA to void spurious intertion long the z diretionF e grid of I×S×I k point is usedD fter onvergene the totl energy vrition is smller thn HFHI eF 4.1.2 From innite 2D materials to WSe 2 zigzag ribbon e rion n present di'erent edges geometriesX zigzgD rmhirD mixed hrterF hey n ut one or two onds per tomD end on trnsition metl or hlogen tomsF rereD e 2 rion with zigzg edges is modeledD nd we use geometry where the edges only ut one ond @euse utting P onds would hve higher energy ostAF e zigzg rion will end on toms on one side nd e toms on the other one @pigure RFIAF elxtion ours t the edgeF st is rther lrge on the trnsition metl side where the toms go inwrd so tht the edge is mde of mixed Ee lineF he hy show sttes within the gp deriving from e oritls in the lower prt of the gp nd oritls in the higher prtF his is oherent with the positions of vny sttes in the gp of woe 2 X @eA edge orresponds to missing e @A toms nd then retes sttes within the gp t positions lose to wht ws found for hlogen @trnsition metlA vny in Chapter QF he permi level flls in one of these sttesF he edge stte on the side minly derives from dngling ondsD whih hve lrger spil extension within the rion @pig RFI@AA thn edge sttes on the other sideD tht remin lolized on the e tom edgeF sn lssil @QhA heterojuntion modelsD these edge sttes @the equivlent of surfe sttes
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Pristine WSe Edge calculation (b) (c) (d) (e) (f) -2 -1 1 2 Se edge E -E F (eV)
pigure RFIX @A iletrostti pro(le of IH×P e 2 rionD @A hy nd @A prtil hrge mps integrted on the di'erent energy rnges shown in @AD R ells re shown long y to etter show the edge relxtionF rtil hrge ut on e side is shown just ove the e lyer @on the leftA nd in the lyer @on the rightAF for Qh mterilsA form nd tht ould pin the permi levelX dding or sutrting eletrons from the nd only hs smll e'et on the position of the permi level euse of the nd high density of sttes tht n ommodte ny vrition of hrgeF e surfe dipole is formedF hen juntion is formed hrge trnsfer etween the surfe sttes nds of the two semiondutors retes dipole t the interfe tht ligns the two permi levels with n only smll vrition of the two nd struturesF fnd o'set is then determined y the positions of the two surfe sttes in the gp nd of the permi level within itF hefets in the semiondutors or interfe sttes @ due eFgF to the penetrtion of wvefuntions of one semiondutor in the gp of the other oneA tht led to nds within the gps with strong density of sttes n ply similr role nd lso (x the permi levelF hen no defet or surfe or interfe nds exist in the gpD nds lign with respet to the vuum levelD whih is the eletroni 0nity of eh onstituent tht re ulk properties of the two semiondutors 8 F his lst se is relly rreF whgs tht shre the sme hlogen tomD e hereD hve very similr lttie prmeters @the lttie onstnt of woe 2 Ge 2 re QFQP G QFQS ÅD respetivelyD nd the distne etween the two e lyers re oth QFQR ÅAF es onsequeneD the interfe geometry is relly simple nd the juntion ppers s ontinution of the lttie @pigure RFPAF sf one onsiders tht the juntion is reted y ssemling rionsD the evolution of the edge sttes is of interestF rere the hy of the juntion @pigure RFP@AA shows no stte within the gpX the edge sttes of the rions disppered whih mens tht the ut dngling onds reomine so tht there is perfet mthing of the wve funtions t the interfeD nd the interfe is lso idel t the eletroni sleF xo surfeGdefet sttes in the gp men tht the nds should lign with respet to the vuum levelF he lulted WSe 2 @woe 2 A ndgp is equl to IFRR e @respF IFPS eA while its work funtion re oth equl to ≈ PFS eF ositioning the nds with respet to the vuum level led to the predition of type ss juntion for the woe 2 Ge 2 system 62 F his is wht we (ndX mps of the prtil hy indeed show sttes on the e 2 side only t the top of the vlene nd nd sttes on the woe 2 side onlyD t the ottom of the ondution ndF hese sttes lek in the gp induing evnesent sttes pigF RFP@A nd then hrge trnsfer @eletrons re trnsferred from e 2 to woe 2 A nd n interfe dipoleF eording to the potentil plotted in pigF RFP@AD the o'set is equl to HFP eF his is simple hp lultion so quntittive greement with experiment is not expetedF
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pigure RFPX woe 2 Ge 2 juntionF @A potentil nd optimized interfe geometryD @A totl hyD @ GdA ross setion of the prtil hy integrted on the shded re on top of the vlene nd @G ottom of the ondution ndA nd tken just ove the upper e plneF he dipole extends on severl unit ell distnes nd in (rst lultion with PH×R ell @IH×R woe 2 unit ells nd IH×R e 2 unit ellsA the evnesent sttes of the two juntions were overlppingF rere the distne etween the two juntions is douled @IH unit ellsA nd strong derese of the evnesent sttes is oserved in the middle of the woe 2 @e 2 A prt where they eome negligile @prtil hy imges in pigF RFPAF es lredy mentionedD juntions I nd P re not symmetriF he eletrostti vritions of the potentil in pigure RFP@A re not symmetri eitherD the interfe dipole hs lrger SS extension in juntion I @woe 2 regionsA thn in juntion P @e 2 regionsAF 4.3 Se vacancy in a MoSe P /WSe P junction (20x4)

es lredy disussedD defets n ply n importnt role t heterojuntionsF es (rst step towrds the understnding of this roleD we hve modeled one e vny t the woe 2 Ge 2 juntionF he system is desried y PH×R superell nd t onvergeneD the totl energy synthesis of the mterilsF i'orts to reh the kind of struturl qulity found in mehniE lly exfolited smples with ottomEup pprohes ! hemil vpour depositionD 38;89;98;166 hlogention of metl surfesD 72;118;155 or moleulr em epitxyD stndrd 145 or retive under r 2 tmosphere 10;57;139 ! re ongoingF ghlogention nd retive moleulr em epitxy oth usully require metlli sustrteF esEprepred smples re hene not suited to the study of some of the key properties of the mterilD e.g. those relting to exitons whih eome very shortElived due to the immedite viinity of metlli @sustrteA hrge reservoirD nd eletril trnsport properties whih re shunt y the ondutive sustrteF fesidesD in the prototypil se of eu@IIIA s sustrteD wo 2 does not retin the propE erties of the isolted mterilF igni(nt intertion etween the eletroni nds of wo 2 nd eu@IIIA ws indeed deteted 21 nd the existene of moiré pttern ws found to indue nnometerEsle modultion of this intertionF 80 yne wy to lter this intertion is to lift wo 2 from its surfeF uh lifting is E tully ourring spontneouslyD ross regions spnning typilly nnometerD when wo 2 overhngs on ÅngströmEdeep vny islnds of the sustrteF 81 i'etive lifting my e hieved using n lterntive strtegyD nmely y interlting lyer of speies deouE pling wo 2 from its sustrteF his strtegyD lredy llowed to otin qusiEfreeEstnding grpheneD 85;128;148 s shown y the oservtion of the typil dispersion of the π nds exE peted for isolted grpheneF feyond simple deoupling of grpheneD interltion ws lso shown to indue high eletron 146 nd hole 151 dopingD s well s superondutivity 65 F he interltion of speies in Ph mterils others thn grphene is new topi of reserhF por instneD u et al. 163 studied the interltion of smll tion r + or vi + etween the whg v nd the underlying sustrte of iy 2 nd spphireF whth et al. 105 studied the interltion of fi toms etween 2 single lyer nd eg sustrteD nd found tht the whg ws deoupled from its surfeF yn the ontrryD interltion of thiker trnsition metl dihlogenidesD hs een thorE oughly investigtedF wuh like with grphiteD rih vriety of systems with modulted struture in the diretion perpendiulr to the sl plne n e formed this wyF 45 sE ing lyers of lkli tomsD moleulesD or trnsition metls s interlntsD unique properties inluding superondutivity nd @ntiAferromgnetism hve een foundF 45 he ility to store @releseA lithium toms y interltion @deEinterltionA lso mkes trnsition metl dihlogenides possile eletrode mterilsD oth s thode 110 nd nodeD 42;158 for viEion tteriesF iletroEdonnor interlnts esides promote struturl phse trnsition from semionduting phse to metlli oneD 4;37;40;54;56;122;154;156;159;161 with potentil pplitions in dt storge nd reon(gurle eletril iruitryF rereD we report on the interltion nd deEinterltion of lkli tomsD esium @gsAF nlike essentilly ll works ddressing inEsolution interltion of thik or thin trnsition TI metl dihlogenide lyersD the fous of our work is singleElyer wo 2 )kesD prepred on eu@IIIAD nd @deAinterlted under ultrhigh vuum onditionsF e (nd tht the proess of interltion is thermlly tivtedD eing ompleted fter few tens of minutes t temperE ture of SSH uF e few IHH u ove this tempertureD deinterltion is tive nd ompleted within few tens of minutesF e show tht eyond hrge dontion nd hnge of the vlue of the eletroni ndEgp upon mere dsorptionD 108 interltion underneth wo 2 lifts it from the sustrteD nd uses n norml lttie expnsion prllel to the surfeF yur nlysis omines snning tunneling mirosopy @wA performed t xéel snstituteD re)etion highEenergy eletron di'rtion @riihA performed t xéel snstitute nd t the fwQP emline of the ipD grzing inidene Ery di'rtion @qshA ndD re)etivity @A oth performed t fwQP y hrF qF enud nd F ntF hese mesurements hve een mde in situ nd some in operando under ultrhigh vuumF 5.2 Reactive molecular beam epitaxy of MoS P on Au(111) ingleElyer wo 2 )kes were grown following the proedure desried y qrønorg et al. 51 wo ultrhigh vuum systems were used for our experimentsF e (rst one is oupled to the Ery synhrotron em delivered t the fwQP emline of the ipF st hs se pressure of Q×IH -10 mr nd is equipped with qurtz miroElne nd riih pprtusF he seond oneD with se pressure of P×IH -10 mr oupled to omplementry in situ proesD wD riih pprtusD nd qurtz mirolne @s depited in pigF SFIA @see lso pigF IFP Chapter IAF he smples were prepred in eh system efore eing investigted y riihD wD qshD nd F empertures were mesured with pyrometer in oth systemsF yur gold singleErystls ws ought from urfe reprtion vortory nd prepred under ultrhigh vuum y sputterEnnel ylesF ih yle onsisted of ISEQH minutes of rgon ion omrdment t room temperture nd followed y ISEQH minutes of nneling t ≈ VSHuD the er + energy ws IFH ke nd the er pressure of P × IH -5 mrF urfe lenliness ws heked with w imging nd riihF ividenes of the typil eu@IIIA herringone reonstrutions in oth riih nd w @pigF SFP @DAA on(rmed the surfe qulityF wolydenum ws evported using highEpurity rod heted y eletronEem omrdE mentD t rte of ≈ HFHP monolyerGmin in ultrhigh vuum hmer oupled to the Ery em nd in the ultrhigh vuum hmer oupled to the w respetively @one monolyer referring to the surfe overge of pseudomorphi wo lyer on eu@IIIAAF he deposition rte ws estimted with qurtz mirolneF sn the setup instlled t the ipD this estimte is relyleD within IHEPH7F sn the setup instlled t xéel snstituteD this estimte is we rther rely on llirtion mde with w y mesuring the overge of wo on the re eu@IIIA surfeF pigure SFP@A shows typil exmple where wo ws evported for PH min on eu@IIIAF wolydenum forms smll lustersD here with monolyer thiknessD orgnized on the elows of the herringone reonstrutionF por introdution of r 2 in the ultrhigh vuum hmersD we used gs utomti distriution system @hmer oupled to the Ery emD it uses mss )ow ontroller nd pneumti vlves governed y n utomti system @the ontrol unitAA nd lekEvlve @hmer oupled to the wAF sn the ltter systemD lrge opper prts re foundF heir surfe ws sturted y mintining I×IH -6 mr of r 2 for QH minF ithout this tretmentD residul gs nlysis reveled tht r 2 ws prominently deomposed efore even rehing the smple surfeD whih prevented wo 2 growthF he len eu@IIIA surfe ws exposed to prtil pressure of r 2 @P H 2 S ≈ I × pigure SFPX he len eu@IIIA surfe efore @DA nd fter @A exposing to woF he riih di'rtogrm is tken long the I © IH zimuthF he w topogrph in @A is tken with PneD ID the inset (gure in @A shows the herringone reonstrution of eu@IIIA @P neD EPAF pigure SFQX ingle lyer wo 2 islnds prepred on eu@IIIAD @A hreeEdimensionl view of w topogrph @P neD EP A of singleElyer wo 2 islnds formed on eu@IIIAD with the herringone reonstrution of the ltter visileF @A hreeEdimensionl view of n tomillyE resolved w topogrph @I neD EP A of the moiré lttie etween eu@IIIA nd wo 2 F @cA gloseEup w view @I neD EP A of wo 2 islnd reveling liner defetF e pronouned ptternD with QFIU nm periodiityD is visile on the wo 2 )kes presented in pigure SFQ nd SFRF his pttern rises from the lttie mismth with the sustrteD nd is desried with n nlogy to the optil moiré e'etF 139 greful nlysis of tomillyE resolved w imges nd their pourier trnsform @pigure SFQA llows to determine the size of the moiré unit ellF e (nd tht the highest symmetry eu@IIIA nd wo 2 rystllogrphi pigure SFRX ingle lyer wo 2 islnds prepred on eu@IIIAF @aA riih di'rtogrm @IU keA long the [I © IH] zimuthF @bA pst pourier trnsform of n tomilly resolved w imgeD giving informtion onsistent with the riih di'rtogrmF @cA snEplne ut of the reiprol lttieD s mesured with ErysF @d A dil sn of the Ery sttered intensityD s funtion of the modulus of the inEplne sttering vetor Q for eu@IIIA with nd without singleElyer wo 2 islnds on topF snsetX snEplne ut of the reiprol lttieD in the re mrked with dotted frme in cF diretion re preisely lignedD nd tht the unit ell orresponds to the preise oinidene of IH wo 2 unit ells onto II eu@IIIA unit ells @IH×IIAD onsistent with reent reportF 10 his moiré unit ell is onsistent with the verge reiprol spe lttie vetor sE soited to the moiréD tht is diretly inferred from riih @pigure SFQA nd qsh @pigure SFRDdA to e HFQITP nmF e note tht the moiré signls hve strong intensity in qshD trnslting signi(nt lttie distortion in wo 2 ndGor the topmost eu@IIIA plnes with the inEplne periodiity of the moiréF he fullEwidth t hlf mximum of the wo 2 peks in rdil diretion @pigure SFRdA inreses from HFQP ± HFHS nm -I to HFSR ± HFHS nm -1 from (rst to third orderF his orresponds to domin size of IHEIV nm nd distriution of inEplne lttie prmeter of typilly HFT7F 52 trikinglyD the domin size is here smller thn the vlue of severl IH nm orresponding to the )ke size tht we determined y visul inspetion of w imgesF his di'erene simply shows tht the )kes re not singleErystlD nd tully onsist eh of @smllerA singleErystl grinsF e indeed frequently oserve liner defets within the )kesD t the oundry etween lterllyEshifted domins @see pigure SFQ@AAF yur interprettion is tht t eh of the four steps of the wo 2 preprtionD new wo 2 islnds nuleteD growD nd olese with preEexisting ones " no lttie reEorgnistion ours tht would eliminte the liner defet @soElled ntiEphse grin oundriesA nd yield lrge singleErystl )kesF he pourier trnsform of the totl eletroni density of the system long the outEofEplne diretion is in ft diretly mesured in the experiment whose result is shown in pigure SFSF sn etween the @HHHA nd @IIIA rystllogrphi re)etions of eu@IIIAD we oserve TS pigure SFSX qure root of the Ery re)etivity s funtion of the modulus of the outEofE plne sttering vetor Q ⊥ F he doule rrow mrks the distne etween two destrutive interferene onditionsF reound in the re)etivityF ulittivelyD the distne etween the two minim is set y destrutive interferenes etween the eu@IIIA lttie perpendiulr to the surfe nd the wo 2 lyerF prom this qulittive rgument we estimte tht destrutive interferenes our etween tomi plnes whose interdistne is out three times the eu@IIIA interdistneF his grees well with the vlue given y w estimtionsF 5.3.2 Eects of Cs intercalation on the structure of MoS 2 he smple ws (rst exposed to gs under ultrhigh vuum t room tempertureF his tretment hs severl e'ets on di'rtion ptternsF pirstD the di'rtion signl ssoited to wo 2 progressively shows two omponentsD one of whih orresponding to n expnsion of the lttieF e lso oserve n overll dereses in intensity s the gs dose inresesD whih points to inresed disorderF eondD the signls ssoited with the moiré lttie derese in intensityD whih suggests redution of the mplitude of the periodi lttie distortions ssoited with the sptilly vrying intertion etween eu@IIIA nd wo 2 F hese two e'ets get more prominent when the smple is nneled few IHH u ove room tempertureD typilly t SSH u @fter gs depositionAD suggesting tht kinetis is govE erning the surfe proesses hereF efter three stepsD plnr uts in reiprol spe essentilly feture the eu nd wo 2 peksD with no sign of moiré ontriution nd new superstruE ture mnifesting round the eu peks @pigure SFTAF sn pigure SFT we show rdil sns of the sttered intensity t di'erent steps of the proedure we just desriedF he (gure revels the grdul hnge of the lineshpe nd position of the wo 2 peks together with TT
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the progressive vnishing of the moiré pekF e strightforwrd wy to interpret these oservtions is to invoke interltion of gs in etween wo 2 nd eu@IIIAF es we hve seen @pigure SFSAD without gs signi(nt hyridizE tion nd periodi lttie distortion re expetedD whih ounts for the strong moiré signls initilly oserved @pigure SFRDAF gonverselyD the vnishing signl upon gs deposition nd nneling indites tht the tomi distortions relted to the moiré re signi(ntly reduedF his strongly suggests tht hyridiztion e'ets re neledD nd we will see elow tht 

Cs dose

pigure SFTX truturl hnges in wo 2 upon gs interltionF @aA snEplne reiprol lttie mesured with Erys fter gs deposition nd SSH u nnelingF @bA dil sn of the Ery sttered intensity versus the inEplne momentum trnsfer Q fter n inresing mount @red to green urvesA of gs hs een deposited t room tempertureD then nneled to SSH uD nd to VUH uF snsetX highEresolution zoom in the re mrked with dotted frme in @AF @c-f A riih di'rtogrms @IU keA fter HD IHD PH nd QH minutes of gs depositedF @gA gut in the riih ptterns verged vertilly within the red@lueA frmes in @EfAD s funtion of the gs doseF sn the sene of signi(nt hyridiztion etween wo 2 nd eu oritlsD the wo 2 is no more strongly pinned on the sustrte lttieF he question then rrises whether fter pigure SFUX @aA hreeEdimensionl view of w topogrph @I neD EHFS A of wo 2 islnds with nd without interlted gsF @bA gloseEup w view @I neD EP A of gsE interlted wo 2 islnd reveling pttern of linesF @cA pst pourier trnsform of w imges omprising wo 2 Efree regionsF @d A w view @I neD EP A reveling gs nnostiks on eu@IIIAF @eA xnostik ptterns of gs on eu @leftAY two interlted @P×PA gs domins nd the orresponding grin oundry @dislotionA uried under wo 2 nd indited with douleErrow @enterD rightAF the wo 2 growth nd efore interltion of gsD t room tempertureD wo 2 would not e ompressively stressed @nd strinedA y the sustrteF sf this would e the seD then there would e nturl mehnil driving fore for wo 2 to expnd its lttie fter interltionD whih would ount for the Ery di'rtion dtF fsed on (rstEpriniples lultionsD rung et al. predited similr temperture dependene of the inEplne lttie onstnt for singleElyer nd ulk wo 2 F 64 prom VSH u @wo 2 growth tempertureA to QHH uD the ltties of wo 2 nd eu should then ompress y HFHHP nm nd HFHHPT nm in the surfe plne respetivelyD 39;113 i.e. wo 2 is expeted to experiene residul ∼HFP7 ompressive strin if it is loked on eu@IIIAF ixpnsion in this rnge n thus e expetedF his is however signi(ntly smller thn the oserved expnsionD whih mounts IFR7F ht is the origin of this strong expnsionD thenc e struturl phse trnsition @Ir to I or I9A is expeted upon eletron dopingD 22 nd gsD wellEknown eletroEdonnor speiesD might indeed donte the required mount of hrges to wo 2 F revious hp lultions predited tht the Ir→I struturl phse trnsition does not indueD y itselfD signi(nt lttie expnsionF sn ftD mrginl lttie ontrtion hs even een predited 36 while for trnsition to I9 phseD indeed strong expnsion hs een predited reently 142 F en inresing mount of lkli toms in the viinity of wo 2 is lso expeted to led to TV
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n inresed lttie onstntF sn the relted system of potssium inserted in etween wo 2 lyersD hp lultions predited signi(nt lttie expnsionD sried to either the stronger hrge density within the woE onds or to repulsive intertions etween the lkli tomsD whihD due to eletron dontionD tully ehve s tionsF 7 yviously hrge trnsfers with gs will depend on the gs density under the wo 2 )kesX while gs re in essene eletroEdonnor tomsD t high surfe densityD repulsion etween the dipoles involving the ionized gs is expeted to redue hrge trnsfersF 86 sn priniple di'rE tion n inform us on the nture of the gs phsesD provided tht they re orderedF sn wD we oserve tht on wo 2 Efree regions gs toms form pttern of ∼S nmElong nnostiksD some unhing ross severl I nm to severl IH nmD nd hving di'erent orienttions on the surfeD lso deteted in the pourier trnsform of the imges @pigure SFUDdAF gonsidering the oserved periodiityD we propose two possile tomi strutures for the gs nnostiks @pigure SFUeD leftAF yn wo 2 Eovered regionsD we re not le to detet this strutureF he moiré lttie is not visile nymore @pigure SFUDDAD whih is onsistent with the qsh dt disussed oveF hether gs forms n ordered struture or not underneth wo 2 nnot e oserved diretly sed on our w mesurementsF etD we oserve nnosle pttern of lines oriented long the three highestEsymmetry diretion of eu@IIIA nd wo 2 @IPH • orienttionsAF his pttern my e relted to tht oserved on nother interlted twoEdimensionlEmterilE onEmetl systemD grpheneGfiGsr@IIIAF 157 hereD the pttern ws interpreted s network of dislotions in the interlnt9s lttieD the lines orresponding to the oundries etween interlted domins eing shifted y frtion of the lttie vetor@sA of the interlnt9s lttieF sn the entrl nd right pnels of pigure SFUe we hve skethed possile struture ounting for our w oservtionsD with two @P×PA gs domins interlted under wo 2 D nd lterlly shifted @t this point we nnot exlude tht the gs domins ould e @ √ Q× √ QA rther thn @P × PAD ut similr on(gurtions n e imgined with @ √ Q × √ QA dominsAF w imges tken fter gs deposition revel tht not ll wo 2 )kes hve the sme pperne @pigure SFUAF rt of them re pprently higherD nd exhiit no moiré ptternD while the other prt hs the sme pprene s on the pristine wo 2 Geu@IIIA smplesF his (nding is onsistent with the twoEomponent hrter of the wo 2 signl in qsh @pigure SFTAD nd indites tht gs interltion is not homogeneousF tust like we did in the sene of gsD we now ddress the struture of the smple in the diretion perpendiulr to the surfeF he pourier trnsform of the eletroni density perpendiulr to the surfe is given y the dtF e oserve tht the urves show fster osilltionsD inditive of lrger distne etween wo 2 nd eu@IIIA thn in the sene of interlted gs @pigure SFVAF es we hve seenD inresing the temperture promotes interltion of gs underneth pigure SFVX snrese of the wo 2 Esustrte distne fter gs interltionF ixperimentl Ery re)etivity @normlized to its mximum vlueA s funtion of the modulus of the outE ofEplne sttering vetor Q ⊥ nd with interlted gsF xote the distint positions of the minim for the re)etivity with nd without interlted gs @ompre with pigure SFSAF the wo 2 )kesD whih points to kineti rrier to interltion @e.g. for pssing through defets ndGor for reting defets lter ting s interltion pthwysAF o further improve the e0ieny of interltion it is tempting to further inrese tempertureF e few u ove SHH u howeverD nother key proess is tivtedX he moiré signl typil of periodi lttie distortion reEppers in qshD the wo 2 pek shifts kwrds orresponding to ompression of the tomi lttie @pigure SFTAD nd the wvelength of the osilltions in inreses suggesting deresed distne etween wo 2 nd eu@IIIAF sn ftD fter VSH u nnelingD the reiprol lttie of the smple is very similr to tht of the pristine smpleD in other words t this temperture interlted gs toms n di'use outside of the wo 2 )kes @i.e. they deEinterlteA nd desor to vuumF Conclusions e showed tht strting from wo 2 )kes strongly oupling to the eu@IIIA sustrteD with short sping nd sustntil nnoripplingD gs interltion lifts the )kes nd )tens themF he proess is thermlly tivtedF heEinterltion is lso thermlly tivtedD ut t higher temperturesF e found tht gs interltion leds to n noml ∼I7 expnsion of the tomi lttie of wo 2 prllel to the surfeF his e'et might originte from strong eletron dontion of gs toms to the wo 2 F he deoupling we oserve suggests tht the presene of the interlted lyer prevents the hyridiztion of the sulfur nd eu oritlF yur works open new perspetives towrds the mnipultion of twoEdimensionl trnsition UH
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metl dihlogenidesF imilrly to inEsolution strtegiesD 37 interltion ould e exploited on wo 2 Geu@IIIA to filitte the exfolition of nnosle )kes 57 or full lyersF 10 hemonE strting further ontrol on eletroni or hole doping of wo 2 with interlted eletroEdonnor or eletroEeptor speies is nother exiting golF e numer of speiesD to e interlted with vrying dosesD re relevnt hereD mong the vst tlog of lkli tomsD trnsition metlsD nd moleulesF pinllyD s extensively demonstrted with ulk ompounds in the pstD interltion opens new doors to hieve vriety of twoEdimensionl phsesD struturl onesD mgneti onesD nd even superonduting onesF Conclusions here re severl fetures tht mke twoEdimensionl @PhA trnsition metl dihlogenides @whgA rther unique in terms of pplitions for optoeletronisF hey n dopt di'erent struturesD eh with very di'erent eletroni nd struture @eFgF wo 2 is semionduting in the Pr phse nd metlli in the I phseAF he reltive stility of these strutures hs een reported to hnge with strin or eletroni dopingF hile our hp lultions on(rm the former resultD we ould not drive ler onlusions regrding the ltterF fesides dopting di'erent struturesD the eletroni properties re strongly in)uened y the numer of lyersD nd our lultions on(rm this wellEknown ftD tht is illustrte y trnsition from n indiret to diret eletroni ndgp when the whg is singleElyerF hefets in Ph whgs re lso rther uniqueD simply euse the displement of toms is not hindered in the diretion perpendiulr to the lyersF eddressing the prototypil of wo 2 D whih is proly the most studied Ph whgD we onsider severl sustitutionl defets t the metl nd hlogen sites nd tomi vniesF yur hp lultions revel shrp eletroni sttes ssoited to the defetsD nd predit hrteristi lol density of sttes vritions tht serve s guide to interpret snning tunneling mirosopy hrE teristion of so fr unknown kind of defetF e ttriute these defetsD found in wo 2 exfolited from ulk rystl formed using speil high temperture G high pressure proE linesF he e tells e to strt the lultion from srth with medium preision @ iga wedium y hnging the uto' energyAF sn this lultionD the set of wveE funtion is not written out to (le @y setting veiaFpeviF AF he ioni relxtion is perform y using onjugteEgrdient lgorithm @ sfsyxaP AD nd the mximum numer of ioni steps is set to e IHH @ xaIHH AF he swie determines how the prtil oupnies f nk re set for eh oritlD in this seD it used tetrhedron method with flohl orretionsF @httpsXGGmsFmpiFunivieFFtGwikiGindexFphpGswieA he hy is evlute 

  ryrid puntionlsF st is worth notiing tht the oneEeletron funtion ϕ(r) re mthemtil tools to lulte n(r)D nd not true wvefuntion of the qusiprtilesF ε i re not the qusiprtiles energies eitherF enywyD they re very often used to get nd strutures with quite good greement with experiments in mny systemsF VASP and technical details of the calculations IFIX uperell tehnique for n interfe or surfeF sn this thesisD we used the ienn eEinitio imultion kge @eAF 149 st enles us to determine the tom positions t equiliriumD the density of stte nd the eletroni nd T 1.2. ULTRA HIGH VACUUM (UHV) SYSTEM

  is the dey onstntD nd m is eletron free mssD Φ is the workfuntion of the tip nd the smpleF I(H) is onstnt nd the typil vlue of Φ is Se leding to vlue of k out IIFR nm -1 D whih mens tht the dey is one order of mgnitude per IÅF he w imges n lso e ompred to simultionF sn riefD this method onsists in lulting the prtil hrge density in n energy window orresponding to the mesureE mentF priniple of wD when the tip sn over the smpleF STM setup

  lttie struture @A nd its frillouin zone @AF he tringulr lttie with two lttie vetors a 1 nd a 2 D three nerestEneighor vetorsX δ i D i = ID PD Q re lso inditedF 2.1 Two Dimensional Materials: Physics of Materials with Reduced Dimensionality 2.1.1 Graphene he study of grphene reted premise for new diretion of reserh ddressing more generlly Ph mterilsF emong themD whgs hve gined huge ttention due to rih physis nd gret promise for pplitionsF qrphene is mde of ron toms rrnged on honeyom lttieF he honeyom lttie is not frvis lttieX it is tringulr lttie with two toms in the unit ellF he two trnsltionl vetor n e hosen s @pigFPFIAX

  euse they nnot trnsform one to nother y ny liner omintion of vetors of the reiprol lttieF F lle ws the (rst one to desrie grphene9s nd struture using the tightE inding pproh nd (rst neighor intertionsF he highest oupied nd lowest unouE pied nds re shown in pigF PFPF hey ross t the u points nd hve liner nd isotropi dispersion @hir onesA in n energy rnge of out I e round these pointsF qrphene9s very exiting eletronis propertiesD for instneD the mssless hirl hir fermion hrter of its hrge rriersD re relted to this nd struture nd to the honeyom lttieF 150 2.1.2 TMDC: from Bulk to Monolayer wh hs n w 2 formul with w trnsition metl tom @woD D etFA nd hlogen tom @D eD nd eAF hese systems re mde of triple lyers where one plne of w is sndwihed etween P plnes of hlogenF ithin the plneD the wEghlogen onds IT2.1. TWO DIMENSIONAL MATERIALS: PHYSICS OF MATERIALS WITH REDUCED DIMENSIONALITYhve strong ovlent hrterF he triple lyers re stked on top of eh other thnks to @wekA vn der ls intertionsF he thikness of this triple lyers is in the rnge of TEU ÅF iven if the primitive unitEell onsists of tripleElyerD these systems re still lled monolyers @or single lyers E vAF wetl toms within triple lyer re sixEfold oordinted nd their onding geometry n e either trigonl prismti or othedrlF 26 feuse of the di'erene etween intrE nd interElyer ondsD few lyers down to v whg n e isoltedD like in grphiteGgrpheneF ithin the triple plneD the Pr whgD the most ommon polymorphD drw honeyom lttie @pigF PFQA like in grpheneF pigure PFQX hree most ommon polymorphs ofX whg PrD I nd I9 phsesF he inE plne lttie vetors for the primitive unit ell a, b re shown in the top viewsF urple @ellowA represent wetl @ghlogenA tomsF hi'erent polymorphs exist tht orrespond to di'erent lol symmetryX trigonl prisE mti @PrA where hlogen toms ly on top of eh other nd othedrl geometry where the Q hlogen toms of the top lyer re rotted y IVH o with respet to the Q hlogen toms of the ottom @pigsF PFQ nd PFRAF he terms r nd stnd for hexgonl nd trigonl symmetry of the rystl strutureD respetivelyF hue to the di'erenes in rystl symmetryD the r nd phses of whgs hve sustntilly di'erent eletroni strutures s we will show in the next prgrphF he I9 phse is the modultion of the I phse in one diretion tht orresponds to P × I superstruture @pigF PFQAF sn generlD group s whgs tke the Pr struture ut there is some exeption eFgF e 2 whih dopts the I9 phse like group ss whgs nd some group s whgs in speil onditions of stress or eletron dopingF qroup s @e 2 A nd most of the group whgs hve I struture 74 F pigure PFR shows top nd perspetive views of Pr nd I phsesF por oth strutures the two frvis primitive lttie n e hosen s in grphene sX IU

PP 2 .

 2 1. TWO DIMENSIONAL MATERIALS: PHYSICS OF MATERIALS WITH REDUCED DIMENSIONALITY ilyerD trilyerD etF pigure PFU shows the stking of I nd Pr phses in ulkD the pre(x digit in I nd Pr de(nes the numer of lyers in the ulk unit ellF sn the ulkD these lyer re stked on top of eh otherD thnks to wek vn der ls @vdA foresF 1 he wek vd fores llow the formtion of ultrEthin lyers of whg y miroEmehnil levge tehniqueD s demonstrted in wo 2 y xovoselov et al. 115 F

  lultions show the oritl projeted of v nd ilyer wo 2 F ize of the red dots indite the strength of oritls ontriutionF he s oritls re not presented due to smll ontriutionF he nlysis of the nd struture shows tht one lyer gives one nd on eh side of the gpF hey re split t K V D Γ V nd Λ C for more thn one lyer due to interlyer intertion while the gf edge t uEpoints shows no visile splittingD due to the ft tht intertion is not possile y symmetry 120 F ttes t the top of the vlene nd t u hve Sp x,y nd Mod xy D Mod x 2 -y 2 in plne hrter tht re not muh 'eted when whg lyers re dded @due to wek interlyer intertionAF hese lst two points explin the smll vrition of the energy positions of the lowest sttes t K V nd K C nd of the gp t u when going from ulk to vF yn the ontrryD sttes t Γ V hve Sp z nd Mod z 2 out of plne hrterF por more thn one whg lyerD the orresponding sttes intert strongly nd the nds re split in onding nd ntiEonding ndsF he highest oupied nd hs n ntiEonding hrter nd is pushed towrds higher energies when lyers re dded whih mens tht the mximum of the vlene nd goes from K to Γ when going from v to two or more lyersF he sme kind of rguments holds for sttes t Λ where one lyer gives one nd tht eomes split in presene of n interlyer intertionF PU Spin orbit coupling

t

  HFQ F e sttistil nlysis on di'erent lotions of the smples yields n verge nd gp vlue of PFIS ± HFHT eF yther groups studied whgs grown on metlli sustrtesF por instneD ørensen et al. mesured wo 2 on eu sustrte nd the mesurements showed qusiEprtile nd gp in this se of IFV e 139 F (a) (b)pigure PFISX @A w imge of tringulr wv )ke with the height of HFTU nmF @A ypil snning tunneling spetr on v wo 2 )keF eprodued from 167 he origin of the di'erent vlues of the nd gp found with di'erent sustrtes is unler t this stgeF gertin sustrtes my hve signi(nt intertionD not simply vn der lsD with the v wo 2 D with in some ses n hyridiztion of some the eletroni nds of the two mterilsF his my result in modi(tion of the energy of some eletroni nds of wo 2 D hene of the eletroni nd gp if for instne the vlene or ondution nd is more 'eted thn the otherF imilr studies for di'erent whgs were lso performedD for instneD woe 2 v on ilyer grphene showed nd gp vlue of PFIV e t SuD nd woe 2 gp of HFWT e t UU uF 145 feside gpEless nd metlli sustrtesD insultors suh s hfxD iy 2 were used s u'er lyer for prtil deviesF 2.2 Preparation of TMD Monolayers woEdimenionl whgs re usully frited following two lsses of pprohesX the topE down routeD wherey ulk rystls re exfolited into thin or even singleElyer )kesD nd the ottomEup method where rystls re grown from moleulesGtoms y hemil vpor deposition mehnil exfolition method is the most widely used pproh to prepre thinD high qulity smplesF he (rst mehnil exfolition ws developed to exfolite sinE gle nd few lyers of grphene nd whgs @wo 2 D xe 2 AF he ide ehind mehnil exfolition is rther simpleX due to the vd foreD the neighoring whg lyers re wekly ond to eh otherD nd these fores n e overome with mehnil foreF sn riefD dhesives @oth tpesA were used to peel whg lyers from their ulk mterilF he proess repeted multiple time to isolte few or even single lyersF pinllyD the leved Ph mteril stuk on the oth tpe is rought into ontt with trget sustrte where prt of the exfolited )kes will dhereF a b c d pigure PFITX @A hemti of mehnil exfolition proessF @EdA yptil mirogrphs of singleD iED nd triE lyer of wo 2 )kes exfolited on iy 2 with oth tpeF eprodued from huey et al. 35 wultiple sustrtes hve een used to exfolite the whg single nd few lyersD inluding iy 2 GiD 90 nd olydimethylsiloxne @hwA 35 F he mehnil exfolition is hep omE pred to other pprohesD howeverD it lso ontins some drwkF he sizeGshpeGthikE ness is di0ult to ontrolD the size is usully elow the millimeter sleD ontmintion nnot lwys e voidedD overll mking the tehnique so fr unsuited to lrgeEsle pplitionsF sn ddition to the exfolition in mient tempertureGpressureD the nnomehnil levE ge ws lso performed under protetive environments @glove oxesAD nd under the ojetive lens of n optil mirosope in order to hve etter ontrol on the numer of lyers nd positioning of the )kesF 102;143 QI Liquid Exfoliation

  QR 2.3. CONCLUSION sustrte in r 2 environmentF his method n produe very highEqulity wo 2 v with low density of defetsF 10 he outome is further disussed in Chapter SF2.3 Conclusioningle lyer whgs re remrkle systemsD for instne in the form of semiondutor with gret potentil for pplitionsF sing hp lultions we n not only understnd the struturl propertiesD ut lso the eletroni propertiesF fut some key questions remin openF pirstD one my wonder how the mterils9 properties re 'eted y di'erent type of defetsF eondD will it e possile to rete heterojuntion of two di'erent whgs with similr lttie onstntc end thirdD n we deouple the whg singleElyer from growth sustrte with whih they strongly intertc ith ll the tehniques @simultion nd experimentA introdued in the lst two hptersD (nding the nswer to those questions is the min purpose in the three next hptersF Chapter 3Point Defects in Single Layer TMDs 3.1 Introduction hefets in rystl re unvoidle ording to the seond lw of thermodynmisD nd in prtie due to the simple ft tht the mterils never re elementry IHH7 pureF purE thermoreD defets n lso e formed during growthD postEproessingD ptterningD etF ine they hnge the properties of system nd espeilly n lter devies9 e0ienyD it is of the highest importne to determine their nture nd their origin so tht one ould e le to ure them or t lest minimize their e'etF his is espeilly true for Ph mterils where low dimensionlity reinfores the e'et of defetsF por instneD vnies introdue sttes in the ndgp of semionduting Ph mterilsD shift the permi level nd then hnge the eletroni propertiesF ustitution of toms my pper in the frition method nd it lso modi(es the eletroni struture @signi(ntly or notD in se of eG sustitutionAD nd so onF hefet t the tomi sle n lso hve onsiderle e'et on mgnetiD nd optil propertiesF fut defets n lso e mde on purpose to tune desired eletroniD optil or mgneti propertiesF st is the se in eletronis devies suh s juntions or trnsistors where dopnts re nothing else thn defets tht re well hrterized nd inorported in the system in ontrolled wyF sn this hpterD we del with point defets " tht is geometril defets tht 'et isolted tomi sites of the rystlF yne usully lssi(es these defets in two di'erent kindsD intrinsi ones suh s vniesD ntisitesD interstitil nd extrinsi defets suh s sustitutionl defets nd dopntsF he hpter uilds on pper pulished in eg xnoF 35 s hve optimized the geometry nd lulted the eletroni struture of mny defets in wo 2 nd lulted prtil hrge mp tht re ompred to w experiments to determine the nture of defet tht ws oserved with high preision in new soure of wo 2 @prepred t high temperture nd QS QT 3.1. INTRODUCTION pressure " rGrA in the experimentl tems of xéel snstituteF 3.1.1 Intrinsic point defects in single layer TMDCs oint defets n hve di'erent formsX vnies suh s single vny of hlogen or metl tomsD omplex vny tht n e omintion of hlogen ndGor metl tomsD the sustitution of the trnsition metl tom y nother elementD interstitil ut lso dtoms on one side or oth sides of the lyerF feuse they lter trnsport properties nd devie hrteristis 64 D they hve een extensively studied espeilly the most ommon one for wo 2 D the vnyF 53;71;75;76;94;125;175 he point defets n e introdued during the frition proess often ourring t reltively highEtemperture 60 D ut lso during monolyer trnsferF hey n lso e relted to the sustrteF ome groups even rete point defets like vnies y eletron irrdition to study themF 144;147 (a) (b)pigure QFIX oint defets in woPF @A tomi resolution iw imgesD @A formtion energy of di'erent point defets s funtion of sulfur hemil potentilF eprodued from hou et al.175 he single vny is defet ommonly oserved in wo 2 smplesF 75;125;175 heir presene hs een relted to intrinsi n doping in wo 2 101 or not 76 F prom lultions49;53 they hve the lowest formtion energyF pigure QFI from175 shows the formtion energy of di'erent point defets in wo 2 s funtion of the sulfur hemil potentil nd their iw imgesF he lulted defets re desried in (gure QFP nd orrespond to sulfur single vnyD sulfur divny with two possile on(gurtions @two vnies within the sme tomi plne or one in eh of the tomi plnes sndwihing the wo plneAD sustitutionl QU of or wo toms y n extrinsi tom nd wo single vnyF he defet formtion energy is lulted usingX

  QV 3.2. DFT CALCULATIONS OF POINT DEFECTS IN MOS 2 3.2 DFT calculations of point defects in MoS P e studied di'erent point defets of wo 2 to optimize their geometry nd lulte their eletroni strutureF hese defets inlude wo 2 ommon point defetsX vny nd diE vnyD wo vnyD eG nd glG sustitution together with impurities tht re deteted in wo 2 smples used in xéel snstituteX peGwoD gGD xGD fG sustitutionsF3.2.1 Calculation detailsglultions re performed using superell tehniqueD whih hs een explined in ghpter IF e plneEwve utEo' of SHH e nd wonkhorstEk mesh of I×I × I @for the tomi relxtionA nd T×T× I @for the density of sttes lultionsA for frillouin zone integrtion re employedF he totl energies re onverged if the hnge in totl energy etween two ioni steps is smller thn IH meF sn order to eliminte the intertion etween two djent lyer imgesD vuum lyer of ISÅ is dded in the z diretionF e T×T×I superEell in lterl dimensions is onstruted to introdue the point defetsF he superell is shown in pigF QFQ @AF por w simultionsD onstntEheight ut of the prtil hrge is lulted on oth sidesD s depited in pigF QFQ@AD from now onwrdD the onstntEheight uts on the left @sme side thn the defetA is lled the defect-side nd on the right is lled the other-sideF

  is less fvorle thn monovniesF pigure QFS shows the hy nd the simulted w imges of the wo 2 v with n Edivny where the two removed toms re in the sme surfeF hile tomi displeE ments re similr to wht ws oserved in the mono vny seD the onstnt height uts show omplex ptterns due to the rehyridiztion of oritlsF his type of defet oviously reks the QEfold symmetry of the lttie nd retes two sets of two peksD one on top of RH 3.2. DFT CALCULATIONS OF POINT DEFECTS IN MOS 2 the vlene nd nd the other one deep inside the gp so t positions similr to wht ws found for the single vnyF rere ginD sttes in the gp re lolized on the vniesF Electronic density (states/eV.atom)

  he seond possiility of S2 is tht the two removed tom re superimposed loted in two di'erent tomi plnesD the hy nd the simulted w imges of this struture re shown in pigF QFTF he removl of P toms retes T dngling onds for the superElttie system nd modi(es the top of the vlene nd signi(ntlyF o hrterize the (lled sttes t the top of the vlene ndsD the prtil hrges integrted with the rnge of EHFP to HFP e re shown in pig QFT @EAF enother resonne t IFIS e is un(lled nd stritly lolized on the vnyF yviouslyD due to the mirror symmetry in the z diretionD the prtil hrge mps on oth sides of the wo 2 plne re identilF he prtil hrge mps CHAPTER 3. POINT DEFECTS IN SINGLE LAYER TMDS RI re very similr to the one otined for the monoEvnyF Defect-free S-divacancy E -E F (eV) Electronic density (states/eV.atom)

  groupsF12 ine the growth usully needs multiple evportion steps t high temperturesD di'erent types of defets might pperD nd one of them is the di'usion of Ge t the interfe of the juntionF ine nd e toms re in the hlogen fmilyD they ll hve R eletrons t the outer shellD the ontriution of eG sustitution in the superElttie should hve no signi(nt e'etF his is indeed wht we (ndD the hy in pigF QFU @A shows tht the ndgp of the defet struture is redued y only QH me nd no feture ppers in itF RQ 3.2.5 B/S substitution sn the next prtsD we investigte the possiility of pEtype doping repling n tom with fD gD xF 101 pigure QFV shows the hy nd the prtil hrge of wo 2 v where n tom is repled y f tomF he lttie symmetry reminsD the sustitutionl f tom is moved HFU Å towrds the woEplne with respet to the originl tomF e single defet stte is found in the hy spetrum in pigF QFV@A lose to the vlene nd tht (xes the permi levelF rtil hrge mps show tht this defet like the other ones 'ets oth sides of the vF Defect-free B/S Substitution Electronic density (states/eV.atom)

  indue pEtypeEdoping in wo 2 is n x tom sustituting n tomF he results re shown in pigF QFIHF ith no hnge in lttie symmetry like other point defetsD the x tom position is moved HFU Å towrds the woEplne with respet to the tomF e shrp pek ppers t the permi level nd studying spin polriztion of this stte ould e interesting 114 F he w fetures of the defet look similr on oth sidesD onsisting of ring with three pirs of rdil legsF Defect-free N/S Substitution Electronic density (states/eV.atom)

  Electronic density (states/eV.atom) pigure QFIIX gl sustituting tom in wo 2 vF @A hyD @EA prtil hrge mps on oth sides of the wo 2 plne nd integrted on the shded reF he hy of pristine wo 2 hs een shifted to mth the gfw of the defet hyF veft @rightA olumn of the prtil hrge mps orresponds to the defect @other A sideF 3.2.9 Mo vacancy he tomi struture of Mo is shown in pigF QFP@eAF he hy nd simulted w imges re shown in pigF QFIPF vike for the @diAvnyD the geometry of the wo vny does not indue signi(nt distortion of the lttieF he toms surrounding the vny re slightly moved towrd the defet positionF es result of the defet formtionD wo tom nd six woE onds re elimintedD onsequentlyD six dngling onds remin in the Mo strutureF es shown in pigF QFIP @AD four peks re found in the gp or lose to itF RU sn greement with xoh 114 D the (rst two sttes re (lled nd the other two re emptyF he

  RV 3.3. WEAKLY TRAPPED, CHARGED, AND FREE EXCITONS IN SINGLE-LAYER MOS 2 IN THE . . .E -E F (eV)Electronic density (states/eV.atom) sustituting wo in wo 2 vF @A hyD @EA prtil hrge mps on oth sides of the wo 2 plne nd integrted on the shded resF he hy of pristine wo 2 hs een shifted to mth the gfw of the defet hyF veft @rightA olumn of the prtil hrge mps orrespond to the defect @other A sideF 3.3 Weakly Trapped, Charged, and Free excitons in Single-Layer MoS P in the Presence of Defects, Strain, and Charged Impurities hefets in di'erent wo 2 smples y mehnil exfolition of two kinds of ulk woP @ nturl soureD nd soure prepred t high temperture nd pressure " rGrA on di'erent sustrtes were studied y mnD vD nd w in xéel snstituteF hey found the defetEound stte in rGr wo 2 hving low inding energy of PH me tht does not pper sensitive to strin nd dopingD unlike hrged exitonsF he nture of this defet hs een solved y oupling the w experiment results from F wllet E tF F euillen nd oEworkers to our hp lultionsF35 

  in w presumly due to the shpe of the tipD nd more relisti simultion of the tul experimentl sitution would require tking into ount the eletroni properties of the tipD whih we do not do hereF xeverthelessD the min fetures of the defet pointed y the green rrow ompre very well to the x sustitutionl defetX the sizes of the lowerEintensity entrl feture mth nd the three pirs of legs ppering in the experimentl imge seem reminisent of the three loes found in the simultionsF he new defet oserved in rGr wo 2 ws then sried to n x sustitutionl defetF hotoluminesene mesurements performed in xéel snstitute on the sme smples unveil vrious optilly tive exitoni omplexes nd espeilly defetEound stte hving low inding energy of PH me tht we relted to the xG defetF o summrize our results for point defets in wo 2 vD we found tht in most sesD point pigure QFISX iletroni density of sttes nd onstntEheight uts @I ÅA of the prtil hrge round fGD xGD gG sustituted toms D the woGpe nd the sulfur vny integrted in the energy rnge shded in the eletroni density of sttes spetr @the (fth nd sixth rows orrespond to the two lowerE nd higherEenergy yellowEshded rnges respetivelyAF he eletroni density of sttes for defetEfree wo 2 is shown s refereneF ell spetr hve een shifted horizontlly to mth the minim of the ondution nd @t zero energyA nd vertilly for lrityF defets do not signi(ntly lter the lttie struture nd tht the reted defet sttes re lolized lose to the defetF goupling hp lultions nd w imging llowed us to disriminte etween mny possiilities to unveil the nture of the oserved

  level nd ply mjor role in the juntion opertionF103 sn the se of Ph systemsD the piture developed for Qh systems must e revisedF sn stk etween two Ph mterilsD the onept of depletion region reks downD sine meningful thikness nnot e de(ned for v Ph mterilsF sn lterl juntions etween Ph mterilsD like the ones onsidered hereD depletion regions re expetedD yet their modi(E tion upon pplied is my not resemle the sitution in Qh systemsD due to the redued dimensionlity 2 F purthermoreD defets in Ph mterils give rise to spei( eletroni efE fetsD nd their ourrene t the lterl interfe etween Ph mterils @ Ih interfeA my ordingly led to spei( permi level pinning unlike in Ph interfes @etween Qh mterilsAF

  vrition is smller thn HFHR eF he di'erent vny positions nd the totl energy s funtion of the position re shown in (gure RFQF e (rst onlusion is tht e vny will e more fvorle on the e 2 of the juntionF he orresponding hy re shown in (gure RFRF hey minly show shift of the vny pek in the gpF he prtil hrge density re shown in (gure RFS hey re integrted from H to I e @IFQ eA on the woe 2 @e 2 A sideF he e'et of the interfe is here gin rther smllF pigure RFQX @A hemti of the superell used for the lultion in top viewF flue irles give di'erent defet positionsF @A otl energy s funtion of defet positionsF ST 4.3. SE VACANCY IN A MOSE 2 /WSE 2 JUNCTION (20X4) Electronic density (states/eV.atom) in woe 2 Ge 2 heterojuntionF @A vttie struture nd @A hyF flue irlesD vetors represent the defet positions nd diretions where the e toms re eing removedF setion of the prtil hy integrted in the gpF wo unit ells re shown in the y diretionD one with the tomsD the other one withoutF SV 4.4. CONCLUSION 4.4 Conclusion sn this hpter we showed tht the woe 2 Ge 2 interfe is nerly perfet t di'erent levelX it indues very smll relxtionD the eletroni struture is just slightly 'eted nd even defet properties remins similr on oth sidesF es next stepD it would e interesting to dd di'erent types of defets on oth sides of the juntion to rete p -n juntionF Chapter 5 Epitaxial of TMDs on Metal Surface snterltion of lkli toms within the lmellr trnsition metl dihlogenides is possile route to new genertion of tteriesF st is lso wy to indue struturl phse trnsiE tions uthorizing the reliztion of optil nd eletril swithes in this lss of mterilsF he proess of interltion hs een studied in thik or thin dihlogenide (lmsF rereD we ddress the se of singleElyer of molydenum disul(de @wo 2 AD deposited on gold sustrteF e studied the interltion of esium @gsA in ultrElen onditions @ultrhigh vuumAF his llows us to put in evidene tht interltion deouples wo 2 from its suE strteD signi(ntly inresing the sping distneF e disuss the strong hrge dontion from gs to wo 2 D nd the lifting of the hyridiztion etween the oritls of wo 2 nd of the sustrteF fesidesD we (nd n norml lttie expnsion of wo 2 tht is relted to the immedite viinity of gsD vi strong eletron doping ndGor strong repulsion etween gs tomsF snterltion is thermlly tivtedD nd so is the reverse proess of deEinterltionF yur works open the route to mirosopi understnding of proess of relevne in sevE erl possile future tehnologies nd shows the wy to the mnipultion of the properties of twoEdimensionl dihlogenides y underEover funtionliztionF he work reported in this hpter hs een performed in ollortion etween xéel snstituteD gieEsxegD nd gieEigF s ws in hrge of the frition nd hrterizE tion y riih nd w t xéel snstituteD nd the frition ws lso done t the fwQP emline of the ipD where riih nd Ery sttering experiments were mdeF 5.1 Introduction he interest for trnsition metl dihlogenide singleElyersD initilly spurred y the right light emission found in molydenum disul(de @wo 2 A 106;140 nd the hievement of eletroE stti swithing of eletril ondution in wo 2 D 126 hs revived tivities devoted to the SW TH 5.1. INTRODUCTION

  TP 5.2. REACTIVE MOLECULAR BEAM EPITAXY OF MOS 2 ON AU(111) representtion of n ultr high vuum system setupF muh less relileD due to the geometry of the ultrhigh vuum hmerX the orienttion of the eletronEem evportor is strongly o' the norml of the smpleD nd the qurtz mirolne itself hs frme tht n generte signi(nt shdowing e'etsF his is why

  -5 mbarA introdued in the ultrhigh vuum systemsD then molydenum ws deposited on the surfe in presene of r 2 D nd the smple ws nneled to VSH u without the wo tomi em ut still in presene of r 2 F his sequene ws repeted four times to hieve surfe overge of THEVH7 with wo 2 F gesium ws deposited under ultrhigh vuum with the help of resistively heted high purity gs dispenser from es qetterF e evported the gs for QH minutes under the urrent of TFUS ÅD the pressure during the evportion is t PFP ×IH -9 mrF w mesurements hve een performed with our ymironEwI pprtusD t room temperture under ultrhigh vuumD in dedited hmer with se pressure of S×IH -11 mrF he w topogrphy ws performed in onstnt urrent mode with the is
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 3 Results and Discussion 5.3.1 Structure of MoS 2 single-layer islands on Au(111) pigure SFQEd shows the typil di'rtion ptterns nd morphology of the surfe fter growthF he wo 2 )kes exhiit stright edgesD 16 hve n extension of the order of severl IH nmY in etween the )kes the herringone reonstrution of the re eu@IIIA is visileF hese oservtions re onsistent with those in previous reportsF 51

  essD s xG sustitionlsF hese defets hve een shown to wekly trp exitons in the mterilD s shown in photoluminesene experiments performed y our ollortorsF woving to the hp study of lmost homostruturl woe 2 Ge 2 typeEss plnr junE tionD we were interested in understnding the wy the di'erent nd strutures of the two mterils lignF he nd struture lignment is known to result in n extended interfe dipole in trditionl Qh semiondutorsF es preliminry stepD we ddressed the e'et of (nite size in e 2 D when the mteril is in the form of rionF yur simultions reveled tht eletroni sttes lying within the ndgp of e 2 re ssoited to the lowEoordinted edge tomsF sn the homostruturl woe 2 Ge 2 plnr juntionD very few deformtions re foundF e found no evidene of eletroni sttes within the ndgp of these mterilsD iFeF the edge sttes found in the e 2 rion re suppressed due to the pssivtion of toms t the interfe etween woe 2 nd e 2 F his implies n sene of pinning of the permi level UI UP5.3. RESULTS AND DISCUSSIONin the juntionD desirle feture in pEn juntionsF e do (nd tht the juntions is of type ssD with sttes on the e 2 side only t the top of the vlene nd nd sttes on the woe 2 side only t the ottom of the ondution ndF e lso oserve hrge trnsfer etween e 2 nd woe 2 D hene n interfe dipoleF pinllyD studying the role of e vny in the systemD we found lolised defet sttes whose energy vries depending on the lotion of the defet in the strutureX the energy is found within the gp when the defet is in the woe 2 side or t the interfeD nd presumly in the ondution nd when it is in the e 2 sideF yur experimentl study of singleElyer wo 2 on eu@IIIA sustrte reveled tht whg grows in the form of wellEoriented islndsF his nturl orienttion seletion is desirle nd tully rrely possile with other kinds of sustrtesF hue to lttie mismthD wo 2 develops moiré pttern with nnometerEsle periodiity on eu@IIIAF his pttern orreE sponds to strongD lollyEvrying intertion etween the sustrte nd the overlyerD nd is evident in the di'rtion dtF heposition of gs onto the smples leds to spontneous interltion underneth of wo 2 F e signture of this interltion is the dispperne of the moiré signl in di'rtion experimentsD nd n inrese on the wo 2 Geu@IIIA distne tht we qulittively reveled with Ery re)etivity experimentsF ogether with this liftEo' of the wo 2 plnr expnsion of wo 2 oursD whih seems relted to the hrge dontion from gs tomsF e (nd tht the interltion n e promoted y tempertureD nd tht ove ertin tempertureD deinterltion oursD eventully leding to the reEoupling of wo 2 with its sustrteF Perspectives sn this thesisD whgs with di'erent kind of point defets were hrterized nd the interE tion of whgs with one nother nd with metlli sustrte were lso studiedD however there re lot of work need stills to e doneF vet us mention some perspetives s followsX• feside point defets studied in ghpter QD di'erent kind of defets suh s line defetsD hrge defetsD et re fesileF yn the other hndD our lultions does not onE sider the pperne of sustrteF st might interest to understnd how defets ehve @mehnilly nd eletronillyA with di'erent type of sustrtesY• he whgs heterojuntions hve een suessfully frited y other groups @see eFgF fellus 12 D rung 62 AD provided n ultrfst hrge trnsfer in the order of dozen femtoseondsF roweverD the e'et of point defets in suh systems re still missing nd n e ddress in further studyY• es we suessful frite the wo 2 Geu@IIIA systemD it showed the possiility of exE ploiting to filitte the exfolition of nnosle )kes or full lyersF purther study on eletroni or hole doping of wo 2 with interlted eletroEdonor or eletroEeptor speies n le is the on(gurtion (le tht determines the min lultion prmtersF he ode ove shows n exmple on how we input the sxge (leF he (rst Q lines re omment
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  wo 2 D 2 nd e 2 F hese mterils exhiit similr ehvior ut di'erent mgnitude of the spin splittingF he mximl spin splitting of the fw in our lultion t the K V Epoint is IRVD RPH nd RST me for the wo 2 D 2 nd TWO DIMENSIONAL MATERIALS: PHYSICS OF MATERIALS WITH REDUCED DIMENSIONALITY physis in group s dihlogenidesD 160 for instne the vlley u @EuA is ssoited with the spin up @downA onlyF he spin vlleyEdependent leds to very interesting properties suh s the vlley rll e'etF 160 st is worth notiing tht inluding the yg in hp lultions demnds lot of omputtionl e'ortD sine we re working with very lrge unitEellD the yg is not tken into ount in the next hptersF

	Experimental approach

e 2 D respetivelyF he spin splitting t K C re tiny @less thn R meA in omprison with the splitting t K V F et the Λ C D the lrge spin splitting is lso found with the vlues of UHD PUH nd PQH me for wo 2 D 2 nd e 2 D respetivelyF his y splitting nd the inversion symmetry reking led to oupled spin nd vlley PV 2.1.

  Synthesis via transition metal (or transition metal oxide) chalcogenisation he whg lyers n e synthesized y hlogenistion of the trnsition metl oxide @or wy x A t reltively high temperturesF his is the PEstep proess nd the method n e understood s followsX the trnsition metl @or wy x oxideA is evported on top of sustrte @eFgF using n eEem evportorAD the hlogen toms re then introdued nd the smple is then nneled t high tempertureF he retion mehnism n e understood s hemil retionF hn et al.166 pioneered the PEstep synthesis of wo 2 F his method when using wo s preursor is limited y the domin size nd the thikness uniformity of the whg lyersF feuse wo in ulk is high migrtion temperture metlD lrge density of wo nd wo 2 domins might form t 4resonle4 growth temperturesF es it turns outD the nture of the preursors plys n importnt role in the morphology of the whg lyersF he metlli oxides hppen to migrte more esily thn metl tomsD so the nuletion density is lower nd lrger domins re otinedF vi et al. 92 synthesized lrge wo 2 thin lyers even t wferEsle y using woy 3 s strting mterilF yther oxides were lso used 25;153 F from other whgs is tht the energy di'erene etween the Pr nd the I9 phses is rther smllD mking it very di0ult to ontrol the synthesis of the desired phseF roweverD in pper in PHISD hou 174 report on reltion etween the woe 2 phse nd the hoie of wo preursor used in the growthF es it turns out when the uthors used woy 3 the proess tended to form woe 2 in the Pr phse while with woy 2 the I9 phse preferentilly formedF temperture @VHH o gAF he relevnt hemil retions re shown in iqF PFTD PFUF19 yne n lso suggest tht the onversion n e done from (NH 4 )MoS 4 diretly to wo 2 in the presene of r 2 gsF his retionD shown in iqF PFVD ours t moderte temperture of round RPS o gF 19 (NH 4 ) 2 MoS 4 → PNH 3 + H 2 S + MoS 3 @PFTA MoS 4 + H 2 → PNH 3 + PH 2 S + MoS 2 @PFVA viu et al. used twoEstep proess to produe lrgeErystlline wo 2 thin sheets on vriety of insulting sustrtesF 98 he (eldEe'et trnsistors @pisA devies mde of the wo 2 sheets exhiit high onGo' urrent rtio nd rrier moility vluesF
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	2.2.2 Bottom-up technique		
	fottomEup tehniques inlude hemil vpour deposition @ghAD thermolysisD physil vE
	por trnsport or vn der ls epitxyF hese methods hve reently showed promise to
	generte high qulity whgs lyers with slle sizeD ontrollle thikness nd exellent
	eletroni propertiesF wultiple whg ompounds hve een grown using this method suh
	s wo 2	25;92;166 D woe 2	78 D woe 2	174 D 2	30 D e 2	63 F
	hlogeniztion proessF			

pigure PFIUX hemti desription of the liquid exfolition mehnismF @A onition sE sisted exfolition @A son interltionF eprodued from xiolsi et al.

yne n lssify ottomEup tehniques into two typesX singleEstep nd twoEsteps proE essesF sn singleEstep proessD gses omprising the metl nd hlogen tom re simulE tneously introdued nd ret on prtiulr sustrteD while in the PEstep proessD the metl toms re usully deposited on the sustrte nd whg growth is triggered y the pigure PFIVX hemti of ommon method used to deposit whg from vpour phseF wetlGwetl oxide re deposited on sustrte nd hlogen supplied s gseous preursorsF o synthesize telluridesD nother hllenge is fed when using high growth temperturesX woePD for instneD deomposes y losing e s vporF e seond feture tht mkes woe 2 di'erent Synthesis via thermal decomposition of thiosalts sn serh of lrgeEreD high qulity whg lyers with good eletril performneD the deomposition of preursors ontining wo nd toms ws exploredF st is now well understood tht the thermolysis of mmonium thiomolydtes (NH 4 )MoS 4 in n N 2 enviE ronment results in the onversion to wo 3 t IPHEQTH o g nd further onversion to wo 2 y QQ nneling t higher Synthesis via vapor pressure reaction of transition metal (oxide) and chalcogen precursors sn this type of ottomEup tehnique lso lled diret retionD or oneEstep proessD gseous speies of trnsition metl @or trnsition metl oxideA nd hlogenides re introE dued simultneouslyF yne suh study y vee et al. llowed growing lrgeEre of wo 2 using nd woy 3 powders on iy 2 Gi sustrteF 89 his method llows growing singleErystlline

  3.2. DFT CALCULATIONS OF POINT DEFECTS IN MOS 23.2.8 Cl/S substitution o evlute now nEtype doping possiilitiesD we simulte wo 2 v where n tom is sustituted y hlorine @glA tomD gl S F he gl S system is exepted to t s soure of nEtype doping for wo 2 euse gl hs one more eletron thn F he hy is shown in pigF QFII@AD stte is found in the gp out HFP e elow the gfwD similr to wht holui et al. hve found 34 F xo gret hnge in lttie struture ws oservedD the sustituted gl toms remin lmost t the ext position of the repled tomF he simulted w imges show right spots on the neighoring tomsD depression is found round the defet t out P lttie onstntsF

  VHH • gF J. Appl. Cryst.D W@SAXRHQ!RHTD IWUTF RH F pnD F uD hF houD F unD F gF viD wF eF F xguyenD wF erronesD nd F iF wlloukF pst nd i0ient reprtion of ixfolited PrEwo 2 xnosheets y eF wiwD F lstrupD F qF ørensenD wF hendzikD eF qF oD wF finhiD tF F vuritsenD nd F rofmnnF iletroni truture of ipitxil ingleEvyer wo 2 F Phys. Rev. Lett.D IIR@RAXHRTVHPD PHISF IHW rF wurtD uF utokD nd eF uomF nning tunneling mirosope imges of lolly modulted strutures in lyered mterilsD wo 2 @HHHIA nd woe 2 @HHHIAD indued y impurity tomsF Surface ScienceD RUV@QAXIQI!IRRD wyF PHHIF IIH eF F wurugnD wF uintinD wFErF helvilleD qF gmpetD gF F qopinthD nd uF ijymohnnF ixfolitionEsndued xnorion pormtion of oly@QDREithylene hioxythiopheneA ihy fetween wo 2 vyers s gthode wteril for vithium ftE teriesF J. Power SourcesD IST@PAXTIS!TIWD PHHTF III F xjmeiD F viuD F houD F ouD qF hiD F veiD fF sF kosonD tFEgF sdrooD
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