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論文内容の要旨

　Tral）sitl◎11　meねl　dicllalcogollides（TMDs），　s11clゴas　WS2，　h‘込ve　great　attcntioll　due　to　tl墓elr

ba1、dgap　which　is　suitnble伽opt◎eiectroハ1｛cs　alld　11三m◎－e｛ec甘onics　apPlicati◎ns．　This　tl、esis

dcals　with　the　syi甘1、esis　of　large　size　WS2　crystal　oll　grapl1舗e　alld　hexハ騨31　boro茎1　ni輔do

（h－BN）　by　at霊nospheric　pressuぎe　chcm；cal　vap◎r　deposition　（APCVD）　〔md　their

characterization．

　Chapter　l　describes　the畠eneral　i蹴τoducti◎110f　two　dilγlellsiα｝｛｜1（2D）｛ayered　materials

01cluding　gmphene，　h－BN　alld　TMDs，　with　regard　to　dle畑rope任ies，　apl）licati◎11s，　physical　and

ChemiCal　SyntheSiS　methOdS．

　Chapter　2　deals　W血也e　expe滋meぬl　de翻s，　inch｜ding　APCVD　fbT血e　sy漁esis・◎f　2D

mate亘als　a泊d　trans允rmethods　fbr　graphene　an（l　h－BN．

　Chapter　3　descrlbes也e　e飽ct　of　WO3　precursor　and　sulfUrization　pl℃cess　on　WS2◎加als．

The　quan晦of　WO3　precぼsor　spread　over　SiO／Si　subs仕ate　signi五cantly　a］臨cted　the

nwleation　densi旬皿d　number　of　layers品r仕鋤gul征一shaped　WS2　crystals．　L雛ge吐iangular

crystals（～70陣）were　obtained　by　con仕olling　the　amo迦o£WO3　pτecursor　as　nucleation孤d
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growth　sites．　Pyramid－like　fbw4ayers　stacked　s加cture　of　WS　c巧stals　weぎe　obtained分om

d斑sely　spread　WO3　powder・By　conなolllng　the　amount　of　WO3　precursor　and　the　rat¢of　sul血r

輌館◎duction　il泊e　hig〕temperature　chemical　vapor　dep◎sition（CVD）zone，　large　WS2　crystals

were　synthesized、

　　α1apter　4　discusses　all　ef允ctive　apP1℃ach　to　synthesize　hig｛時uali｛y　1コ10nolayer　WS2　clystals

usi…1g加ngstell　hexachloride（Wα6）as　s◎lid　p三・ecu1・s◎r　ill　APCVD　process．111　thls　tecl茎11ique，

◎．05M　sohltiol1◎f　Wα6　in　ethan◎l　was　drop　casted　on　SiO2／Si　substrate　to　cぎeate　a　ul漁rm

distrib面◎110fthe坪ecwsoらwhich　was∫educed　and　sし11filrized　at　75◎°C　ln　aぎgon　atlnosphere．

The　growth　of　triang111aぎ，　staトshaped　as　well　as　dendrit韮c　WS2　crystalsα1　the　substrate　was

obseぎved．　The　crystal　geometry　evolved　witll　shape　alコd　size　of　tlle　nuclei　as　obseぎved廿om　tlle

dendritic　strtlctul“es・This　6ndil〕9§hows　all　easjeぎand　ef花ctive　apPr◎ach　t◎grow　WS2

mollolayer　crystals　usillg　tullgsten　halide　c◎ating　oll　substrate　surface　rather　than　evaρorat韮ng

the　preCWSOI可劔gaS　phaSe　reaCtiOn．

　　1〕1Chapter　5，　synthesis　of　graphelle　alld　tlle　ef騰ct　of　hydrogen　etching　we！・e　studled叩on

graphe1ハe　clystals　al〕d　co幽｝tinuous　mm．1｛1ghly　al】isotropic　a1沽fi・actal　etching　was　demonstrated

with　the　fbrl1・atlα｝of　hexagollal　gr卿e韮1e　lコ◎le，　rlbbol川ke　stn峯c白res　and　hexag◎11al－hexagollal

stackin9（s伍ckillg　of　tllree　hexagona日ayers）alollg　with　the　sn◎wflake　dendritic　crystals．　This

6ndillg　can　be　slgni五can杜o　undeぎstand　tlle　nt霊cleation　alld　g1・owth　ofgrapl）elle　crystals　as　well

aS　the韮r　SeleCt韮Ve　etCllh19　PrOceSS句硲briCate　well－de飛鵬d　Stn！CtUreS．

　　Chaμer　6　dis斑sses　tlle　syllthesis　of　WS2　triangtllar　crystals◎f　2－7μm垣size　usillg　WO3　al憾

Spowderμ“ectlrsors　oll　tlle　CVD　growll　graphelle　and　h－BN　fih】1s．　On　the　other　ha茎1d，　dle

vertically　aliglled　WS　slleet　fbl・med　usmg　de1〕sely　spread　WO3　powders　oll　SiO∂Si、　alld

graphene　sllbst1’ates．

Chapter　7　summarlzes　the　who夏e　thesis　and　fUt1纏’e　pr◎spects．



論文審査結果の要旨

　　頁allsition　metal　dichalcogenides，　especially　tungsten　su田de（WS2），　have　great雄e斑i◎n　due　t◎the錐

bandgap　which　is　suitable負）r　optoelectronics　and　nanoelectronics　appIi㈱tions．　In　this　work　high

quality　of　WS2　crystals　were　syn也esized　using　atm◎spheric　pressure　chemical　vapor　deposition

（APCVD）technique．　Various　experime斑al　parameteTs　of　tlユe　developed　chemical　vapor　deposition

（CVD）process　were◎ptirnized　to　synthesize　large　WS2　monolayer　crystals．

　　Chapter　l　describes　mahlly　dle　ge1ユeぎal撤roduction（）f　two　dim斑slollal（2D）materia互s．

　　Chapter　2　deals　with　the　expe1元nlental　details，　i1〕clud垣g　APCVD　fbr　the　sy茎1thesis　of　2D　materials

and　transfbr　methods　R）r　g1・aphene　and　h－BN．

　　伍chapter　3，　the　e旋ct　of　su衙1’izatioll　process　a1ユd　qualltlty　of　WO3　PrecursoT◎1箋the　g1・owdl　of　WS2

cfystals　is　1・evealed．　Pyramid－like　few－laye1・s　stacked　structure　of　WS2　crystals　were　obtained廿om

densely　spread　WO3　powder．　Larger　trial〕gular　crystals（～70μm）weぎe　obtai1ユed　by　reducillg　the　amount

of　WO3　precursor昏The　ullifbrm　high－quality　monolayeT　WS2　sillgle　crystals（300μln）were　successnllly

grown　by　opti1ユユizing　the　arrangeme1“oftlle　substrate　in　CVD　system．

　　Chapter　4　deals　with　a　simpler　and　effbctive　appr◎ach　to　sy油esis　high　quali句monolayer　WS2

crysta玉s　usillg　drop－casted　Wα6　precurso茎令on　SiO2／Si　substτate．　The　hlgh　quality　WS2　crystals　grew

using　O。05M　WCI6　prectu’sol唱with　well　distribut｛on　of　nucleation　si重es　oll　the　substrate．　Depelldillg　oll

the　am◎ullt　of　the　precursor，　various　shapes　of　WS2　cΣystals　wel’e　fb1“med，　such　as　triallgular、

star－shaped，　and　dendritic　strwtu1与es　ofsix　am〕・・star－shaped，　llke　a　snowflake　crystal．

　　Chapter　5　desc1・ibes　the　H2　induced　etching　features　of　grεtphe1ユe　crystals　of　six－lobed　de1ユdritic

struc知res　alollg　w面regular’hexagonal　st1・ucmres　on　electro－polished　Cu　fbils．　The　etching　of　all

snow負ake　de13dritlc　crystals　occurred　f沁m　tl〕e　brallches　of　lobs，　cτeating　synlmetrical　f｝actal　pattem．

OII　the　othe£halld，　the　regulaT　hexagonal　crystals、vere　etched　anisotr◎pically　to　f～）rn〕hexagonal　hole

and　ribbon　like　stmctures　with　pronou三〕ced　edges．　It　is　believed　that　these　fi］1dillgs　sh◎uld　be

血dame1“al　to　the　fbrlnatio1主of　wel1－defined　graphene　stmctures　with　c◎磁r◎撫d　edges　fbぎthe　f泣ure

n乏mo－electrollics　apPlications．

　　hChapter　6，　it　is　demollstrated伽t　WS2　triallgular　crystals　of　2－7阻in　size　were　synthesized　using

WO3　and　S　powder　precursors◎n　the　CVD　grownぽaphene　and　h－BN丘1ms．011　the　other　hand，　the

venicaUy　aligned　WS2　sheet　fb㎝ed　using　densely　spread　WO3　powders　on　SiO2／Si　and　graphene

substrates．

　　Chapter　7　summarizes　the　whole　thesis　and　fUture　prospects．

　　Above－mentioned　new　findings　will　open　up　a　llew　do◎ぎto　the　synthesis◎f　the　high甲ality　2D

nanomaterials　and　were　published　in　th主ee　high・・impact　fact◎r　j　owmals　such　as　ApPlied　Physic　Letters，

that　is　enough　worth　fbr　PhD　thesis．



学位の種類学位記番号学位授与の日付学位授与の条件学位論文題目アムタ　タンガラジャAmut｝1a　Thangaraja博士（工学）博第1◎53号平成28年3月31日学位規則第4条第1項該当　課程博士Chemical　Vap◎r　Deposition　of　Tungsten　I）isulfide　（WS2）Crystals　on　Graphene　a斑l　Hexagonal　Boron　Nitride　（h−BN）（グラフェンおよび六方晶窒化ホウ素（忙BN）上への二硫化タングステン（WS2）結晶の化学気相合成）教授教授，准教授種村　眞幸曾我　哲夫Kalita　Golap論文内容の要旨　Tral）sitl◎11　meねl　dicllalcogollides（TMDs），　s11clゴas　WS2，　h‘込ve　great　attcntioll　due　to　tl墓elrba1、dgap　which　is　suitnble伽opt◎eiectroハ1｛cs　alld　11三m◎−e｛ec甘onics　apPlicati◎ns．　This　tl、esisdcals　with　the　syi甘1、esis　of　large　size　WS2　crystal　oll　grapl1舗e　alld　hexハ騨31　boro茎1　ni輔do（h−BN）　by　at霊nospheric　pressuぎe　chcm；cal　vap◎r　deposition　（APCVD）　〔md　theircharacterization．　Chapter　l　describes　the畠eneral　i蹴τoducti◎110f　two　dilγlellsiα｝｛｜1（2D）｛ayered　materials01cluding　gmphene，　h−BN　alld　TMDs，　with　regard　to　dle畑rope任ies，　apl）licati◎11s，　physical　andChemiCal　SyntheSiS　methOdS．　Chapter　2　deals　W血也e　expe滋meぬl　de翻s，　inch｜ding　APCVD　fbT血e　sy漁esis・◎f　2Dmate亘als　a泊d　trans允rmethods　fbr　graphene　an（l　h−BN．　Chapter　3　descrlbes也e　e飽ct　of　WO3　precursor　and　sulfUrization　pl℃cess　on　WS2◎加als．The　quan晦of　WO3　precぼsor　spread　over　SiO／Si　subs仕ate　signi五cantly　a］臨cted　thenwleation　densi旬皿d　number　of　layers品r仕鋤gul征一shaped　WS2　crystals．　L雛ge吐iangularcrystals（〜70陣）were　obtained　by　con仕olling　the　amo迦o£WO3　pτecursor　as　nucleation孤dgrowth　sites．　Pyramid−like　fbw4ayers　stacked　s加cture　of　WS　c巧stals　weぎe　obtained分omd斑sely　spread　WO3　powder・By　conなolllng　the　amount　of　WO3　precursor　and　the　rat¢of　sul血r輌館◎duction　il泊e　hig〕temperature　chemical　vapor　dep◎sition（CVD）zone，　large　WS2　crystalswere　synthesized、　　α1apter　4　discusses　all　ef允ctive　apP1℃ach　to　synthesize　hig｛時uali｛y　1コ10nolayer　WS2　clystalsusi…1g加ngstell　hexachloride（Wα6）as　s◎lid　p三・ecu1・s◎r　ill　APCVD　process．111　thls　tecl茎11ique，◎．05M　sohltiol1◎f　Wα6　in　ethan◎l　was　drop　casted　on　SiO2／Si　substrate　to　cぎeate　a　ul漁rmdistrib面◎110fthe坪ecwsoらwhich　was∫educed　and　sし11filrized　at　75◎°C　ln　aぎgon　atlnosphere．The　growth　of　triang111aぎ，　staトshaped　as　well　as　dendrit韮c　WS2　crystalsα1　the　substrate　wasobseぎved．　The　crystal　geometry　evolved　witll　shape　alコd　size　of　tlle　nuclei　as　obseぎved廿om　tlledendritic　strtlctul“es・This　6ndil〕9§hows　all　easjeぎand　ef花ctive　apPr◎ach　t◎grow　WS2mollolayer　crystals　usillg　tullgsten　halide　c◎ating　oll　substrate　surface　rather　than　evaρorat韮ngthe　preCWSOI可劔gaS　phaSe　reaCtiOn．　　1〕1Chapter　5，　synthesis　of　graphelle　alld　tlle　ef騰ct　of　hydrogen　etching　we！・e　studled叩ongraphe1ハe　clystals　al〕d　co幽｝tinuous　mm．1｛1ghly　al】isotropic　a1沽fi・actal　etching　was　demonstratedwith　the　fbrl1・atlα｝of　hexagollal　gr卿e韮1e　lコ◎le，　rlbbol川ke　stn峯c白res　and　hexag◎11al−hexagollalstackin9（s伍ckillg　of　tllree　hexagona日ayers）alollg　with　the　sn◎wflake　dendritic　crystals．　This6ndillg　can　be　slgni五can杜o　undeぎstand　tlle　nt霊cleation　alld　g1・owth　ofgrapl）elle　crystals　as　wellaS　the韮r　SeleCt韮Ve　etCllh19　PrOceSS句硲briCate　well−de飛鵬d　Stn！CtUreS．　　Chaμer　6　dis斑sses　tlle　syllthesis　of　WS2　triangtllar　crystals◎f　2−7μm垣size　usillg　WO3　al憾Spowderμ“ectlrsors　oll　tlle　CVD　growll　graphelle　and　h−BN　fih】1s．　On　the　other　ha茎1d，　dlevertically　aliglled　WS　slleet　fbl・med　usmg　de1〕sely　spread　WO3　powders　oll　SiO∂Si、　alldgraphene　sllbst1’ates．Chapter　7　summarlzes　the　who夏e　thesis　and　fUt1纏’e　pr◎spects．論文審査結果の要旨　　頁allsition　metal　dichalcogenides，　especially　tungsten　su田de（WS2），　have　great雄e斑i◎n　due　t◎the錐bandgap　which　is　suitable負）r　optoelectronics　and　nanoelectronics　appIi�閣ions．　In　this　work　highquality　of　WS2　crystals　were　syn也esized　using　atm◎spheric　pressure　chemical　vapor　deposition（APCVD）technique．　Various　experime斑al　parameteTs　of　tlユe　developed　chemical　vapor　deposition（CVD）process　were◎ptirnized　to　synthesize　large　WS2　monolayer　crystals．　　Chapter　l　describes　mahlly　dle　ge1ユeぎal撤roduction（）f　two　dim斑slollal（2D）materia互s．　　Chapter　2　deals　with　the　expe1元nlental　details，　i1〕clud垣g　APCVD　fbr　the　sy茎1thesis　of　2D　materialsand　transfbr　methods　R）r　g1・aphene　and　h−BN．　　伍chapter　3，　the　e旋ct　of　su衙1’izatioll　process　a1ユd　qualltlty　of　WO3　PrecursoT◎1箋the　g1・owdl　of　WS2cfystals　is　1・evealed．　Pyramid−like　few−laye1・s　stacked　structure　of　WS2　crystals　were　obtained廿omdensely　spread　WO3　powder．　Larger　trial〕gular　crystals（〜70μm）weぎe　obtai1ユed　by　reducillg　the　amountof　WO3　precursor昏The　ullifbrm　high−quality　monolayeT　WS2　sillgle　crystals（300μln）were　successnlllygrown　by　opti1ユユizing　the　arrangeme1“oftlle　substrate　in　CVD　system．　　Chapter　4　deals　with　a　simpler　and　effbctive　appr◎ach　to　sy油esis　high　quali句monolayer　WS2crysta玉s　usillg　drop−casted　Wα6　precurso茎令on　SiO2／Si　substτate．　The　hlgh　quality　WS2　crystals　grewusing　O。05M　WCI6　prectu’sol唱with　well　distribut｛on　of　nucleation　si重es　oll　the　substrate．　Depelldillg　ollthe　am◎ullt　of　the　precursor，　various　shapes　of　WS2　cΣystals　wel’e　fb1“med，　such　as　triallgular、star−shaped，　and　dendritic　strwtu1与es　ofsix　am〕・・star−shaped，　llke　a　snowflake　crystal．　　Chapter　5　desc1・ibes　the　H2　induced　etching　features　of　grεtphe1ユe　crystals　of　six−lobed　de1ユdriticstruc知res　alollg　w面regular’hexagonal　st1・ucmres　on　electro−polished　Cu　fbils．　The　etching　of　allsnow負ake　de13dritlc　crystals　occurred　f沁m　tl〕e　brallches　of　lobs，　cτeating　synlmetrical　f｝actal　pattem．OII　the　othe£halld，　the　regulaT　hexagonal　crystals、vere　etched　anisotr◎pically　to　f〜）rn〕hexagonal　holeand　ribbon　like　stmctures　with　pronou三〕ced　edges．　It　is　believed　that　these　fi］1dillgs　sh◎uld　be血dame1“al　to　the　fbrlnatio1主of　wel1−defined　graphene　stmctures　with　c◎磁r◎撫d　edges　fbぎthe　f泣uren乏mo−electrollics　apPlications．　　hChapter　6，　it　is　demollstrated伽t　WS2　triallgular　crystals　of　2−7阻in　size　were　synthesized　usingWO3　and　S　powder　precursors◎n　the　CVD　grownぽaphene　and　h−BN丘1ms．011　the　other　hand，　thevenicaUy　aligned　WS2　sheet　fb�ped　using　densely　spread　WO3　powders　on　SiO2／Si　and　graphenesubstrates．　　Chapter　7　summarizes　the　whole　thesis　and　fUture　prospects．　　Above−mentioned　new　findings　will　open　up　a　llew　do◎ぎto　the　synthesis◎f　the　high甲ality　2Dnanomaterials　and　were　published　in　th主ee　high・・impact　fact◎r　j　owmals　such　as　ApPlied　Physic　Letters，that　is　enough　worth　fbr　PhD　thesis．



