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Graphene is one of the hottest materials in nanotechnology due to its particular properties. In
order to realize its practical applications, high quality graphene with large domain size to reduce
the sheet resistance as well as its band gap engineering should be achieved. In this thesis, these
subjects are tackled with graphene synthesized by chemical vapor deposition (CVD) methods

on transition metal substrates with several solid precursors.

Chapter 1 describes the motivation and the purpose together with the structure of graphene
and the following properties, the different synthesis methods used in the fabrication of
graphene, the transfer techniques, the characterizations and current states of the art about

graphene research.

Chapter 2 gives details about the CVD method, especially its specific parameters and the
used precursors and substrates. The mechanisms on Cu, Ni and CuNi substrates are explained,

as well as the design of experiments model with its calculations and optimization process.




Chapter 3 explores the effects of 6 parameters inside the CVD system through two designs

of experiments. 2°2 matrixes are used for the study of the parameters with intéractions. If the
" growth temperature has an important effect on the size of crystals, the mass of the carbon source
reaches an optimum. The growth time and the pyrolysis rate of the carbon source precursor are

the main factor where variations could dramatically change the size of crystals.

Chapter 4 discusses the effect of the pyrolysis rate of the carbon source precursor on the
synthesis of graphene on Cu substrate. The continuous carbon supply forms well-defined edges
while an abrupt stop of this supply let appear unsaturated edges and nanoribbons at the growth
front of the crystals. Monolayer crystals are observed at a low pyrolysis rate of 1.5°C/min,
confirmed by Raman spectroscopy. A high pyrolysis rate of 3°C/min generates a small adlayer
on the top of the flakes. The graphene crystals grow and finally merge together in a continuous

film for a'long duration.

Chapter 5 focuses on the functionalization of graphene by the incorporation of nitrogen
atoms in the graphitic network. The high carbon and nitrogen solubilities in Ni and the
controllability of the synthesis on Cu led to the use of CuNi binary alloy where nitrogen-doped
bilayer graphene was synthesized. The use of melainine_ as the sole precursor of both C and N
atoms allowed a 5.8 at % of nitrogen inside the carbon network, confirmed by X-ray

photoelectron spectroscopy (XPS).

Chapter 6 investigates the anisotropic etching of graphene by H2 after the synthesis of
graphene flakes and films with camphor. This reverse reaction of graphene growth forms holes
in the continuous graphene film, along with symmetric directions of the graphene lattice. A
longer duration, nanoribbons with non-uniformed width are created between larger domains.

The fabrication of a Y-shaped junction is also observed.

Chapter 7 summarizes this work and explores future prospects.
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The two dimensional nanocarbon, graphene, is one of the hottest materials in
nanotechnology. In order to realize its practical applications, high quality graphene with
large domain size to reduce the sheet resistance as well as its band gap engineering
should be achieved. In this thesis, these subjects are dealt with for graphene synthesized
by chemical vapor deposition (CVD) methods on transition metal substrates with several
solid precursors. For the former, for the optimization of the growth parameters, the
method of so-called “design of experiment” was applied for the first time. For the latter,
two novel approaches for nanoribbon formation and nitrogen doping into bilayer graphene
with high nitrogen concentration were tackled. 4

The numerous parameters inside the CVD system were investigated to increase
the size of graphene crystals and control their growth, from the nucleation to the
termination at the edges. Designs of experiments for the graphene growth on a Cu
substrate using waste plastic as a solid source showed the positive influence of a high
temperature on the substrate, while optimums can be found for the mass of the precursor.
Remarkably, the change of only the growth time and the pyrolysis rate showed a
dramatically change in the graphene domain size. The manipulation of only the pyrolysis.
rate of the precursor from 1.5 to 3°C/min could tune the carbon supply, which affected the
number of layers, synthesizing monolayer and bilayer graphene, respectively. An abrupt
stop in the carbon supply led to the formation of unsaturared edges with the presence of
nanoribbons, whereas the continuous carbon supply generated well-defined edges.

The need for a band gap in graphene requires the modification of its structure by
functionalization. Nanoribbons and other specific structures were formed by Hz
anisotropic etching of graphene after the CVD growth with camphor as a solid carbon
source on Cu substrate. The creation of hexagonal holés in graphene and the study of
etching demonstrated clearly etching as the reverse process of growth of graphene. The
formation of Y-junction nanoribbons with a 120° angle is believed to be particularly
interesting in nanoelectronic devices and spintronic applications.

Another possibility for opening a band gap, nitrogen doping into bilayer graphene,
was also tackled based on a novel strategy to achieve higher doping concentration. Cu
substrate, which is commonly used for monolayer graphene growth, possesses low C and
N solubilities, while Ni possesses higher solubilities of these elements. Although due to
these higher solubilities, controllability of the number of layer is low for Ni substrate,
CuNi binary alloy would possess the suitable controllability of both N doping
concentration and the number of layers. Based on this idea, N-doped bilayer graphene
growth was challenged using melamine as a sole precursor for C and N atoms. This
facilitated the integration of N atoms in the graphitic network, and an incorporation of N
as high as 5.8 at% was achieved for a 18°-twisted bilayer graphene.

These new findings provide the basis for various applications, and were published
in 4 high-impact factor journals (4 first author papers) including RSC Advances and
Applied Physics Letters, and this is enough worth for PhD thesis.
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氏名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パポン　レミPAPON　｛〜EM　l博士（工学）博第1086号平成29年3月23日学位規則第4条第1項該当　課程博士Opti田izatioll　of　graphene　growtll　and　its　functionalization　bychemical　vaPor　dePositiol1（化学気相合成法でのグラフェン成長の最適化と機能化）論文審査委員主査教授教授准教授種村　眞幸曾我　哲夫Kalita　Golap論文内容の要旨　Graphene▲s　olle　oftlle　ho仕est　materials　in　Ilallotechnology　dtle　to　its　pal刊cul〔甘pr◎pelties・IIlorder　to　realize　its　pract三cal　app目cati◎ns，　high　qtlality　grapl｝elle　with｜arge　donlaill　sizc　to　redtlcethe　slleeいesistallce　as　well　as　its　ba蓋、d　gap　engilleerhlg　should　be　achieved．　In面s　thesis，　these甜吋ects　are　tackled　with　graphene　synthesized　by　chemical　vap◎r　depositiol1（CVD）me皇h◎dsolぴallsit｛◎11　metal　substrates　with　severa｛solid　l）recursors．　Chapter　l　describes也e　l〕・・tivati・i・aぬhe　pζllsp・se　t・gether　with　the　structure・f　graPl1�蛎nd　the　fbllowillg　pr◎perties，　the　differel“syl曲esis　Inethods田ed　in　tl］e硲bricatioll　ofぽaphe吟the仕ans允r　techniques，　the　character頑・ns　al〕d　c亙lrre1ハt　states・f　the　alt　ab・utぽaphene　research・　　　　　　　　　　　　　　　　　　　　．　Chapter　2　gives　details　about　the　CVD　method，　especially　its　specific　parameters　al〕d　theused　precurs・rs頷d　substrates．　The　mecha1〕isms　on　Cu，　Ni題d　CuNi　substrates　are　explained，as　well　as　the　design◎f　experimeぱs　model　with　its　calculations　and◎ptimizati◎n　process．　　　Chapter　3　explores　the　ef飴cts　of　6　parameters　illslde　the　CVD　system　thmugh　two　deslgnsof　experime加s．2−matrlxes　are　used　fbr　the　sれldy　of　the　parameters　with　i加eractlolls．　If　thegrowth　tempera組re　has　an　impor伽lt　ef飴ct　o互コthe　slze　of　crystals，　tlle　mass　ofthe　carbon　sourcereaches　an　optimuln．　The　growtl】time　and　the　pyro▲ysis　Tate　of「the　carboll　soし蓬rce　precursor　a｜・ethe　mail1飴ctor　WIIere　variatiolls　cot｜ld　dramatically　change也e　size　ofcrystals．　　Chaμer　4（lisctlsses　the　ef民ct　of　tlle　pyrolysis　rate　of硲e　cal’boll　sollrce　P霊・ec川’sor　on　tllesyl曲esis　of　graphene　on　CU　sψstrate．　Tl】ecol垣nuous　carbon　sllpl）ly　fbrms　welLdefined　edgeswh｛le　an　abr叩t　stop　of　this　supPly　let　apPe班tmsa加ated　edgcs　alKhanoribbons　at　tlle　gro軸負・ont　of　the　crystals．　Mollolayer　crystals　are　observed　at　a　l◎w　pyrolysis　rate　of「15°C／m拍，confi�ped　by　Raman　spectぎoscopy．　A　high　pyrolysis　ra缶of　3°C／mill　g四¢rates　a　s111all　adlayeron　the加p　of　the到ak6s．　The　graph田e　crystals　grow　and　finally　merge　together　in　a　cα1ti肌lousfilm　fbr　al　IOIlg　durε｜tiOIL　　Chapter　5　fbcuses　on　the　fnnctiollalizat輌oll　of　g霊・aphene　by　the　hlcorporξHioll　bf　nitroσellatom合mthe　graphitic　network．　Th¢・high　carbon　and　nitrogen　solubil▲ties　m　Ni　and　theco汕・oUabi目ty　of　tl、e　syllthesis　on　Cu　led　to　the　use　of　CuN　billary　anoy　where　llitrogen−dopedbilayer　graphene　was　syl“hesized．　The　use　of　melam三限as　the　sole　precursor　of　both　C　alld　Natoms　allowed　5．8　at％ohitrogen　illside　the　carbon　network，．　con日�oed　by　X−rayphotoelectroll　spectlsoscopy（XPS）．　　Chapter　6　invest糞gates　tl書e　alllsotl◆opic　etclling　of　graphelle　by　H2　afler　the　syllthesis　ofgraphelle　Wakes　alld負lms　with　camphol’．　This　reverse　reactioll　of　graphene　growtl1｛brms　holeshl　the　coぽ1肌lous　gr即11ene創m，　alollg　with　sylllmetric　d｛rectiolls　of　the　gl句aψ藺e　I加ice．　Alongel’dtlratiolいコalloribbo1ハs　wlthon一しmiK）rmed　wldth　are　created　betweell　larger　doma韮1コs、The硲brication　ofaY−shaped　junctioll　is　also　observedChapter　7　summarizes　this　work　alld　explores　filttlre　prospects．　　　　　　　　The　two　dim頭sional　nanoca曲on，　graphene，　is　one　of　the　hottest　Inate℃ials　innanotechnology．　In　oオder　to　realize　its　practical　applications，　high（1uality　graphene　withlarge　domain　size　to肥duce　the　sheet　resistance　as　well　as　its　band　gap　engineeヱingshould　be　achieved．　In　this　thesis，　these　subjects　are　dealt　with　fbr　graphene　synthesizedby・h・mi・al　vap・・d・p・・iti・n（CVD）m・th・d・・n　t・an・iti・n　m？t・1・ub・t・ates　with・ev・・alsolid　precursors．　For　the貴）Tmer，　fbr　the　optimization　of　the　growth　parameters，　themethod　of　so−called“design　of　experiment”was　applied　fb☆he茸rst　time．　Foτthe　latter，tw・n・vel　apP・・a・hes允・nan・・ibb・曲・mati・n　and　nit・・gen　d・ping　int・−bi1・y・岬・phen・with　high　nit驚◎g藺concentration　were　tackled．　　　　　　　　The　numerous　parameters　inside　the　CVD　system　were　investigated　to　increasethe　size．of　graph飽e　crystals　an．d　cmtrol　their　growth，　fr◎m　the　nucleation　to　thetermmation　at　the　edges．　Designs　of　experiments・負）r　the　graphene　growth　on　a　Cusubstrate　using　waste　plastic　as　a　solid　source頭owed　the　positive　influence　of　a　hightemperature　on　the　substrate，　while　optimums　can　be五）und．fb�cthe　mass　of　the　precuオsoヱRema止ab観the　change　of　only　the　growth　time　and　the　pyrolysis　rate　showed　adτamatically　change　in　the　g懇apherle　dom，ain　size．　The　manipulation．　of皿1y　the　pyぎ01ysisrate　of　the　precu主sor丘om　1．5　to　3°C／min　could　tune　the　carbon　supp1況which　af飴cted　thenu］〔nber　of　layers，　synthesizing］〔nonolaye主and　bilayer　gτaphene，翌espectively　An　abruptstop　in　the『carbon　supply　led　to　the　fbrmatio丑of　unsaturared　edges　with　th．e　presence　ofnanoτihb◎ns，　whereas　the　continuous　carbon　supply　generated　wel・defined　edges．　　　　　　　The　need　fbr　a　band　gap　in　graphene　requires　the　modification　of　its　s仕ucture　byfunctionalization．　Nanoribbons　and　othe宝　specific　structures　were　fbrmed　by　H2anisotropic　etching　of　graphene　a丘鍵the　CVD　growth　with　camphor　as　a　s◎lid　carbonsouピce　on　Cu　substrate．　The　creation　of　hexagonal　holes　in　graphene　and　the　study　ofetching　demonstrated　clearly　etching　as　the　reveどse　process　of　gmwth　of　gオaphene．　Thefbrmation　of　Yjunction　nanoribbons　with　a　120°angle　is　believed　to　be　pa主ticula主1yinte主esting　in　nanoelectronic　devices　and　spintτ01ユic　apPlications・　　　　　　　Another　possibility　fbr　op飽in，g　a　band　gap，　ni旋ogen　doping　into　bilayer　graphene，was　also　tackled−b≠唐?п@on　a　novel　strategy　to　achieve　higheτdoping　concent翌ation．　Cusubstrate，　which　is　co］阻］monly　used丘）r　monolayer　g斑phene　growth，　possesses　low　C　andNsolubilities，　while　Ni　possesses　higher　sohlbilitibs　of　these　elements．　Although　due　tothese　higher　solubilities，　controllaもihty　of　the　number　of　laye∫is　low　fbr　Ni　substrate，CuNi　bina主y　alloy　would　possess　the　suitable　contτ011ability　of　both　N　dopingco批ent鷲ation　and　the　number　of　layers．　Based　on　this　idea，　N・doped　bilayeヱgraphenegrowth　was　challenged　using　melamine　as　a　sole　precursor　fbr　C　and　N　atoms．　This　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，and　an　incorporation　of　N血cilitated　the　integration　of　N　atoIns　in　the　graphitic　networkas　high　as　5．8　at％was　achieved　fbr　a　18°・twisted　bilayer　graphene．　　　　　　　These　new　flndings　provide　the　basis　fbr　various　applications，　and　we翌e　publishedin　4　high・impact　f巨cto主joumals（4丘rst　author　papers）inchding　RSC　Advances　andApplied　Physics　Letters，　and　this　is　enough　woピth　fb宝PhD　thesis．



