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Abstract

Twa@i mensi onal (2D) transitionarmetladyediedh
semiconductors with unique el sttowoani enmamd eo
potenti al i-neectr aoMibmr depivdktdafrectudi quit
2D matherviealdse moexsd rtat Sidgpsdoddinc & rhtépr mp et i as s

*Thedepth comprsemeamcdsiucml ofdef ects athe¢ he at
rat iexmpdlor ati on of theiwhegbepsi mmaDPRPIl lege:i
project.

Byconducting advanced scanni n(gSTtErMdn s ntihsissi
pr oj ectt hree ssotbrwedcst duyrneasmi wist lo f t lesecfastcedvisliDcar i t y
TMDsdbfferent phais#®ishaaatnidn g hheo |udseara hHifmest he S
direct visuadynrzawi o®l stv atrecisheampesat part fo
t hger ai n bouinmaalyv § dsé@dreu cetcur e s2 Ho h aNsoeZe WS ypi c al
monol alyeyer/iat t he tFloer male amorAdel napyeenrast,u rteh ¢
mechani sm i st hedymaimd & ts e-obd i @I0eAd GBar ge . i nver si
I n the bilayers, the existence -bémpgdgenht lbpbea
stabili-tgcalThzatcon causes one | ayer to ado
in monolbagevan deer Waals strain of maintain
eitherhesmeded.ef ect s anidMBB csfhewmwmga ufrieddntihh phas
phagsrad so i nvestigated syst®m@si dalel ys,t utdayk iord
The atomic structures and dynamics of point
exhi bi iTHeadtuhmhetf f er s f r o m-phhaosse@W8ooSind i n 2%+

Apart from i maging the i ntstimeiacoidterfelclted
sisuructur al mo doiyf i ncaantii ppunl amd tnlgo dfsocused el e

heating condmitaihoaee sion uSTIEOMi moni.t dthien g r @fc i tsh



controll abil iitiynti esn tdiadanbaigity2 Bt e anatwiell dy earr r ay
WSin terms of shapes, depth and | ocations,
antdhe high Begnpecetmaueleer ains ftorrinppgeroend by t he
isihtemati ng process for-lpyemedbig 58eé nlgog hef m
phaseSeDoRPd| aher strucantdhadi rdlebidvaeimavi our s i n
PedSearvei suawhizaetdehar ply di sttihnmngteh @ mednv emimi on

TMDs .
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Chapter 1

Introduction

1.1 Project Ai ms

Thi s doctorate esbakbkt s kismdad anteadndiexrt st andi n ¢
configurations and vieynami et tarfa s sniettiadteDf e c t
chal cogenides (TMDs) , including the point
( GBisp t he monol aypehraesdef/ BMPl SgiyTearsed P2k t he nov
phas8egPdvith parti ciudiatrturiunctteurf eagéardommather i al

phases by manipul ating -tffonpsrecat el ecdammoaa lbiera
1.2 The Scope of This Thesi s

This thesis covers my DPhil research on oV
Materials and Oriel rQol lletgeb e gunnisvewistiht ya olfi
Chapter 2 that summari zes the recent progr
focusing on the iingtirditursuicd udefleotosdidnd atth e n
gives a brief overfvi2Ww mat erhieal sr ogpred tti ke s
transmission electron microscopy technique
of the methodologies in Chapter 3, compri si
TMD growth, TEM damplienggraeamarae amnpatternin
materials characterization techniques as we

My research focuses on the defeSTEWMe stud
I magi ng AWM QCEF La r3d0 CAGAV Il nl Chaptteed 4wi t h t he

scale study of the grain boundary (GB), w h
1



structures, in two typizxaanld WeSThgenaincphbdses
special types of GBs, the 68Aahdaviegnee bdnu abdl o m
GBs in bilayers. The fi rtsetmpteamitawr e m@d loa snaz ¢
evolution of the 60A inverseonl Woimaom (E%)a
equi pped swhtulat anmg stage, anat tdhemd md ttreat iwmg
eXxi stence of atomically shar pwamdaablG8sevVveanetk
heated to high t7e0npEefrfaotrutrse woefr ea tp ulte aosntt o0 s C

atomic structures and understanding the gro

|l Chapter 5, I movedi4 op avtatr @lr ntion gd etveed hompi qt
atomic scale in STEM by manipulating the el
making use of its imaging function in STEN

controll ed producti on of aayteami WRihwiyt ut hi n
observation at the atomic scale unveiled ¢t}
and the drilling mechani sms.

The research then switched focus on under
phase nobl e metarl e 2IDe sSTaMDst uvchiiecch but are ver
the 2D materi al p hfaszmialPy ,Seihechoeldeh Tipd acef Ldt
and GB stryphtasreersBPh@dfeay€®r s were systemati ce
Chapter 6. |  thurgend i ggdint feidg uwrhaet ifoenas and behav
in the monol ayer 1T phase compared to tho
Mo® WS Theidr ibveeaenm dynami cs were tracked and
thermally control | edeamad dziefdi ctaot -pobbatsa@enP tt ohde wn:
monol ayers by structdnrnylerteda@msidf@@amamamnigon Theo
I f urt heetrheexrplpoorient defect s, 1D defects anc

behaviours at the atomic | evel



The theapter gives a conclusion for the w
achievement-gpr 6bpecteacAnsabtl|l ook of potenti al

field of structural study of 2D TMD defects



Chapter 2

Literature Review

21 I ntroducti on

Thicsapter presents aomBwiaens idfi otnhenernt e@d e ari «cf
(TMDs) with particul ar-l evtéalensiodi exn dfhedaft oc
monol ayer/ bil ayiesri sTuMDismouwa dhdd cahe dmasedclmi qu
transmission el ec.tAr domr i raif c roovseatorpoe w(cTettNh)le b e
crystalline structures and proper tTiEevs of 2L
f oorhaidvanced struwi bl all haatocansiges | sa,bfeiagrur at i o
driven dwdarbhiedaafvi diufrfse raesnt wetl bl iedafdestthse o n

mat epricager ti eAparft TiMDem t he i8imenbBods dedec

i ntentional ly i ntartordauncsef odrenfiaetaoitosnu daerdes tarlusco
2.1.1 An Ov érivwieenvs i ofn allwoMat eri al s

Layered materials can present novel physi ca
their bul laschoewn taerep & ghihgr nieda ltwdnliicrhi tcsa,sei nt hey
referred tdo mesistbealt w@E2bh ema20®nki aMlass.n gr ap
exfoliated ffohet@eh&srbeemni medramatic incr
spectrum of 2D materials including transit
Mo® W and hexagamaBdgbe(aloinzi sgmit benahidc t or s

i nsul®@Fems uring 2D morphology and ultrathir
el ectronic properties, a nodr tahdewr aenf coerde  ehlod cd

appl iclatkenfsi el d effect tran’s1%tors (FETs)

4



Graphendeh®@dDeycesmbedture |l attice?of car |

hybridizatiadn | ¢ Fihausd @raienmre nveldlot ooshypywexcel l

mechanical strengt f®'aond highb ®6taosparremnsdys
tempef?%tsesreD crystalline nature with high
carrier density makes it appropriate for |

el ectronics and photoelectpbenesardheniegeet
a zero band gap 8 édi, c owhd wccht ocern s(uRieguriet s hi g
while also makes it chall engeabl eef@r ut i |
FETS)Ph the | ast sevémakddeabtees al gr aphende
i nvestigated for a wide'%aippllogiadad |paemndqi oedri

energy st of%B e materi al

Energy (eV)
Energy (eV)

Fig@r®c hematliucstrati on of <crystal structures wi
(a) (b) graphene (top:@thadp sd e wiReqgv)widaw)d.d ((ch (
per mi ssi &P f2r0dmM Ameri can Chemical Society.

Foll owing graphene, semiconducting TMDs
atteopwveonthe past few years. Their direct
compl ement ar ypanhadg atph e g rzaeprhoe n e , whi ch show
nanoel ectEymitchse.s i-sr eod nrhoamrogleayer / bil ayer TMI

realized by chemical vapdtemaddgngi ttihen ac@VE

of reliable pebbhoeemmadegebeebxabMbDs 2D TMD mat



t hradeom t hick. A2 .cdhoawnl aynerFiogfurter ansiti on
within another two | ayers of chalcogenide
Basically, TMDs eafonmarcali avyeerwiarhe di rect ban:
2. 0( EV@Qudfevhi ch means the TMDs can be utili
transistors and- 1%t otphé csame tdiemecttoursabl e,
mat erchaforilee propedémasd are ofderi gho real.
applications of-g&Me mattieon aheveln aelexdtr oni cs
by developing new hybrid materials by comb
vertical or |l atersadi wd apgkss i wihliicthi eosf ftea sb rma

2D matdr¥Pal s.

2.1.2 -RRdoadiwcti on Microscopy I maging Technol

Owing to the wultrathin structural featur e,
o f defects at atomic | evel. One of t he po\
aber rcootrircBrEMeAdCEM) , i ncluding phase acnadnt r ast

STEM he resol ution of TEM i s one of t he r
technol ogi cal advancement , which has devel

nanomen rle960s, and | ately deewlng et-roeissptewnt i8a0n p

TEM?®
Fundament al TEM resolution is I|imited by
adjusted by the accelerating voltage. Theo

can reduce the etkclteadads waovehieglygeh woédsol uti
the devel opment of TEM technology, hi gher
accelerating voltage with great efforts. | r

| ower than tshé ut h @eor dteicaalls er ¢« he el ectrons a



These imperfections i nm)c, udler csnpahteirg calh e rarbaetri
astigmati sm. |l progecess yerambertaei on corr e
optimizati onlHas enhlE@EtMente s b e tion ga cphd veevre s u |
ingstrom wieshowt i ohenaoeeassmmpy tt&fye. 1998,

Hai der reportecotrirecftierdsti mamersr aotbitdd ned by
“There has been a significanbrdenmprabemeat.i
correctwhonoh enabjingd ttréogo lidu r ewt sumagi ng of s
at oarts KLeWw eh@mregyt er i mpaomhieeneend swiatrhe 5t h or d
correction, transcending OThijs ats k@ rk\Yy ao
the ultimate resolution in modern microscop
| ow accel eEatsimnige vebé ¥ elg@ep ment o fs thitlhl oerndaebrl €
at omi c raesollauw.iilwol20a0g8ct Mabhteari ned t he | mage
resolutevSh nasD& @ b ks uabts t ii thu tmiooreBINa yaeire ehc t | vy

resoby ekl iev eaé K ow vol®BMadgeér dfhebddivancement s
correcthenvisualization of 2D materials wit
voltage has become increasi ngl ymiaccrcoesscsoipbul e .
studies of 2D material s beeanu sdea ntahgeey | anrdeu cseu
electrandbbédamce require TEM to be conducte
80kWVhe achievements in modern imaging tech

e X patoiron of the structural defects in vario

2. Mol i vatlinovne sftddrgfat inn @ D Mat eri al s

2D material s have been offering resear che
propertiesappldi ofahteis@rsolpeer ti es of 2D mater.i

i nfluenced by their specifitaatomeci mmpeute



which are unavoidable in reality as a conse

and ar el ye sepveicd eanlt in 2D materials grown us
i mperfections ofhobe debwthspcanesscur in t
grain boundaries,, ealgle oferwhinah i oas, | ead t

Structhuer ensatoefr ital s as the altered coordinat
defects can change the densi tdc coofr ddInegd tyr, o rti
device performances can vary much wi ®Ah the
typical example i s that-ogsdmeeT MR htaavs eduird e Wi
from what t heir perfect crystAand stthreu ctt aig tees
typical device mobilities in experarments a
supposed to be associated WwWildnhd etrhset aenxdiisntge nhc
the materials properties are adjusted by th
of the defective structures, which is also
mat eri ai def oramagev Bésiappd, cahé oabil ity to
| arageea 2D mhéegraapseci sta the dededwvmprmemde o
of defects during growth plays a significan
from seed nuclei. The unambi guougsr okwnno wlDe d g e
mat erials can in turn offer guidance for th
Motivated by these factod e,vetlhii ndvéetse @ tigiavt & ma

structures with the ihmdgiemghnaduwuasced micros

2.2 Strueértaperst iasmd of TMDs

TMDare often generaldwietdh iM aass faortmualnas i afi oNi
and X as a chalcogen (S, Se, Te). They can

di fferent coMatdamsati on of t he
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Q 0 o
N i R el
T;JO 0 ) ©fO, (Ds)

Figur(ema)2. 2 table of | ayered TMDs, cernganinzveod vbeads, e
summari zing their existing structural phases an
of (b) 2H and (c¢c) 1T phase monol ayer TMD. The |
pink and yellow sphe$SEENMMagaspetcd k epehladys e, Ml S2) 2
and (pdhaslel Pt#®&)e Reproduced WEtROA&r WNiag siir@en Plubd
Group. (b,c) Reproducé&d 2wilt3h Nmd rumies Piudn ifsrhd m gr ¢

Fig2ma&ummari zed the exfetihgpesTMDbstoompop
variety of metal el ements frroangirmogpf domoi d
(e . {fp, semi congkMogi,ng o( me t(a.lgi.iee PWasek t he
mo st common phases for the currently known
prismatic coordination and the 1T phase wit
Thedmryst al structur e b2xTle sdiofwhe riennt F ipghuarsee
di stingui shreedsob yt-&2DBWVhWA®DEFI ng .2 dEieguprrdes ent
typi caS3TEAMDF mages obt aVMo®adn df-RicBmo h b k53 Y eHr
comparing tchoenitrr adsitf ffeeraetnutr e s . There -are two

MoS n a honeycomb wunit, contrib2ddd bvni Me a
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t he-PtlSheave three contrast columns in a rhort
( Fi qQ2uele. Thep gweMam, ) MMDs Wi, t Se chaarceogeni d
t her mody rsd raibgadsli Iayshdai ¢ o n2Hu cpthiakge, e can al so
metallic 1T phase’¥Wiher tawohdHghaewae selnTer goan
transformed mutually by sliding one | ayer
split positions of the S posifiahgal il nmekap
i nter owvalsaedonho trigge2H t be 1% % hpaostea sosni U m o(nmK
assiGVYDmet hwadslesi gowed t h-£e Ipehcatsiev e NMoodwt h o f

monol ayeMK2 metderlaptPdse bil ayers

ADF-STEM MoS:2

3R 2H
Mo+2S () Mo+2S
Mo 28+Mo

b - Monholayer, - « - Monolayer

Figur(ea)2.3B3D perspective at omi c(ncoedretlr aslh oswh andge dmo
with two types of Dbilayer stacking. Lefdte si de |
i's 208 tAA ki ng oftradm o68TEMo )i ma@Fe s t akenbiolfaydkr st a
(left) and 2DH| ssty@c k ¢ d-S BB )i. madge WdDFmyreaol ayndrer f
in MoiSth 3R staSRKEMgi madge ADHmyreol dyndweirtfhace i n
2H stacking

For the bilayer TMDs, there are numbers o
|l ayer s, among which the two most 2édnamget i c:
3R configur2aad onwi t(HFitghh® &snmpracck3 g rroeusppse cotfi v el
Her e, the | etters of 2H and 3R represents
rhombohedral, respectivel vy, and theé. digits

Di fferent stackings can -B8EEMIiasi mgudisrhedt
10



unambiguous <charactenizvaSTeEMDEoadges Thlet aZi n
di fferentiate vari ouszaaan fsihgouwna t-8no nFipgaufrteb i |
fromdi fying the crystal symmetry, t hese di
the physical properties of TMDs incPuding b
A rectemdy found that the twisted 2H or 3R s
d 3A showed qualitatively diverse physical
symmetry in th&® constituent | ayers.

The variety of 2D | ayered TMDs have devel
semiconductors with variZapde éeélLebtasombiee ns mr
that the multiplicity of el ectronriicbwtreoper:t
to the differentbdndilng gd sh ametsa lo#. tt Bieeh lmioThM
are metallit®owhlémgt eior bmnamal s are partially
occupi-®dndiomg d orbitals e x hi"vTihte i s e nbiacnodn d
structures can also vary with the configur e
Mo Sf or exampl e, the degeneracyodpdi nthei rel telce
Brillouin zone has been eliminated because
two overl apped S atoms, t hus288Nwe mibdg ,up MDrs
presents tunahbhl ¢éhbantgage bwitalagenf numbegs
confinement effect ®8Ad s hown 2eage Fisg atheer a catyi
of MbeScr e dsoewesttheconductiponnbamdvesaupivhed,
conduction band at ,t hwehilk hp ciamtt msadnasridenldyr MemiSi
indirect band gap in bulk crySitmillsag ot@a Mo S
the -dayemdent band f emtnyrTe®sD.Jheer el o i yeew all
and conduction bandnoedd @RS @sroenedicommaoyne d |

2.b4 Thesbmandagsatp semi conducti ngedW¥WDamda@gapgom

11



i n siwhi cdhn make rtofpematde gi tap pltircmmbBea ssitdoers, t F
transition to a direct emarbaxptsen siinv et haep prhad rc

potesnmntini &lar i e)teyl eocft r(conpitco devi ces

d \/ : \\f AN \/ ; \’—‘ /\/ b _3.5./Conduction Band_. 353  .357
N N A N\ 3. 384 | 361 3,
\ \ \ -4.04 3. s 3.
S
3\/ /] \/ o -454
5] >
W 55
-6.01 '
v | Bl B2l Valence Band
r ME T'T ME T'T ME T'T ME 1 MoS, MoSe, MoTe, WS, WSe, WTe,

Figdr(da) Cal cablantde stMauS tures, corresponding to
(2L) and monoviatytert Mo Sfi gures from |l eft to rig
band edge of some tRepprcoadvi ¢ntodnmé ramie s EIPAMD Of. r o m

Amer i can Ch eamirde®dE. 20lc3i eAtmer i can I nstitute of Ph

2.3 I ntrinsic Defects in TMDs

The -dfeavseel opi ng modern aberration corrected
feasi ble to characterize the atomic defect
There have been numerous reports regarding
including point defect s, parti al di-sl ocati
nano medrres , as wel |l as their influence on

e ectrical®% mopemparisson wntlg goaphene whecet

and one atomic | ayer thickness, the types
they own two el ement s, more atom | ayer s, i
intrinsic defects i1includelbohéhpewpbtltvaesane.

t hreepodafeedbas have beexeprervipewdnwaiédbeydoe sort ed
zedomensional (poi mensdegdhedles s) o0 ©Bs and di

and edge stTHhremienadtiromct ur al defects have b

12



noteworthy influences on the band structure
further extending the applications of TMDs.
Note that tnhbearben serde tmamy sces bef ddéfecesnt
grain bowndanfeed hasasmwdegMenoVes sul phur vac:
Mo vacanci es, respe ctl iowcalt§roen a dcebsrstrkndipee G B
symmetry HBobd I npopsein the dicgh®d@cweemw@mnshe w
numbers meaning the connect i o4 |b6f& Itohcea ta toonm

core means it i-Bexagposfdl @dfr irm@smb

2.3.1 Point Def ect s

Point defectsndreéenfe2®Pgocleystmpe &0 neannei ftehsatte d

~—+

here existsofa derfeatt svari etthye 2D | attice w
Three t e, this part only focuses on the si mj
structur e iitshopuetr ttuhreb epdr ewss ence of foreign at

Utilizing the combination of ¢éirrnexcti phtom
calcul ations, various vacancies and anti sit

poi nt def ects has beesn fiomcdnddimg mowmlop my r

~~

monosul phuyg wadandé¢ises pYiur Mo ac aug @ c@®SPY e\

vacanobssswdgeVand antisite defects (with Mo

=]

amely Mosor Moith S at oms naameMdyymdpd g Atthoemisci t e

-~

esolution ADF images of svaM idMavwdszpmbddent def

andvwoS@porteethhmleZpawsent ét¥iitnh Ftihgeuirre c2o.r5rae s
at omi c model s di spl ayed il mpFIi gpguzed 2f 5om wtk
calculations and are iIin qualitative agr eeme
Mo vacancies were not observed in isolatio!

13



vacanci-esel dThgmhetry was stieflkecpreseuceéedries

FigarRPoint defectbsphoalsMibsesno(-aYEMDIFmages of wvario
defects in madol( bByecoMd8&dpedgmnmdkierdg aRDFoTmi ¢cs, model s,
Vsz Moudssmdss amg B2om hotpt omejnti SIHEM (anage of tr e
defects at ,ab0AOCI,awdrnt hW§ael) schematic model showi
by bond (redt-@ADEMnNi. maglei nift isnegl fnan oxadr ADOBILPH i n
atomic modeltiismi(cfe) ianadgemwsli WTIEMt i onagien sh®wi n@h
area »wi tWSsi hgRepBbBiUcdd per mi ¢8& oh0 I oAmer i can
Chemical SRepeogvidédd pe)y mrgdEorOLBomNature Publ |
Groufp Repe owvucadper mi d®fi 20 1f8r AArmer i can Chemi c al

The opmiendant dierteraMosSwve creepor t e de tb aolH.doreg
affectaenhtley itahe grwhwamecmatnh eacdd arek f phoy |ait d avln ,
chemical vapoPurD doerpoGVilt)i diheir ghedeaefaatedensi

found in these syontheaet iwchi mdin cslud ypehrur MovSa c an

14



defects in the mecchas ampWhk slxddgeo | praitn coinp ad n dd
cat ewwaodoy ant iPY¥iBtaemsp liels. Their observed anti s
to be native rather Thheasni SCReEEWMs ek pieyd enbeantt € d 0o n
t he Mo adat oms wlehreee shuil gtsl yf rmarbiOFT. cal cul a
transport meastued memat dmimoinmitziang poi nt def
wa Vvital for electric transport applicatio
could generate | ocal magneti c moment s.

Bond rotati onfsouwnme gakhyprhcearet Ityo form def ec
at o’fi$  °&8O0%WKi ch help stabilize the vacanci es
of vacancPhi mfgraheo®bbme rotation iR graphe
pl an@ rCotation, i momdl| nygteianvVigibses t hree di m
pr ocessmuacnhd laerses ¢ o mneol ne ndeunet tfoe atthuer ebiof t he
met als and chalicmdgeétanludd at dmfpiek éad fnt defect
contributed by bond:.atotmdd omMC,i na smddedd palyaey e d\
wher e t-cqitealmed@dn b ¢grodp rt mdtuhdee € @Akt hough this
has demonstrated the existence of that bon
observation throughout t heh® MDi swasdtieatest ihars
borwdtati onMobhafsedt §MDs i s rare, 2tfordatxea.mpl e
the vacancy stability is related to tempera
observed at high tempeWabaomnei nigho otelt e hdae f et cht
after bomaddr ot ha s-Wk b pad dsoof ssVbh b met i ng nanopor

form durdtnghiSgH ofsBmpeedgfbur e
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Figuréolnt defect phabechtaBatciiien i 28d by scanni
mi croscopy (STM)st daltog ipmaagds. edipdyé ei mages : Bo
panel: Top and side view of the models of each
The scal e RoeapdreocveiOt. 5 pnemr. mi a'8fi on0 F Y olnOP Publ i shin

Many of t hei nevkepsetriigreetnitoans kpahvaes ef ofdDsse d wdn
with regard to t hpehapsoei nftMDd enfogmcotll & yienr stetpanult ©
presented experimental characterizations es
di fficulitnyg itAy ecabhtiagipn monol ayer sampl es, as \
of maplyadd TMDs when thinned to monol ayers.
calculating the stability -dM®Dsprp&pectiipdse sof
cal cohat bgt Blgygested that the S adatoms, S
can stablyhasgstMidn imTroduci ng taiboassealpoi nt
pl anes can enhance hydrogen evdAbludti oml reac
calculated the point va®mdmoineod aiyrert, he&a nge mpira
t hat t hat single Sn -matahcypropaerty, ngndaboa
magnetic dJr@aetdpaslea.chitetsed the structure, sta
Pt and Se vacan+eitegmy ifmrimsotmiop laggerstldady, and
t he si noiles vfaccranei t her Pt or Se prefer to
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ener gethiocraltlhye experi mental characterizati o
been visuali zeéetiSren tsiceenwli thrgattluinmel T ng mi cr
wor k byetZadeltnlwough not from the mogaoRayer sa
which are Pt vacanci es, Se vacancies in th
within the topmost |l ayer. Their calcul atio

| owest format+oohegeowyhi coadbeéi on.

2. 3. DiOreanal oDef ect s

Chal cogeancy | ines can be regarded- as the
di mensi onal dwWhHerc tan iinnclrMDassi ng number of :
under continuous electron beam irradiation

gemerd with the migration and aggregation
mi grating to the adjacent site, the cal cul
spontaneous diffusildHow¢évambiiemthas mMpeemt uo
the prolonged irradiation of the electrons
di ffusion codfdfkidtiTehnety afen3. & ol mi grate in s
form sever al l ine defelx)t.s simultaneously (F

Wangt raelported various types ONM°FWEks str
simplest S |Iine vacancy is singlel®&nkioné B
vacanci esdpivank dustortion as predicted by
These SVLs can increase in both I ength and

SVLs with more than one paral lheel tlwoneS loifne

vacancies (2SVLs) in Figure 2.7d,f, and the
in Figure 2.74¢9g, h. | tSViLs $dagegestadgehatd upe
stabilize the system and r eduacempbruecsks iionng. o f
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|l attice occurs due to the missing S atoms,
the x (perpendicular) to the |Iine vacancy d
along the three zigzag diryecatrieonksi gwiltyh [tihki
encount er eeatcthahod hebsemRyed the interactions

a pore being opened and!!®nl arged at the int

Fi gur®ul2pvhaucralnicry®liss)( S n monol, bg @ EMMD Blages showin
creation of eMSMeestumdel{eadik)i 228&1 spoiSWt , s{ngl e |
(8VvyL; DV: doubl®Vi(@efheFabbaditcEyMA2nages and corres
DFTel axed mowek s d$Vite pei/tLd (fS¥L(g, h) three sul
|l ine vacancy (3SLV). (i,j) Displacement maps ac
Scale bafa;)B8pbodavintd dhd per mir €%t o20I3 oMmeri can Phy
Soci(ej)Reproducbadper mi difi @20 1f6r Amer i can Chemi c al

The SVLs have a different stoichiometry I

18



el ectronic band structures. It has been pr

these | ine vacancies as a functioinstdafnet hei
semiconducting to metallic. The band gap d
MoSt o 0.047 eV in 3SVL, and metallild®proper
I n this regard, | arge |inear vacanawspbuste
behaviour by acting as metalmate*fahnel s in

2. BLrain Boandabisesbocations

Grain boundarmaesea(f@Bs)orinre d2 D ewiwteleine n twat igo ra |
vari atdardeemamdtrated to be stitchegdwhiogkthe
can exert vital influenced htemt ¢ hi@¥p/by si cal /
grown dardddpeod ycrystall i nley, oarnide nttweod dsiafnfgelree n
mer ge dur i nkg gtuhrae )gr.ofmtchd ci ng di fferent typ

The GBs>monnoMoaSyers can be diviadhagd ebyGBtswo
and mirror twin GBs (MTBs, also called 60A
vary with the GB structures. The MT B s ca
conducti viagyl ebutti IsmaGBs | eld®Tti dtt IGBsr éne nm e
degraded el ectri a@alpechdampa ntyehiiinseMiddSsB sa nddi dh n
these '®Apgaerctt sfrom the transport propertie
el ectroluminest’&taceon@Elphoafol Wi nescence qu
by MTBswhnerMoaSs tilt GBs | ed®&%comes uddtshtearn tdiiaslt
features of GBs are also being discdédvered,
vul nerabl e t o '!pénodd usceer vnianngo paosr etsh,e s é¥di ng si

At omic study on these GBs can facilitate t a
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Figur@B®n 8monol.ayndr, WMo &)-f iBelidgy hiTEEM)( BFmage of t w
triangles that have gr ownatttoegrent.hcegrdhg dl Qasvestiulriasy tc
dark fielTdEM)EM nMaF &M (opg8Fshapedbgo8l as, with
the diffraction pat-TEMni magetwi t(h)tiCol ocoaredr DF
orientati ares.ol(uatSToEnMHNfarhde ( g) at ovMiiBE hmo d e ADEF a
i mage of G& 4|j49P SBcOhAe mat i c structure of the GB a
i mage and overlaid stru@GBur(dl) medalxeaf sardjcd4br
repres4n4Pn@Bawith the( )i gMhDeFs ti nkaignek odfe nasni tly8 . 5 A
of dislocation cor e(sn)hinigdpnii dhtcad iimmgamnde g al) i a g
ADFSTEM i mages of a GB bedowmainn Hf ammde ®d W yhhias g
(@)Reprodmiccend per mirsesti‘Eoh0 IMBabmr e Publ.i sthh ng Gr o
Reproawuté@dper mi 86 0200 1f3r oAmer i can( CRepir oaluc®adci e
with per mi d6fi 20 1f8r cAimer i can Chemi cal Soci et y.
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FiguréeB.9n bil aye STEMDS ma@a} adRBBRA triangul ar
stitching to AB staeked)r eScihcenmse ionf ktihlea ybeoru nMoaS
from DFT calcul atADDRRFEM(ichaGdaepatr i mentadcki ng bou
the simulated i mage of the atomic model in (b)
domain growth, startisgafcken dipryetriné¢e)sDiain
of bilayes wWwobobmbomaiwver bbandar (e ExpaéafoiSHMnt al A
i mages of momwi apeondeHmMMoBer twin bglunMTaB,y (1 N
and bil a% eMT BMofSiel ms, from |l eft to righthwith (g
over | ao plt iDRiTzed atomic model s, anud« ((hi),-js)t rmA T
optimized atomic modellsMdB {i) maamdnédé|] ayar mbio 8
fil m. (k) Simul ated i magk MTB thhy matsataldlinmge d ibi
(j) without BIFRe preddaixtadid par mi ¢ oB0 I 7 omer i can
Chemical Re@pirotwidcdedd per mregdEorRO0L7ommerican Che
Soci ektRepr(dawutcadper mi &€ 20 1f8r Amer i can Chemi c al
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The atomic structures of GBs can vary muc
grai ns. ThBs ekhemlRdedmaGeri al s are generall
di slocatttlch*Seveeal GB dislocation structur
rhomb), -he&agomMdmbdi 8gé¢sjjuaawdtag®8 n(héxagon
have been predi cdbeyd fiim smo mpdlifapoe rg INeEsSstmad d r ya.
GBs, due to the diversity in the coordinat
complicated GB configurations, s cihg uarse a r
2.eq }3Ei nealrilggned di sl ocation cores composed
are also observed, for exFangplreel’?2i$Pmi Harlsg.:
Sstructures have adGBo dbesdnocoalts eornv ecdoriems Wi c
el ecbhteraorm dri veh® dynamics.

Mi rtwin GBs a+#sgmmbéerimér 66A GBs, whi ch arfg
grains twigeredubyli“Pfwe ki n@BO6Aof msirstoirng wi n
offdld rings |inear dislocationetormési hgve
STEM, with either point sharingFi(ddyrd4ePk2 .0& e
respectively. The 4| 4P GB miary tslkee vee misc an dne
Mos attice according to'*fTheséi 686A GBsnai el e
straight | i-nag dl oeagtitberp, zbgt has steps al
t heme8nber Fi gngie @ .})8&meTnbeer4 di sl ocati on rings
connect t op hbaes et hGeB arettiwe e p h @&ddeo a\W®i n s , whi cth

intrinsically gr oWEadmbi mdgnrgl vy ss,y ntthhee sGBs .c an

any angl ematrobealhanbevel, whi-4 &g sdiarya mtgi an
at the atomic | evedwi wietlleaemolpamentijsoi ned st

GB6wm bil ayer TMDs are more complicated co
commoonblsyer ved i ntrinsic GBs i n swretriHeatpipd nbgi |

22



GBs in one of tHR%® Whheon sttvacc kreadn d laayyeerrss. of T

GB themselves are stacked togetheropoevide r al

more possibility for modulating stacking ge
optical, or mechani cal peto puglitliiezse do ft hlei Itah
stimulation and electron irradeatianbibayge

Mo & hat depmaianse with differFingtueenv?ndsi on s
atomically sharp stacking boundaries were
domai ns AFi gudeAASBSOt r uwad usteabi | i zgd alsye havi
l i ke structure basdduaore cQED Tdhalycrud coauredo etsh a(t
highly localized metallic statespraetpatrheed st
bil ayer TMDs et aimptl.reo d ultocentg maG@iBne m$ oomol ecul at
beanpi t axy gorhoowmo bMo g er s, i nductamgat henddi v
uni form stac(i gg eetfghuesSsnecensul ti farious stacki
proved to prdedeandent adlkainMggaps and val ence
i nt ed hadwered straiviTByfarbialt aperf ®tMBRdoleyt Zha

al(Fi gur-e)!2Th%e MTB modi fies the interlayer v
devel oping | ocal st r dihvT BFoi(rg Rah @f ,e ww hniacnho nmseht ceur
i mpact the |l ocal conduct 85%e gaunite 2h Ou o € lae e
that to form the 2H| 3R syackicongtacnosyg MAS
strained. The understanding of i nterl ayer

hopefully afford alternative routes for str

2. EdfHe Terminations

Edge terminati ons eonf eX[p |nvarteedr ieaxltse nhsaivvee lby wi

states that cross tjoa PAS gkz aegh°deodyggelsg.ap ealt o o @
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magnepitt cand prd@meé yiieaeécthe edge stPucture
1%Bi stinct magnetic and el egztag neidcg e raonpde ratrine
edge: zigzag edges show the ferromagnetic a
are nonmagnetic &8%d nsemseorPducdamingsi ons an
formation of bi excitons were fouxgd attovsbe a
attributed to | argerl?pPepiuti@asj onhefschacger a
at the edges of TMDs presents a unique chem

in the hydrogen eVédtSPirerci seaacteicomgn{ HEBR).

structur es aits tthhee akteoymitco ltehveelr eal i zati on of
nanori bbons in the devices of nanoel ectroni
Anumboetrheor et i cal studiesphaVYeréendecéabedz

terminat A stThfe®Mov® el emental nature of TMI
edgesiigBSag andzmamgt alwi th di fferent energetic
the chemotanti al of the consti-tugmbagaboms$
zigzag edges can be further termilfiked by ¢
regul-adgéeowi th bare Mo terminati on, and t he
of S vacancies were-wob&éfematd begc hsiterhlmmtde dc
edge can be normal l-yi €bdefeidSiuemter c @mn d ihteir o rMs
presence of adat oms nearritchhe eendvg e oinmeind at e
el ectronic structur d,erimm ncad retdr aesdtg et avhti lcenh thaal
have a ferromag¢gffehtei cMog rmoaugnnde tsitcatneoment s ar €
reconstructed Mo edges, whi |l e the -metalli

presétived.
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Mo - Klein edge

Simulation =5~
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et}
484 9. ¢ MIEHKIER OO

Figuré&dgel®ermination strzudtalMBFEMoT magres!| @ayenmr
edge arnedp IMaoc eadt Shiegdhget e mged @T heeabbmB0O O model of
calcul ated dysicog rERBTpoanndd n(e) i MR D emed-ankip @# ¢ dmchi Mo (
S edgh amdrespondi ng) | AMEM gienmau & A bdvibantgo r{theed 1T
(DT) eeKdee,i-mMgzSZg) ( S aznidg zMegd Z) Medglgs ,coamespondin
simul ated i mages with o@&EeReée pari oddvuDtFETd pad romii s isamr uf
refE 2017 American gRepiowbtBdpeemyadffi @m 1f8r o m
American Chemical Society.

A ercent worakt ormifcledtleydi gzagwkeegebeamneMo&bo
500, using hiigsi TtEeVmheraa ti Ehigg throa )d®dri Qi ke t he
typical terraced step GUWleswat sampinese mpgepa

zigzag teemeratiadns he edge wnéiIh&ddépkbeenbdbnc
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cauls reeconstruction of the S terminated zig
(Fi gure) f2 . HIOectron beam irradiation bed to t
at 8maKChgght yafFangtehe zi gwraoygrdd sseicikd omar 1T
resuln ri bbwerkenm hian wi dth -adolptiegmit hat iMon s
calcupatetdbosed intereopiengi €epi h od.e pAd e d/eren am
of reconstterrudtnead gdo namel y, aasdsiweéebktas 4TN
Kl ein edgenadei-peorao umnsd mMonss gr own by mol ecul al
under hi ¢dhf hvor ef laurxee f ouzi gaag,-KlDgiersMoaiod S
Zi gaasg,shdowmuireg, @.sltOr i but ed with popul ati on
hi ghesaestto i ndi cati ng-ttheni mradlidiamiend aamd ec ud fa th
suggesthkhd Dhat Klzeigw,@ gaonsdt |¥e rMoi nat edi awmder N
synt hesis conditions. The calcuddabhed sphati

magnmbomenad confined to the edge region.

2 . 14651 Suructur al Modi fications of 2D T

2.4.1 Elelchdoaoe@ded3imructur al Change

The interactiomrnbegweehetheorhi gam and t he
mat er i amas opfofsesrisoiftl hgiiresstr udBtedroale oharcg ed .«
revi ewi ngsidiittweaeicsgair al changes i1 mhez2@ TMBS uisrs
t heef f etthe beamomadhati mangpebessianlg (S) TEM i mag
mul ti ple damage ame cohcacruirs si mul taneousl vy, a
mi croscope conyguration and the nature of t
through materials, energy can be either el a
which gitvlese trweemaion types ofknoaddiaataigoen danm

(the displacement of atoms f ramm trhadfi®ro !l oyrsii i
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7P man elastic collision, the incident beam
atom nuclei, which process i mwaol ¢ dasm ghaeglho s s
el astic semdarney ithrggndgfher from the incident

to atom di splacement when the transferred

threshold mf @ahsamgiephtaoement energy is de
the atomiad thienberyatnal oriitesnetlaft,i owmhiolfe tthhee s
energy increases wi &aihdletchree aascecse | veirtaht i tome va | &

of the rlé&€%cdhlus at boan kchaoreekge can beer immigt i tghaet e
accelerating vionl t(aShef eEdMort tehebdanme|l ast i ¢ sca
incident electremctironer adt & hwi tthhatdglie® | @k iosn,
damabgye t he i oni swhtiaddineinesftflteectd o mi mainm s umeath@m:
semi conductors and drmde iog gaidfhfcissyWlatmatge ngpw @ic
generally inebkecéesohwexstepsion and bond r ¢
beam accel gr amtnidng hwalet age no sharp threshol d

|l though it can be e.d$éPtd Iboywecro oe nienrgg yt hbee asnp

QO

-~

adiolysis is expected to become more domin

section alldrogvesr frou mbaer of radi ol ydiih®r cause

-~

esul t ed éfmfed atsddrc alcsed taentdrimupdtesant d ¢cs gweh@ir ge m ¢

=y

eating, which mainly happen in Illeishkee t her me
BNThienel asti c damage mechanism in metallic
irrelevant due-hbbetheco@wbi dae¢li et r on

For the semiconducting TomMDsa,ndi ti oins zlaitk eolny
mechanamaensurc in (S)TEM observation. The dis
atomsha ntypieal MoX¥=nodhayl cogercsa, ch/l Se)ed to b

which is approxi mateilon @alkirgwallrenisy et hedKk
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electrons (~6.0 eV), thus the chalcogen va:
i maging at 8 & oKY agec anlad mdtyi -cm uesféfdéSdtmet he Kk

reports have demonstrated the use of graphce

tomprove the stability of 2b?2M4Rreanisailtsi onnd
met al vacancies are much |l ess often obseryv
energy transferred to Mo atoms (~2.0 eV) i s

(~13.9FfteVis ntoteabdhealtchamgens can be sputter ec
as the displacement threshold is calcul ated
by the edmcedb®0 bkower acce(feoratéxagmploét age
el ectron beam which can trangkter vapahoi s 3¢
al so occur through meouch casnpd kemintearildaeati & mis
val dmomé Aatoimrn nel astf4%Pfbaecsigni 6nsant rol es
in defect gewas atv aloirdtauncaylelsyd ed ect paxr oduct i c
/| graphene h¥ferbsstiuctescastering |l eads to n
producing vacancies;onbuthralsho | ldo we/a il teicg réos
suggested by th¥®mnytaedoe¢eheer hmant . chemi ca
i mportant r ol @ ni i2Dd elfMddcetr ec rtehaet ieolnect rons br
i mpurities such awacxougembaewronhiandgu bt alh hiannt har
react with the materials@® Tsefatedard sagge
thenec hamwmifsmacancy generation -on nt [2rDe sTiMDIsd bra
involve the cwanbemeae iedhiexzat iodn and chemic:
preanser sobndhegactual channels still needs

t heoreyx paenrdi ment .
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Figur & ctldeam i nducedeangdals ee dwenchi ns wi th GBs i
TMDs . (AandBeawoh i nver si onmodnoonhaaiyne rwiwtihtihn (Mo)Sed | 4 F
GB. Scal e Bar :TiOme5 nsne.r i (eds osnnh @wwi ng et henvre)ycocli @at id
ADFKTEM i mages -lsyhowwpngrabneption from 2H to 1T p
MoSat 60Mm)ACor(rkespondi ng s-@heAtad micc i md dieslt g ad é rnm
the atomi cfiRepe mevut edpar mi d&& @0 1f5r Amer i can Che
SociegReprigwutadper mi d&Ei @20 1f4r dNmat ure Publ i shing
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of

an

Chal cwgeannci es are frequently produced wh

en atetratwiagcebltage of 60kYV, which ofte

ructural transformations of TMDs with the
olution mechanisms often involve the migr
nd ibnrge adgnedn erreat i ngj sthabgei ore, lattice di
ystallinity, and adjustment of strain fie
i se to a vdreiaemt Wdraofveal esdtrruacr ur al changes,
nori bons, nanowires, cracks witihgisthar p e«
pair oft%% h*%ldefect s.

The electron beam irradiation @gtha86kYV c:
iangul ar domains embedded in TMD monol aye
einsadovered to bel MDsp | a mtveed siinont hdeon2aH n and
i nversion domain is a domain of mirror
e lattice rofé%foiumd HydasOadnlleld4nd E 60A GBs |

Seould be artificially produced by eithei

nealing, generating invernbabthi dema@Fnguri as

They argued thatsitdhe domaiems i amd ohi ghat
re driven by the collective Se vacanci es
mi |l ar nucleation and growth mechanism of

htené¥lhe other trianguphaseodamain mewas |
om s emi c erhdawscesbiyogh o2cH | phaset twa Hdsiittui on b
ating at 600 AGni8fh®8TEMaOBi guowe 23thlded f
two | ineln BtguceuRedle, i) along zigzag

gl e of 60A, foll owed by the fobanad.i on of

Theboundary is similar to the 4| 4P 60A GB =

30



workers investigated ndwec-@gmi cthhans es nt rodn & fheer
fi-pstnciplel®@aldc wloatcil urdse,d t hratmott leids btyr arsir
redistribution due to electronic excitatior

the beamupndf btuhéedassoci ated mechanical str

L UUTHILLUE

LU

FigurEBl2cil2saubnpaaneodpor es and n ahndowiitrreoslelaend © MDs .

ofsurbanometre poreszinfamoreahayart i Mo$ |l I ustratior
drilling-epro8DdsM . i fmabges -Byyowipngdrstdt épng of a n
monol ayer (M BHdItraanopore by di.spllgdailDEglil at ®idng
atomic model corresponding to f. (h) I mage si mu
net wo-mkSeq(ujent i al ADF i mages ofj utntceg i D abroifcaMa S
nanowim,es).EMCIi mages of ai rseausipre nrdesdonlMoyBeeriv oMoeS a n ¢
(o) after a whole rotation about its |l ong axis

view of pristine atnd SewiifcEskldd fMaAse svi sleswi @ t he
of a MoS wiregéochtmmdnakt dydnre Md$ wiesh. -hfames i s
Reprodwiadend per mirsésffEon2 0flr7fonThe Royal Sew)i ety of
Reprodwutbadper mi @f€i2@MN4aftruorne Pub | i-tsfheipmrgo dGrtcobudp . ( n

permi ssi @t f2r0clld Ameri can Chemical Society.
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Figuré&l2ct183on beam fabrication of monol ayer Mo
of the Mo membrane by sputterifmigl mf -$SEE MADFMMs f
i mage of the fabricated Mof meambraanced eermati meg mol
80 .kV(c,®SrTEMDFmMages showi ngfiad mmoncol ayred mvionScel a
membrane (d). -pQoarnfideMadinsli agcesn i nftihlem mom)o | arycd |
the monol ayer Mo membrane (d) fAitlomi (ccenmdaagdesm o f

Mo membrane (f). Scale bars: 2 nm in (b)), 0.5
pure Mo membrane structure. (9) I'llTustration o
upon introduction of axdtdriat icohnaarlg ea hi amgree, acdsselssd d immt g

(d) Radi al di stribution funct(i-f0oRe pfrooadwvitdchrded ne ut
per mi ssi &ff f2r0dmM@ -WIH EWer |l ag GmbH &e@PoodkGaAd. (g,
per mi ssi &t 2forldOdm Ameri can Chemi cal Soci ety.

Focused el ectron beam irradiwahiicohn aclasno |
destabilizes the Mo bonding and causes Mo d
then open up the met al vacancy site. The a
integr al toesgcaeesfimlg mdndashienigr eplreocpterrotni etls

irradiation can cause t h¥¢ 1RDOMBREMoinmade v oii
Figur ee 2shdvaysdtegpp dri Il Il ing of a nanopore n
ejection induced by Sew Rladoyj n@skee 2poddeda
rate for irradiation can | ead -ht)o |jTuhset hsoil neg
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opening up is caused by the creation of | ar
keep expanding with more S spsutdleusetde rawaryq L
the edges. This | eads to the edge structur
uni gue MoS wires before the)i3cd®dFNHYasea r u|
subnanometer wi-adaparagflardbtan set &ate the
under electron beam irradiation (Figure 2.
effects that aardeaptth antg Meltpu r teh ahugradrndg i g@mo votf h
wire (Fitgure 2.12¢q

I n contrast to the nanopores and nanowir
chal cogensabsemgiugmat i on of both <chalcogens
TMDs, there could alchi rmge by lcecantirvel liiomg ztah
which can result i n novedelp.ardtoeandMor upcut reed npeht
me mb r faanker ifcraotne dMoSheo | atyoem sl yovmtaheel ect ron beanmn
i oni zation of aYe laotw nasec elde & TaB(MiingguBr@ef k2e.V1 3
193T heiiwi dliservati on demonstrated that the i
process was the formation and aggregation
metallic Mo clusters in twei chtitmijeedwddermh en
i oni datmaihase Mo clusterspaekeheyadonal bet n
composed of Mo atomic plane with a reduced
original ). 3 As iinndviocSet ed in the foll owing

Josepahi s pdiésmexapalected to be a corrugat e:q

pl ane, although the hexagonal configuratio
structur e, with a square lattice ha%ing th
However, this hexagonal met al matrix can |
give rise to the theoretical | attiete,atonst a
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as shbwgurig, .. 13
I n addi tsohiut bogthaphy function, the el ect
be wutinmamnziepquHtadt e t ransf or mati Bing wrf)e.t 2ilelidsay e

is often achieved when the chalcogen at oms

beam i rwatdhatiaoge energy transferred to th
threshold or i oni zation effects. The resul
el ements are then followed by structur al re

with itdhlkei esmetry distinct from that of the

seen in the phabaeyeradsiinodpétheamdtheawrmindesot
orthorhombic monochal cogen{Fdilgsr&edSif)e4r epor t
observed the structural change after sampl €
energy of 80, 200, and 36G0gkiedd, 2n 1tddg@a HRIT & M
the operating emmpeattueeof(r onommet ate annee
~3001I).is proposed that the transformati on
into ordered S | i negefdiedieents,i ntheSymdfdiimaada ysat
converting to eaxemp$reS.ofAnpheaxeea change der
accumul ation of <chalcogen vacanc$flriomes i s
MosSusing the electonclhheamaisn, SREMI fferent

trangwiitanrtleayer fusi on was rplgeaslehytreardedb yP dLSien
reconstfomminmy efSe@dn cPlda y é%?°fpihgausree. @2r.elsde nt e d
the schematic illustratiwdadluetr vai somechath

driwremcess stepFbyusfelehpe. §choonvin niunous Se | os s

el ectron braswuletxed sium et he gradually decreas
PdSkue to its strong interlayer binding, el
| ayers and the establishment of the new st
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PedSeThi s -doreitavnen interl ayer fusion mechanism
exploitpmggse@o@ | mphaeleaayhdnsedr oanl s with moder

Waals coupling effects.
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FigureEl2z2ct4 on beam induced aplkaee TMDssf ramatSc
il lTustrad) ose qanan t(iba l HRTEM i mages showing the
| ayeSneddlSnS cupdelaectrdmrhhegd)ibe&Eam driven pha:
transition fatom29anfodiroelda yRedrSel ENd) maADE of exf ol i
|l ayer edahgbe, where the moSel ayei ceeggi ¢r) eSltih
il lustration of méehamitsem | fayea tHhwicaipey ¢é PdBéd
Sequent-BEAEMADRmRmages showing thic)Reaprcodwsaendict i or
permi ssi dhE f200In6 Ameri can €HRempiroadi ¢ Bacpieartmi.s s(id
fromfE 2017 Ameadlc a%ho Pihgtsyi.
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2.4.2 Thermally Cont#HoHleadi Mgdi fi cati on by

Apart from t hedrsitvuedny sotfr uchteurbeelant hange dynar
t he develiospinteenatt i mfg t @8 EMI dwes iemadbHli ené t he
i nvesti gat i-toenmpoefr att ue ehibglhavirber malof a2 De arait
duropgrating (S)TEMemewablorutc¢odstoamchistatadron
revealing the dynamics wit moutataisotweerlfleraesc
provide ther mal energy thaanidrnmr ecaaedta mtalt ee t
motionrafdi-amieamced surflameadidiftfiuen,onsome t
studi es s ugognesitr rtahdei aktnioochk e f f ewchti citgef draert te v a n |
di spl acemenbfct bdewiatshe oish, @ nit mpa entas fPpreomur bat
atoms from theiraedut hebviaoumapbentioaong he m
nei gh btohue i digs pad%8°%Eeoch sdatdemi n g -otnh iesf,f etchte iknn occak
defects in 2D TMDss euxnpdeetrtretdnlet bbacbaerd by heat i |
toehygh temper atwhi grhodergkdtkrisad ®t IAEG| ¢ o g

res wlttomodt i e nltiokndbleghmal | er compaereer wyitdhemthe |
bedadfDuet raelported the whtamaledn gird iDigedaetfe encgh vy

which dirfofmendddr i veaml i ne def ecdtAss adtl |rusam att &
i Fi gur,et 2amMbbi ent temperatratéeéonhe aSevasahdccime
reported | ine defects at nor mal condi ti ons
di stributions. While at high temperature (-
vacancies re@®@ahtm)i rl DulSt iveeleeamgty hi gh vacanc
which was reported to serve as the channel s

format’/i on.
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low mobility

P E Y ERTEEN

y
S vacancies

high mobility

covoo-ao"ou
.ll.o.coqn
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2 nm

Figuré@aher m&l | ¥ otrmaduglarread) fo n g h & Bbnieikifheacatt i O g)

Schematic diagram showing how S vacancy aggr eg:
motilities. Low mobility occurs at ropim) t emper
Phase cohEMaismad&€abf 8M0SAC, showing two ultral
Hi gimagni f i eTaBM oinmaAgCe s , and (®STEMal snageohbhouiBe® 4
an ultralong o nehawifregt uninf oMofSe pt odMictendper i od
per mi ssi @%E f2r0dllB Ameri can Chemical Society.

Ther malilgyger ed def ect f or neartel en, oibvB gr s do
siitru t he pl anarl rGBtsh g2mM&Dey BidiRgilosn,cent rati on |
i nversion domain GBs were gene?’As edewhenethe
by Zehtabehle over |l appi ng &BsyeirrexthaMoadypeg r aatned af n
vanish driven by thewhmah &nnabhl yngatvte 7DS6e,
the stacking inconf oFfimguryefad.0kidsiidierad e megd f
STEM experiment tracedFitdgerbgrnadilaénld < lhiedyi mg
that the driving force for GB migration wa
forming a more stabl e ipnhgasree gniistthr yh o nTohgi esn eroel

the utiil#siztatbdromaloft reat ment for investigat.
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Figure&eB2migirmaduoed healing oBisluachkalnganmadlisng
Schematic il lustr atgiran ndwipGBwttnhingr atthieo nMoaSned sub
vani shing upon t &0hdl) &8DHeMI|iimaggap dfo (d) bef oo
in meéatui ng at 400 AC,i nagndf a(ufl)t 7f0i0Or sAC.t rTahnes fsot rancek
at 400 AC and ultimately transformed into the 2
illustrati oReprfoduind sd pwiotcte $}€e r2mMils9s-M\MGH Ef¥e oima g e f .
GmbH & Co. KGaA.

Some | ayered materials can experience pt
temperature before entire collapse or mel't
di agram wiathondicf freateinas before melting poi !
MasTenanowires can f or rMofTreorm vrewnl tbaeyc atyheearendadl 2 H
phase t(r4ammA0Ct)i awm d e’ > ¥ ¥ tiem mteuat i ng (S) TEM en
the deduction of t hne teexnapcetr atthuerrema |r ad eeg raandda
intentionally manipulating the annealing p
structur al modi fi casimamniotf ot iherg maft erhal tsr avi
RecentétyraRyut eadl lay tchreirve n p h a sleayterraends iPttiSoen
into ultrathin 2D noindayteomidalPd Seb scarywsdtail s

showRi gonr®2'¥hel1s8tructural change was driven
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modi fication p@nnaoaiheiahg nghé omechani sm of
atomic digestion, yielding the Ptl&gecegst al
precur sor s. Thi s procesmenits odedf ermmdretr | &y e
mechanism in the other owibige tmetahe TMDabi IF
met al : chal cogen i ntermedi ate phase in Pt @ ¢
demonatedi Bowaathieng can be used to create n

2D | ayered precursors controllably.
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Figura@eghermdally controlilgseidiah dado)g . Sc(lmamati oni blyus
of the phase trandsbyveoprpdhphdoPuSecohapdONé@BDPNS@
crystals by ther mafl) aShEM|I i mggas SBOWIACg t(hke pl
from the edgeSgofancef ibidlalyyerpePrtf ect !l y transforr
heatRepg.oduced wit h 2pfe r2ndil1s9s iAome rfircoanm rCehfe.mi c a | Sc

2.5 Concl usi on

Recent studies on the defect sthmgu etl Lercd g oinn

mi croscopy are reviewed in this chapter, [
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di mensions and ciomifragtuerraitailosn smo dainfdi ctahtei on me
The noteworthy d-g@§E8&I| apSadAEDF it re cthhaeb A2 i €& & e en

to be powerful tools in iderDtsi fwiitHdagt ®amnvgil dee

resolution. The influences of defects, eith
i nduced, are significant omaal o@@ailng oph e c
chemical properties of materi al s. Wh a't i s
beneficial i n certain cases, |ike improved
acting as metallic channelcdgi vobtythberahl gteb

terminati ons.
The electron beam illumination when i ma:(

di spl acement energy t horsmay dalasna Ipriodg caeb o

effects | iskoe tihceniizmpa®mgpf beamhon the TMDs
carefully wevalwuated for analysing the ori
controlling the dose of irradiation beam i :
denwoift ydef erctesa.r ohlee e st i s iinictnoedaisfiinogatiin nt hx

mat er i allEsM iim (rR)cent yeadrssihiugdr ttieanplearalty rien
The explmatadgr ioml sfmodi fi ccheamnodrt henmbaly ah
TMDs ofpdranovell structures bbfensi mbrehepbobbt
mat eri al s

So far, significant progress has been mad
we are possibly only witnesatimm tthiec kt irpa toufr
layered TMDs and various stacking modes pr o\
configurations. It i's expected that mor e
exploring new defect structures 1in the <cor

partliacd | vy tiomtaeg dtsi anrhael trhaen idpeufleactti osnt roufct ur es
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scale and their impact on the materi al pro

chall ehgepbhif®ircaulha&r extreme condititomrse | i ke
work will further give insights oinsthe def e
el ectron microscopy techniques. A better ul
wi || advance the fieldioafl sd eafneqcptl aerogogitineedesai n
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Chapter 3

Methodology

3.1 I ntroduction

This chapter introduces the experimental an
research project. This willviambemircatatwap au

deposition (CVD) method, TDpPMiscamhpime<rtorsa P
and SEM charact epriezpaagrieodn ss aomp | telse d&<EM oper
i ncl uaiimgdi ficati on methods involssdngas \
met hbascl arify, | have done the sample prep:
OM, SEMIBMdoperation for obt aiunrinnagc ei nsaegte su,p
recwpege developed by the seniorogsoupcmembke
with minor adjustment of the parameters | ik
precursors. The TEM systems have been maint
by the scepgoamnt EMscentr eMao e mainlab sDkxk&damodd Li gl
Souriome,l udi ng Dr l an @ri f@hrtihsst, @ pDare MNreAi 1J lu evhp, u
Kim, just $0 nhae h &amwable to operate the
The theoretical calcul ations by ®©OKFd aoldl Mo
Dr Gang Seob Jung at Massachusetéesaillnesd i t u

met hodpy o s ectfioan rE.pe.ald abi l ity of my work

3.2 CVD Synthesis of TMDs

3.2.1 CVD Growt h 20ifl tMmonol ayer MoS
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The CVD usydtdmr TMD growth is composed of
t wo giaguize He.rle the two furnaces are used t
on the precursors andisauedterratgau,ardnd utbves dv

the onhedi @mett er for the outer tube, and O0.

[ temperature
= controller-1

W temperature
‘ controller-2 ===
gas in gas out
—
( MoO;WO;s e )
sulphur == B SiO,/Si substrate
i temperature temperature

controller-1 controller-2

Figurea)3.A photo Hfuaplcef sybeemwequi pped in ou
growth. (b)) A schematic di a@mrasWsd hmswignm g witthe CVLI

Togr dwe sSmonol ayer s, argon (Ar) was used as
Mol ybdenum t309®x HBidgmd doiOc h) of 200Ny. 2%,d s ul
Si gAladrich) powder of 300 mg werearntidi zed
Si sebstintatt BOCGIoMBiIthe surface. The substrat
and i sopropanel asmal fowe & Imyn® then placed
guart tube and | oca2edSapowther ceasrlevoadeduli
tube at -Lhmi §ponatswawhi het MeOi nner tube wit
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cm to the TohhAkt ét owl eshing with 560 wsacscm Ar
heated to -2ADrdC€Cude Preapowas Ra80EFUA@ECEO
mai ntaining for 15 min under 150 sccm argc
decreased flow of 10 sddm -da@dsloireg threo ge Dt i
done by moving the tube so that thke substr
i ncrease the AAf ffeow sSaffi ng@® os ¢ amzgrmoovno | aye

on t hleSiSisGubstrate was coll ected.

3.2.2 CVD Growth of 2fMolnmd ayer/ bil ayer WS

A similar strategy whsn utieldm3$QDrosS Givgmi m g ( VS
Al dri ch) powder of 300 mg was | oaded in th
Fur nlaceTungst erO9N0i ®iwg-Mi@d r(iwOh) of 200 mg wa.
the inner tube at t he -2c.enXir aslu bhsetartahkneg wziotnhe
Sio@vas cdreeaned by acetone and i2pbpsmpanohen:
horizontally placed in the outer quart tube
2 with a calibgzattfedsdilytabhbe t woW@uwbne Arwer e
for 30 min.-1Thed, -Eiwemaa&echeated up to 180

respectivel vy, mai ntaining 20hewt empeageuuade
sccm Ar f1l ow, and then stopped the growth

|l owering the temperatur es.shAfnipdre sa gfraswmn oo

SiSi substrate were collected.

3.2.3 Synt2hesims oy Pt S&el enization

The -ftumonace CVD systemagmaocswtahl suos iunsge dd ifroerc tPt

meé hod of wultrathin Pt | Anybkrathindtlaydr ofdOnmt mo s p h
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thickness was first deposited on top @@ nm SiQ/ Si chip via e-beam evaporation
Selenium powder ( SeAldrich)@Gnding subse®eh.ukifébm PtSi g ma
coating were loaded in a 2 indimeter quartz tube, which were placed at the centres of

two split furnaces, respectively, for individual temperature controls. The system was
sealed and flushed with a 500 sccm argon (Ar) flow for 30 mordeer to drive off all

the reactive gases such as oxygen. After that, the Se and substrate were ramped up to 230
and 260 °C, respectively. Ar of 110 sccm was used as the carrier gas to transport the Se
vapor downstream to the substrate surface. The tetopes had then been maintained

for 10 min since they were reached. Next, the substrate was heated up to 350 °C, at which
the selenization began. This process lasted for 20 min, leading to formation ahiRtSe

films. Finally, the reaction ended up bywi cools of both the Se and the@msduced

PtSe at elevated Ar flow rate of 500 sccm.

3.3 Transfer of TMDs

Taransf-pr epheednstTdaMDighSes Siubstrate, a thin f
met hacryl ate) (PMMA, 8% wtweiigmttiheaasnifsalsd,
coated on the A261rfatctbsenaT®D/mMSit.0O& h@V D oft lart n &
speed of tcheeatmanign sstpaigne was set to 4500 rp
secondsedgdhehe substrate covered by PMMA wa
di amond dr il | 2keon eeaxtpho steh et hEeM NbA) Ox endeo rsea nip | e
mollplot assium hydroxide (KOH) solution, fl o
f or sheovuerrsalunt i Thi$ peetessowéds done at roo
time requested for peeling can vary from 6
CVBgrown domains and the exten3ubosfeqacage | §¢

PMMA/ TiMiDn was scooped up and placed on the ¢
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renewed rfeopeadtedl]l gast three timée, rwnsked 3!
PMMA/ TMD fil m was transferred onto a TEM gr
whi ch wbaasketidh €% 030 A@i fNoort e t hat when | use th
SiNs membr ane, the baking time can increase
bet ween t he sNamegrhber aamealt HT&&idhrali@sy ,r i nsed i n ac

for over 2BRBMMA t 0 remove

3.4 Optical Mi croscopy and Scanni ng E

Optical mi croscopy (OM) is often used for
samples in |l arge scale, which is particul ar
films, size distribution, the nuctkaéessn de
based onddapendenyteropti cal contrast I n the (
samples in my DPhil project, | primarily u

(DCC1645C Thaerslodg i minght 2801 1024 CMOS camer
wi thre tMi tut oyo objective |l ens (501l magni fica:
i magehe :rMaSHISO substrate grown by CVD met h
trianguoudoamaiMosS with the averOmgenssizdeofenghp
di buted across the substrate, and the homog
the | ayer number of each domain. The Dbrigh
attributed hoctbattonyoMoShe substrate at t

Scanng el ectron microscopy (SEM) I's an i
surface topography of the materi al sur face
el ectrons (SEs) which are generated by the
a fewometres. I n my project, field emission

S4300 was conducted-sfcad ei mag ipr gg mogw me s r ¢ h
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speci mens, using the accelerati A, vwhHitahge
enasbl®l early imaging the surface structure
charging and iFrirgaudrieat3i.o2nb dparneasgeen.t s a- t ypi c al
gr own:oNio SISO substrate corresponding to the

conf hemsomain sizes | ayer number and fil m c

Figur(ea)3.@2M and (b) SEM i madgoemaoifn st/ hen &GSuAOsd mr awre .

3.5 Transmission Electron Microscopy

3.5.1 Annul-&cabairkgFiTehdsMi ssioescoRlectron

TEM ©onef the most power f ul characterizing
characterization of thin material s, includ

STEM A typical setup of the TEM and Thtes ray

first part i s the components overhead the
electron beam to illuminate the specimen. A
generated are normally parallel2, bgtapp!| gnd
the upper objective |l ens system. The other
coll ection, selection, and magnification of

I n STEM, focused el ectron bieamuged ijn mad
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scanning over the specimen to produce an inm
by atom. As illustrated in Figure 3. 3b, a
detector (ADF detector) i safutseerd itmt egrad cdhteirng
specimen so as to construaki BFaonuARBF drmrage
di fferent selecting angle ranges, specific
STEM (L-B8APHM) or amighl am STaerk (fH-8eA BEIM) can

be obtained with corresponding elSel&EtM ons s
i mage i s konowhrastthemage astd twhicomtecarstdigrno

di stinguish th?d2léhit hfpmsojeact el le mBTEIMYy assa t h

straightforward strategy in imaging 2D TMD

el ement which can be shaomtlryagsted.er mi ned by
a Q Electron gun b Electron gun

Ist condenser lens (C1) & aperture

2nd condenser lens (C2) & aperture

C1 & aperture

———
=———

1

C2 & aperture

(

[
Scan coils
= N> Upper objective lens [ |
= = ) Specimen
<X ) Objective lens
Upper objective lens
— L =1 & aperture
'/\’\_/) Objective aperture
@ Selected area aperture 7 Specimen
i, ST > Intermediate lens
6,
< S Projector lens X 0, g
e Detectors
ADF == ADF
detector BF  detector

Fi gurS&chBenmatic
setup and ray
angles for

i maging i

detector

Viewing screen

il lT uUBEMasetowmp odndg anayadii&gr am, (
di agr am, showing ADF and BF det e
n a STEM.
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When producing higB8) TEBOl manpynpamagesf i nhh
have potentially negati vlehd nmd sute niegn iofni o are
factors in the resolution are imperfection
i mperfections maintgtigdgrel g@eompthied i abher abel
astigmati sm. | f objective | ens i s perfect
di ffraction plane should be spherical cent
formation of the madganbelte ca bfererladt ioan & hoef urncaw!
|l enses can result in spherical aberrations
on the resolution. The wave aberration fun
aberrated waveyrfomomithehi de¢ &W(@ @phiaiecrhi ccaaln wa
be expanded as a Taythokddasemi e mpkkgs3 .vh) , a
the reciprocal space ?Y%2EtEhorcaef Mihnkemhdertiéhiake
term of the Taylors series represemhses one t

s peamioftiad i ons correspondingiventhe Tabks 8f:

z z z Jad z

W 7 YQ01 " -07 -07 9 -0 -01 “1 -07 "1

=Y Y1 =67 7 E Eq(3.1)

Tabl &db&urtti on coefficient up to forth order an

Coef fi Aberration Or devw Target
Ao | mage shi 1 /
A1 Two fold as: 2 <lnm
C1 Def ocus 2 /
Az Three fold & 3 <50nm
B2 Axi al com 3 <20nm
As Fodrml d ast.i 4 <lm
Ss Axi al star 4 <lm
Cs Spherical a 4 <l1lms
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I n my research, I mai nly operated the ab
seri es-SfTeM ADRRgi ng, i ncl2ODiFn ¢S TtEVe wi BE OL aA RM
emi ssi on Sousrpcreo bEeCFcEG)r e€Ct or wi t h resol ut.
accelerating vol tage, whi ch i s situated E
Mi croscopy (DCCEM) in Department of Materi a
ARMSOOCF SUEMped with a JEOL ETA corrector
Sciences |l maging Centre (ePSIC) -vatlt Bgamon
capability.Bbownatre e@GuVYmpmpedt ovi $ hc &pabl e of
aberrat itohnicsr dimot it hkei g hl na cpcruirnacciyp | e, t he way
compenssaplksrifoali nalae rnraggtniedan ¢ | ens is to co
which spreadieseubettmscomiverdger themr ¢ o a poin
di sk in the Galakinmng R FARMEMnas aqn examp!
aberration cbrpaectersefcbesaptwheshdeéesi gnedghb
in th€opmobg system between the | aswitbnder
the optidepli cdedi ¢g°mf HFd gauarer 8ctdaar system main
principal hexapol e el ement s (HP1, HP2) al
TL21/ TL22,b&dDih) irsd&fthgr med by t he hfeinr pr ohex a g
into a secocodompexapotles float tdinlilsy da floirgnad i om
ef fectaclvskkienleggtompe €satt i higee fofpepcots i gpeosi ti v
in téet iobByl adding the twotlteompohaeihbh€ twge

mo dul e sadcjaunsabeedar i dOns ev @ lhieesc.orrect oansystem

aligned st)atea&l i grhmen(tautwol s can be used to
aberrations measurbdd afulftme thw&dcpltabeon i nvo
met hod i s composed of measurinigroh@hopaoplas
pl ate (phase shift i mage) and the calcul ati
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the phase shift is caused hyothegbehevoeder
the complete electron intensihy duperpbsettom
of the distributions for the individual e
aberrations on the shape and ohet paetoedblkeect r o
cal cullhdetadod eau consi sts odna@andeaonv-ahdGadssn
ov€obcused probe shapes wi tNMe aisnhucriedneenntt sb eaarnes
wi t h waarlywiensgpfudrert h@mlde aath atniglitng t he azi mut |
Then, the phase pl at ei am ccoad fcfuil caiteendt sf roofm tth
probe tdbfetavehodoroutergiwwkdn amydmisl. e Fo fg utrtee
phase pl ate.

I n my alignmedtfrastogr amet a-B D é&Wwaiut hmetthheo d
CEOS coartehtoramomsplhpoesdedriemad at a magni fi
the tableau is operated for s32% emaatddtrhuens w
enhanced mode (recosRdringa2h dufhf i &ctaaudroamas
seriescbobbgdamd raorresponding to difsferent
based on the wave aberration function by th
phase plate with the viagliweesn oafs aabne rirnadtiicoant oc
coagations, as il lustraTka alni gmmextampé eds nt ¢
of times, and each time it needs around 3
enhanceWhanoalei,gnment degree is | udagehl rbgg wh
t he t dgagedailruges showNoie@e fThht ewB8. donsi der t|
be acceptable as |l ong as t heyigdauall uient oF otrh e
exampl e, Al @LBnm hseh orud ndg ebFeo haucrdepip® &adb | 8. good
example of the coefficients obtai Wedhafter

the aberrationorcmoedt ée-tg i @t-SWwekhvh AiDlkRage s wer
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t

aken on mmoobkane WSt o check tthse (skieagruprnee s3s. 4

where the brighter and di mmer contrasts wer

E
|

a
a
C
C

Condenser Lens
u
BTI!\\E 1
BSh )
ADL
A
DPH2 HP2
TL22
DP22
DP21
TL21
DPH1 HP1
» * 4 B
HPol Al 2.755nm n't.?.',*‘ ¥ 9.9
QPol e _w_ R N Fa_a N
DP11 TLI2 C1 1.221nm .*‘.'3“""0.“"
s‘n.l. .‘_"A.i‘ &
™ - - L » - -
upper scan coil A2 23.05nm g B . %, ® . . _" .
. ~
» » b ™ .« _*
or2 B2 7.347nm M i AP, G e e,
b} lower scan coil .‘0' & .“’Q"‘ @
- =
c3 235.9nm i T el e Bl N S
TL1l(m|n|Iens)C "..‘l. ‘.",‘i"u.
* - ® -
OLpre ,~ fip | A3 260.4nm M B e, o Bt G R NG
specimen plane - . % . s « » . . .
OL post bfp _’/ - catale o e N
S3 444nm o2 dMe & ® % _© "2 9
—;—T'T*- & . " .,
_ . I -

igur(eS)8hdmatic of th&TaMticosrectarhexabmolteansfer
ens hfelxla,pol e el e mednetfsl eHcPt, o radBiTYRt, mebreetradn lhedm s hi ft

nd stigmat orHikA QdPiofl f r dPbbgram t abbkearur eodtt cari nweidt |
n outer tilt ban@ghas a olBdltcansief@d.r aCct od)r a nhse, and
orregspgnval ues eofAmbiemagd | @il samotrfiocl ea yceap tWSr ed a
orrelcRepnoduced with?4%e@0mi6s Mi anm ofscompyr. Sfoci ety

Apart from the aber rADIFEMN i Mm@y d o qteidbsmot y t

ssoci atthea 9swa lttdicea i oml lodcti on angle (inner ¢
oll ection angle) of tthe aomwlean ghdiEe steoni s
he el ecliliomn ipmwdlevfefs btehtAcatarntardasede and t he S|
ma Beys .c h amey i adeo lttlhhec t i i admgldepeandence contr
nd thteoasi gaatlt ati o ( SNR) gcmmeom e amaih>epll)l at e d
ns Zdependenc ewhs ecrhs catviod rdesspt ef fects | i ke di
rcontr ast s evsehasraplby di sti nguies g adeitfefcetr ent

ndi vi dual i mpurity atoms in crystals, whi
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el ectrons are sc&onsrdéritmomg hilgd wengy esmall
scattered electrons from atomical egpsuhen 2D
enoughwiSMR t he mini mum t ol ewrthaeml e margn exrg d dilelm

I n this researcmept-@lredNDFmabengxpa Chapt
were operated-200staRhgt aEOE| ARBt i Mgdwel it ageée mef
0fl0OTds8 was used for imagi ng "‘wietahm ac uprirxeenlt soif:
pA, convefaggnee ode rBan d&d cnorlalde Stiidntda da n(gil rerse ro f
outer .arrglresOQhapter -STEMnexpert menADWas con:t
JEOL RBRRMCtheataccel erating voltalglel &0f w&® k V. 7
used for i maging withpd bepamelkusieret obdf 04 &

conver geanncgel eseonfi 39. 1mrad, 5andi1@0agdil-6i hnemn

outBaj$ically, the drift artefacts are unavo
be negligible in termsanfl deteghszingt hbemsa
sample and stage have stabilized for enoug
determined by |l ooking at the pristine regio

the correspondingtdeffnnaet ihenxaggmmtss cwawm be

di r eclthieonismages wusedi f och alihthemred bl ewi gkl €ct e

=]

egligible drift artefacts.

3.3 Heating Technique

l3ih@ati ng experi ments was conducted at th
utili zingia beammengi Abl der (BDEHNS) Sodmud i DEM,
heating chips (DEBS8) Sombeddaed, wDENSa pl atin
the keatea coveaNgd Iy astmwsihmbwhi in Figure 3

into th\hmémbhmamds on the heating chips by
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mi |l ling, witétmtehaec hs i(zFei goufr e .361B3s Ws Fheudies Br
ot he,svSmpl es overl aid on the heating chip,

wektbvered iy itamguWar domain. Sample was he:
through the platinum coil, -wboste cieeéathande
and the temperature was cdalaculDatsted aguart diom

the calibration coefficients from the manuf

SisN, membrane

Figur8EM.5mages of the overal/l and detailed st
manufactur-ed begf &) &fatder( disampfFesyr i wgt WS(e) hi
t he,d®Smai ns overlaid on TEM windows.

Dur i nigsithheeat i n ge netx piemr i SnfTEM i magi ng, t he se
focus need to adjust finely whaesn tihnecrree acsa unl
be slight buckling of thleecobatgetwitédmpemaptet
reached in a secomnad whiclr®tasiet tirachetnp ene at 0|

as not to cause crack of the samples due to

3.9343 Ebectron Beam Patterning

Chapter 5 iimniveduevcetsr otnhebean patterning exper

54



nanowel | patterns, which ar d aggege mtainalploy est
from biJd afer mwWBeg patotceerss, a small box was d
typically a ~150115® mpmk2| nihoar €@ vbéet hage a\
modi fied with varying areas of the eswhol e r ¢
per pihxghefrodose irradiation in the reprodu
the drilling time from 20 s btbtakaisgtdidgiwe
sized nanoWN€J | sanat alBtde cporpear pdoducti on di
changing the A€mpafaeturdrtbl BAG at a given
STEM i mage of the whol e r egioonevoal wuaetceo rtdheed
damage on the dri lflaccsdd amanowe t hseuwadeiron hef
samples enables us to track the atom disp

progression of the pore creation.

3.6 Data Analysis and Simulation

3.6.1 I mage Processing and Simulation

The SDEM i mages were procepaeldages, nwhil enla gien
various filtering regimes to remove noi se.
Gaussianwhlitidhr af bllup@r xvealhgpdt ioefd h£TRAMFIi mages

0fL0241 102 4s mpd ktkikknsa gtess and enhancewitttheoudont r
affecting the interpiTkheatGaoasbanthiel bpei gi 8¢
convolution operbdtuar thhaedtgueissw ealhieads tod 't he f
correspond to the opdriats owsfe st hfeo r2 Dt IhGea ussnsa acatr
applying the Gaussian filter, the image i s
space, whi dledcars hesimggdrme Wseingehitghdb cawrehr caayde

the new value for this spot. This convol uf
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Fourier transform of this image with anot hi
As a r estuetrame nmohvies nfoiilses from high spati al
ti me perverse the edge featuréEbBebkealtee ¢blo
were perfbamed ael ag(k UJoono ks ounpe toafb ltehse or i gi r
i masget o i ncreaseFoihénicos wallr-8dEmMDFFanatg.es i n e
chaphapsdbapplai addJfGeosic hapt er fGe camfiReideddh ot

andhapter idr amgodFiilmaatl | y, the contrast and br
The atomic models were constructed by usi ng
Studi o Visudlhienen heofat war e¢e.oor di nate values
converted using Python scripts (wrimaten by

for JEMS si muADE T BIMmaspd tsviamwel.ati ons were ca

mul tislice method i mpl enfeprrtoegdr ammed héy JBPMS
St adelimamingh the multislice apprtolxepmian i on i
crysh@aoseries of-naoonometubni sedeebto imitate

scattering as the electrPéMEheromplatgiaslei ¢&r @l
mai nly consist of twa nsghepswatfdienrctiifofnr eyt amrr
slice), andptbpagabipmagabet wé¢en slices and
popagatAgs ahe eisnutlear,acti on of t he ceolmbdtnrean wc¢
i n drodern magaeviftdir mdotei omt ensities given by i1
transferf offundtei SANEM i maMge tsismulcat somaul ati o
started byMusletlireiniucnegt ¢ ima grhentfgth.e When first a

t hMul t ids lail mggue sets tManyomparaxmes ere [c@n0 bk

take i nto accountl idiifefseraemmdt ealpiegn memtt adud me
as the aberrations, the detectorTygpolclad dtyi or
the slice numbers in the mul tins=slcB¢ce wmetrleods
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represents rtahmetwenzidti i@eliinopaof the crystal

thickness siaiilrercttiont hentredldaMSe rMosspta coifn gtsh «
parameters of the simulation were set basec
ARM300@GFE ceaetl erating voltage200F 680k V8 @k V.t hite
JEMS simul ations were makeonsdomen ttdeapgkdox

conditions fodwoABM2@Wm/e30m.st frequently adj

def ocus and THef detiscspreadies in different
at a different z height. And the defocus s
spread of the electron gun, the fluctuatio

objectivet | ehlse cuetrtei ng sodn tdetsead wa Ipiamiatme
resolution, and can mostly affect how accu
datlaa t ypimwllati on of Chapter ¢4,andes gteroima
abero)t (&t 60 kV were -G.e@3 tramber s Pé&c tmimv elny.

spread and defocus were set to be 8.5 nm an

3.6.2 Strain Analysis

The strain dist-8TBbMtimagefaretbealAD&t ed usi
anyadi s ( GPA) method used with 2¥3whi clouri et
guantitatively measures the variation the
The 2D straimjmeaps aire tolbitai ped by perform
FRWRt oodi  pladcayvaegleoped by t he Stuttgart Cent
whi cihndgtsall ed in the Digital Mi crograph sof
maps from complsexr ewsawlet i fngnef o bomt iao nhi fgdic a |
reconstructi oAf taemrd |dma chi nstf haecrktie.sgaoal |l uitbiroant | SITQE

i mageo®s rectl vy, the GPA toolTwwaspotarokedt heo
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reflections wererseraoséormnbiyheoBourioning
presiRead Ampeobmmasd the tool to read the re€
of the selected rTehfel etcwoi opiiese siotevteorcsthhd e §r ae n
the radius of t hiie mapvwehitah er eupsreads, e rmtnsd ttthee o u |
of the aperture radius, gcadi bat addpetredt ho
sensitivity lawmndnyn ocainsael ylse vse |1si.enSno | aunt d oshmonocatsh
was s éethetnead®rence area (unstrained | attice
I n the GPA process, the magnitude of | attic
directi omepanxtatachleysl.ly slpl acement value differe
|l ocation variationg "Yilgo itp @lc b dAd TARYTodld r ect i o
referring to weet ows €k & efcitneadb t Geitfiiieencg2 Do ns)
gradi entt hmapfsouaf strain field components,

component al(kiRgaxddlyrvd)c,t taothg othwedr i ch i ndi cat
the 2D sheaThetaaduwunr ayceyl desft et hes&EPANEPUL c O Ma (
gual ities including resoluti odns,camagwar rfk cwe
at omesol uti on |1 mageslhwei tGPAUt edruil tts aratni fad st
the setting of parameterf eismdiund iomlyge t hef seé

ar ea.

3.6.3 DFT and MD Cal cul ati ons

I n the study e(fCtlbaptaggrer4)GB mml &MSul ar dynami

per fowimme d AMMPS Pdokageestigate the mechani

GBi n ;WSwe perform structural relaxation and
from STEMriemagdsv.e empirical bon%d?2%dwackcer ( RE
uséeéodo describe the i ntneonacloaryiecr .i nRoerr atchtei opna rc
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and Seg weewusous!| yf adre vtel eo pgesdohvet mifdbif s iMoeS t h e
monol,aytehes i nterl ayer interaction may pl ay
previous DFT (densit’?ndiucatiesnahatmié mgy di §f
ener gy,aod M&S only 10meV/ at oms wibDt2h adiidsper
al most sanmePRiAlhsov,dWhe interl aysrttiessamee
Therefore, i nstead of furtherwet uuntiinlgi zoef tvhd

parameters debel aped spst ¥mS which descri be

profile as at drulnacytearondiosft amcdé imet ween t wo |

Fotrhe atomic models, we relax the geometr|
relaxation, we fix the boundaries because t
not wel |l bounded and can change due to res
| at ce parameters between TEM and MD. Then,

the system. We further relax atomic structu
the relaxation of 't heydierrdacotdiiocacn .unfihka rlpgeenrgitohc
conditionrdial eatgi ahmhewi th enough space i s apf
unphysical interactions bpewkeedi d magdnarhy i
boundary i s xdsierde cotniloyn .f oAf ttehre t hse praerlad xl aetli a1
t hGBwi th the width O0.5nm is fixed. The othe
speed with O0.02i¢psai(i@mdada dhe secesded du

Testimate the defect DBTEanadulolant @mamtgiymm we
Espresscd?fipsaicckmpgRer dew Bur ke Ef?Whznedr hvtodr n{ PBE
conserving typgefhpes eeundeofpfoyt feotti tahe wave funct
and 11 151 1P aMokn kghroisdts ar e adopted for the K
the i1 solated ribbon, 15 vacuum 1S insert

periodic ixemgddsrenot batct.urTehe sstrrel axed with

59



boundary at omanzaidadwencentonisn and fydi Frectebaxe
We note that there is residual strain due
di sl ocation and itaxmeaaruandtcBa taWegsi warreo df uucl e
sul fur vacapAcy aat,l AResfBi | Restrated itno Fi gur e
compare the vacancy formation energy of A &

defect formtiicen obnan qqyed( by
Ef(a)zE\/"'Es'Eo,
whelEbés the total energhvicf thlee toefaér emee

systemSwad afsiag, t he eneBgyolnfs ivaclamtceggd t ype

si n3vlaecancy. For example, Al is the first ve
A2 is the second vacancy at the position A
values of chemical potential s??duset ead,S/we

compare the formation energySvaacanandp ®@sist it
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Chapter 4

Grain Boundaries Involved Defects in MoSWS;

Monolayer/Bilayers

Grain boundaries (GBs) amfd Tavgsl,le itniclltudGBg,
considerable i mppbysionltpeobopechemscallhi s ¢
GBi nvol ved def ecd WSnornwd tawreegs /ibn | dy®r s at t |
usi ngSABM, including tweB&Bandpeées] tn&Bsl yT6
studi es-t eémpgerhatglhr e f ormati on and dynamics
i nversion domai ns ofllsDdt)aaitn nmgo rexlpaeyerrmeMdS i s
800AC to thermally acti veaatdes St ov afcoarnncayt inoing rna
of I Ds different from room texpenadGhsge.tihnt
i n bs | aylkowi ng that ¢tahtbé&Bat omi dal layes h diSp
bottom | ayer GBs -nam ed cl soscaam Aehidas ant i i t nhgi unk estiudbe r i
and the GBs are stable to at Il east 800 AC.
2D bil ayer c¢crystal s, beyond the established

i n CVD growth, to srmhoaw pi daulad d eb i dtaoymeirc adBlsy.
4.1 60A Grain Boundary I nvexsion Dome

4. 1.1 I ntroduction

As introduced in section 2.3, the 60A GB i
owi ng to-ftohai rsytmmeedey, whichhrientedmend nwh a

grains merge togebdrerWSi n  omoemmepnhbaeyre sr idhogSs ar
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sl ocations, which are calcul ated to be me
mi conducting MohBxi@&reir meTrmDasl. resul ts hav

ightly -glncmee asleelctirneaodl pobohduoami mnmesgence

used bYWYS566WKA GBstinct transporting proper:
gineered GBs rather than a negative rol e
Coupled by linear 60A GBs, i nversion dom
nmchlflty was shownmo hallaDisdhrec oMid Sle emer ge wi t
figieathhironment and3%heeatfi mrgmactoinodn tdfonl.Ds
nsidered to be associated with two factor
wever, the mechanism of the | Dtborbmati or
derstood, espateatranshermatgens that occ
e present. Pr-S ToEM wioma&kg iunsgi nagt ArDddom t emper

ectbowam dri vdrmhsf drmhfdtbi€ere dfDs wer ¢ilrel at i v
m) and are surrounded by many other S vac
w mobility of S vacanci es atenreorogny tbeampreire:
S vacandyPhti grmakes. it difficult to eluc
twhiel Wweadi storted | attice on the | arger sc
Recent work has shown thHhat tdatermiadh etnemmer
e rapid migration of S point vacahcies an
e mncervwelayt ed S podi ntto vmaicgarnactieest ot gmi n an eXxi

an startThaermreedwroene.he for mati on process a:

mperatures should be much easier to unde
ructures. Ther mal treat mentasndarper ocesal In
nol ayer T&Decftoonbptdevices, so it iIs <cru

ansformations that occur at hi gh temperas
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controllably for med.

Her e, aberrat iSoTrE Mc onirtsehc haerd t IAg st age i s
i nvestigate the mechanism of | D -fadr mahtei on
atomic | evel under t hEhehidgh atidmp eorfa ttunree |oDf

f or mataison ,r aickeldudi ng furmhegeratixgmnhsiimine byl 4

formed void, as well as the final di sappeat
ensures a hilgatltyi cd esamnr fMocSe f or revealing u
I D without interferemome from attached cont a

4. 1.2 Results and Discussion

CVEprownomMn® | ayer s arhedatriamg fTeEM ecdhitpo, aand t

to 8D8iviien doiSTEMARE. 6Pi gure 4. 18TEMhi bits

i mage of a typical i nveAGi €hedomainnbeh) i h
vacanci es. The | Ds formed at hi gh temperat
formed at room temperatur e, with a triangl

compar eld tad 7" oom?it &weerlatturiecces of Mo and
(Figure 4.1b) and outside (Figurennighéc) t hi
inverted orifeeatt @anticot@Br.esdTmaor ed iofl-s gruv-@®.d 4atl dt h |
One is composed of a 4|4 edge (4| 4E) sharir
atoms bridging at the boundary (Figure 4.1d
mirror ndwirny b(oFui gure 4. 19, h), which are si
boundary *%fthrelscet urweds .t ypes of 60A GBS possess
and both were calculated to be energetical
enerr®tyneir si mul ated i mages in Figure 4. 1f,

experi ment al i mages.
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Figurea) -ADFM i magearefa dmvgemaf or id d) aitn 800 AC
monol aywerTM® Sdomain size is around 7 nm of the
of the ID. (b, ¢) Magnified views of the boxed
the I'D. (d, g) Mad ni é gieadn v iiemws( @), dueen dbaxy i ng
structures. (e) Atomic mod®@TEMNNnidmgde ddMurlrte spaorc
(d). (h) Atomic model aSrdEM ii)mavud td ocsrlriecsep asn driund ¢

Figuré dh&®y i ®@s-SOEMADmMages obtained at 8
how the I D forms from the S vacantil ning de
cl ean without surface contédmidiemtt e evlhe cthr &

irradiatignsuvy@bamaly lomes (SVLs) are prod

i n number and dcéngtTthe( Biug prheir 4 vizgeraobmcgi es ar
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numbwehrijcsh supmpaiseldytomesoimbi hedmef hect of <che
and iomiamage at this | ow khVYcbkeeopwtdng Kolofc
t hre$'folTth.ose gener adwidc kv ayc amicg reast euraet, hi g
consequently forming an area with a | arge ¢

(Figure 4.2c).

FigurleD 4f.02r mati on processC.atl)anhTgmet eeBpPiEevat af e AD
i mages at 80W WIC,h whed earirows represent | ine de
by dashed yellow triangfethe 0d)ed(ceetp)nadNMagni,f i
in false caltours, iwherhe tiltbe are overlaid by a bl

across this region is marked by whitidwveadaashed | i
regions in (e, f), with schematic a%$ompicnknpodel
atoms overl aid. (h) and (j) The atomic model C (

It is noticeable from Figure 4.2d that a
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