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ABSTRACT
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Gr owt h of graphblemi coan Gupby deposition
mul tidi mensional process. Therefore, a Ccol
involved in this process is essential t o
recipe. I n this worckar btolme i molteheofbuil kt roifn:
graphene is revealed and it is disclosed t

pure surface process.-aW¥Wsi simedveaedomnhdepl

effect causes car blon tcondehtusve tbun Qur ibr
hydrogen atmosphere and is a critical me c |
Additionally, we investigated the role of
Cu surface durindg tamatatt hing.i Weespbag i s n
depending on its concentration hydrogen ei
of segregated carbon atoms from bul k. Fi
graphitic fil mnadn mou ef daimpobrutanallsygq i | | ust
of graphene <crystals during hydrogen ann
precursor. To our knowledge, this is the f
finding canotlantfynshe catbon on the nucl
in the CVD process. We also showed that ir
of -laadyer s-gurmodvear gasaphene | ayer.
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Anaht ar kel i mel er : Grafen ¢Cekirdekl ent
Ki myasal Buhar Biriktirme (KBB),

Ki my ésualar biriktirme (KBB) y°nt e mi il e g
s¢re-tir. Bu nedenle tekrarlanabilir ve e
i -in s¢re-te rol alan parametrelerin kapsa
bakeéryelsd nde bulunan i -sel karbonun grafen
vV e KBB il e czerinde grafen b¢gyeéet menion
a ortaya konul muxktur. Bakeéer
kh t ¢keti mi et kisiyle karbon
e bunun grafen kristallerin
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1 Il ntroducti on

1.1 Context and Motivation

Since the first demonstration of the grov
(CVD) ohl& owepreirety of i mprovements such as
cryé$®dBdalndd high carrier mobility comparabl e
have been6llheali dedel opments have méoede MOED
promi nent met hod for graphene prgdBujcti on
Therefore, the high demand for an economi
scale production of high quality graphene
mechanhi2s-n3ATOhi s el evat edr & h ecaimmoghrmmvathla oins Mo r
obrapheneriof @GR8Bl as beenthatsctubsevdery | ow
o f carbon in copper owtalk eepor ghteee sgmread hleyn e s ur
a dstoirpnt haenrdé Eadeangsletlafi t efl 1LWVpak seurface di f
barri ecarf-bbalmesadd itnhgei gb mobalt bbby caajgpehri gh

~+

e mp egias nuorteheears otnhger o wtf h gr aphdree consi der ed
ur baced [prodbcedPsertanbeVD gr owt h iodfe sgerra poheedn et
@ nidwiattle t he ads grrpetcinoond egcdut o bperr , sur f a
0
n

- T O

| l owedibBgottlbh@amicdan ve c awlbiodnhfesbpnesctihees sur f a
untrapped and adeuecl aceid@bse carbon adoncen
def ect e 3 dstuepseor s aotfurcaami@monaln wc ltehaet i on of g

fl alk®e3, 26]

I m he pr ocjeusasst fvehve raet o ms sc b etfHetwcgalon t he g
onat eamicak bon,deftystaal surface proampseasi hy

| eadr etpor o drurchii bsi Iciatuys.ed signi ficantdedil fyfiingul



me ¢ h a nbieshmtsthh& gr owt h of gF apampmgineotni add pper
passivation oduervuwcaceat homhxagdgtebeesen suggest e
reasonsdmppr eédiei on of igr aphhee pa emsewecggRaltioifo nd i |
| at erbleaasgr eledt t he rrewWalcd atainod tyo dthree et chi r
car bon hdeurofmace odx yCghe2nf.o 442 9Rh 9P k e wihsettec hi ng
effefoydr dov@aesni thheadnt por 334d at er It has been
oxygen/ wayeroWwgoetr sektcamitreg ar bsonr famdeCu h e
i nconsafstreuwmalyeoadtelspsn 3Hhoowe X éhdgef f ect of t hgdr og.
car bostilde bul khaod rCdtuflogdd @3 €C¥ViDle@ dyecte s s

Moreowvea@Cabfoil had been widely considere
very |l ow solubility for carbon, the i1intri
production has been overflowkrdacdmiptlimamagor ty ¢
presenad,aochd sdiofitfaursbbooon i nsi de copper foil |
gr owtfh gr aphmroeee compl ex arpd omieisash & u nwh B 0 n
propesedleyr 21, 37, 38]

The underlying motivation of this thesis |
out come of gr aphenneetdroawtahn db ys ttelpe t@WRxr d
growthat ewhi seuabmost all of the papers i
the effect of external carbon &BbalBjtectoinverf

of this thesiandaoust onurcepeoartti osapoonft gr aphen

presence of intrinsic carbon.

Accordingly, to achieve a comprehensive 1
mapping the interplay between fApresence,
coppe oil 60 and other parameters such as o0x
the second intention of this thesis is to
i n the CVD system and intrinsic carbon i ns

The pedsepttiahe sri ens utlhti asb otunte sdespl eti on and/
i ntrcarsbiaccncopper chowl hy ddxoppp@e al i ssues on th
mechaonffsampheonepeand whsedtpalwr a gphtcearb oianti t i al

stage ofnugremhaeamen on tth@&VRopmpeece su.rface i



1.2 Structure of the Thesis

Il n chapter 2, the main aspects of the gr
deposition (CVvD) ar e briefly revi ewed,

experi mental setup for the CVD process, gr
Besiidhest his chapter, we discuss the main c

useour studies on graphene nucleation and

I n chapter 3, our experi ment dlSpappranazohls
nucl eation of( SONGFsh)e nen fd akepper foil i n
carbame® presented. I n this chapter, we de
carbon copgee rtihiegtirhoewt dbs wlft a graphitic film

on the surfAceorodi negdpproposed a microsco
hydragemnsted carbon depletion (HACD), t ha
graphene or grtapehneati hgl mrdoesBg

I n chapter 4, the pr eassssuirs cesoe poeapd e ¢ ® no th
studliihed. study reveals the opposite aspect
copper under high concentration of hydroge

effect as an approach fbobonsappeesanhoafbéct

I n chapter 5, further technical det ail s
di scussed. We caaogarmrtmed| @shewhwihdhit ei sn very c
t hfEM i mage of CVD/ §ip@phdad emrad Wi @r esent
experi ment al result for the effedtayef s HAC
Finally, we discussed the technical <chall e

i n copper.

Il n chapter 6, t he persiimsarayn do utthceo npecss soifb I teh

proposed.



2 Growt h of graphene on copper
depos(i@V)n

2.1 Introduction

Grapheneonsidered to have a great potent.i
deviimed uding sol ar <cel | s,apfaicaltdref f eatt tterr
and seéwmwsotrmi ghesctrical, opticall 340Me nmechan
asignificant amount otfohesewnmiche hias dfeeqr a
| arge scale production withkegontarcalolra btl ev
commercializati on. Exfoliating gfFraehene f
chemifcatygates smalll fl akes, t hat are not
uni formity. IHewgéd cqaml bé ysgntlpesi zed epit ax
substrate by de[sDR{pwe werr ,0fSiSC epiotmsxy has

for | arge arreamt haeprpl mectahdd ntsa PAr oduce gr aph
met al catalyst substrate pg, ch@fudB8lenvapo
CVD appear snotsa mametidhneiaanlt for | arge ar ea
wi adufficiently high crystalline quality f

The potential of CVD graphene in optoel
both high transparency and high conducti\

flexibiliity, ogeaphenehe outstanding candi
conductive electrode for flexible electro
graphene is far superior to those require
However, bibghlliyni ognaudtiwimtd drnagmhenabil ity
a chall enge. Al t hough singl e crystal gr e
demonstrated in smal/l mechanically exfoli



scal able metbhosikowumibhclasl €~vWer mobility wval
The sheet resistance of monolayer CVD gro
hundred to a thouls@d2dl h@h mse dpuecre ds qculanrdeu c t a

graphene is due to electron scattering fr
formed during its growth.
Copper and nickel are the most -avssliestyed s

CVD synthesi g6ea3afMagrapl@aénear ameter s, such
crystal structure and | attice constant as

deposition of graphene [oh, t&e, s@8f ace of &

2.2 Growth of graphene on copper by CVD

After the first hdiofcgvryamphemnfe tbhtye cdireanw c a l
met hod qh ltthoep pvearr i ety of e nlhsa fsckepred t sa rorni 1
mobiHawe beaéenedt during 6lThsts reacomntr agedr sna
on CVD growth mechanisms to find out a pr.
hi gh qual ity greacpohneonne ,c aflu lafnid Irienpgr otdhuec i b i |
ti me , -2 3l0i et al . demonstrated that due to
pper radssurrfpaacieon governs gr aplhiemiet gd opit dc

0
1.0rlhe growth terminates asengdaoevieyrse dt hvei tc

-

aphene since the active surface area on

c
[
g
supply the <arb®th. sbturbasithus been sugge
s

l ubility of carbon in coppteombubh, cobhpel

~+

u
0
o the weak surface diff usdiacsre db grrroicears sc ame ¢
10, 14,. 24, 25, 63]

CVD growth of graphene is generally expl
hydrocarbon mol ecule on a cat al yisvte scuarrfbaocne
radicals that di ffuse on the surface unt
concentration continues to increase until

nucl eation has s(Fag@kBE2.2n defect points

On t he ,tclmevtenmdmirgsle ance between nawvleesatgieeon s
of cryst.dlhedembaeodsce the tot al el ectron s
domasuaoppression afi temndiamghcel eaavteiroange si ze

crystals. i s essential
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CH,

1. chemisorption

2. desorption g;%;g
3. dlffuswn 4. cluster

formation 5. attachment/detachment *

CH, flow
ON C

|

time

nuc

v

Figure 2.1: Schematic diagram for the nucleation and growth mechanism of
graphene on a copper surfacg3].

The adsorption and then dissociation of methane on the copper surface provides
supersaturation of carbcadatoms on the surfadé/hen the concentration of the
active carbon species on copp€td) reaches a critical supersaturation pd.c)
nucleation and growth of graphene domains are beginifingrhe growth rate is
declining as graphene domaimslarging and coverg more surface area of copper

(ii). The growth process will be terminated either due to declining carbon radicals
when the amount of below the supersaturated level (iii) or due to the merging
graphene domains and losing all exposeathse area copper (iv).

The dramatic suppression of graphene nucl
CVD process has been a <critical gdavVveéelk gpm
gr ap.He2neHdWlever, It has taken a while to
nucl eati on and eidtug tin ®Inatoé o tc aitr i .Joihepoez 8 ,f 02 9
It has bebatredepereading on the concentrati
carbon i nwhihedn€u cboesii dlkeeredas etchant or s
from t[hMe flmwdi,l axz8Janhraanpued tsyol ubi lity/ diff u:
the Cu2fo0i27, 28]

Al s o, i tn oht atschedoke etnh e i nconoesl sdieennscnyt yo fo f
graphene fl akes on copper can ori gina
oxidative i nhpeurGMUDy.[sgydssteesm i n t



So far, a variety of st udexetsechaadenbeenr €
either in the form of precursor or cont ami
of graphengd 1f0l, a klels, (Y@HBs }J2 3sht @6/0l,di &9 not ent. i
t he subj ecetc.e nHdeye warnt &1 rof nstalttdoprp eo ik h e
nucl eat iiosre vefan @EIs f ejwl St uadiB e sBiiprhdrees st udi e

are required in this area.

2.2.1 Growth of ad-layer grapheneon copper

Despit et ntahee fgarcatphene growth on copper is
f ormat i-loany eorf gardaphene under certain condid't
di scussed i n.[vialr,i olu78,2T & i¥sB heaack u r € osr nmaatttiroinb ut
to high |l evel prTR2khkerdoff saitamadf oactive s
bet weernrtohven s aphene | ayer-gaodWn comppehe ne
through ntdlae,ydl 7 sayn@8 ]t he di ffusion of a very

car bon i ntion dtuhcee dc obpyp eorxy2gleln i mpur i ti es

Aside from the aCVDieesnoift itdires,copwper foil
crystal domai n tshdee,si dryd odr iderddeaadt isolregn dneidm
plagndi viodwalin the format.[] 60, o6 IPmuelAtiol udsy ¢
stesrgutadt the presence of iIimpurities 1inc
surface by enhancing the surface reaction
|l ocally increased in the vicinityraefastelde |
amount of dissofcliate@dOcar®don7 @l oms

Addi t i oinmd d yrfoonro | tatyee r ggracgppwrE Yilieon f ¢ 6, mp e r

reported sheet resistance typically range:
squpB®2it seems to be a more viable appro
achieve a betitter a osldiugchtilvyi tryedwced transp
i mits. I n that sense, mul til ayer -§0@phene

Wn and-98@®r ansparency requiel eodntos aflforappl va
such as tdosph aggs7 @618

However ,t mudwiingayer graphene on copper w
and coverage stild]l stt meudnd ea s o dgnr lagppheemnn £p radnhx

their coverage was not changing .had&dh 86t el
87l ln thia mewdepuhhd er st andcdenfgf avioawn of carbo

7



copper bul k caabdtetaedr ucso ndtor taicbhe sk veei t her f o
enhancigmrg wthHeaoyferad mul ti |l ayer graphene on

2.2.2 Experimental setup for chemical vapour deposition

For exprer jwnentsed a CV®d sybukar wiairhnhl ec mn
i nner di ame(Fega@)eaForz e¢cabk tes’tsj zeed Csedo
t hmds pdtactelthétresi de the tube. The ambient g
sysbgmt hr eepitrignedsovyiatro f b0 | owed by flushin
mbar. Therefore, duringthdel anealeadfi ngumpiroy
Hrsources were the sole parameters deter mi
After nhitése whgstem reached?mbarhme bparsoec epsrse s
initiated by heating the system from room
an annealing phase at 1000 AC. Only hydrog
were dnjetbethe system during the heating
copper surface. The pressure of the chambe

the tube exhaust and the pump.

Pressure
m MFC -_— Tuning valve
Mixing |—— Quartz Vacuum Chamber
) { wire |- X chamber ||
 mrc |3 B 20000 e
= @@ X

Figure 2.2: Schematic drawing of CVD setup for growing graphene on the

copper foil
The chamber iAgipuemmpte dTdbiycapmmp @EOOver bee
to any o) hteo ewanpwsde external calflbB®je cont a
CVD system was cooled to room temperature
cooling of the chamber flnomhil, &6 0ok &3m0 A
guart @®@oOt 998 % pur e, YukaagalQurag xgeditmgntifsor
excl udeortrommisnati ohubwhbaled eatt T1OG@0 AC for
a 500 sccm flow of atgomhbéfoegatride éx@pawik



Figure 2.3: Experimental CVD setup for growing graphene on the copper foil

effect-uskdaepgpternal precuksogras waef tuesre df imme

whol e annealing under test, in the final r

2.2.3 Graphenetransferring

Il n order t ogriapshpeencet igm o®@MDD pptriocceels smiucnrdoesr ¢
Raman spectroscopy system, it oins tvge3i xonm
Ssubstirsaette s2e cCH.NZ. MBIVS ¢ htolows & t rtaemcshfnarque whi c
t he most twiaredfyeawksikeogupr aphene fromthére co
Si2ODSsiubst[rla,t e&8Ft , a t h({metlhawyler meotf h apcorlyyl at
(MicroChem 950 PMMA 2% imoahkdr wmhentzleene}
(Fi gR4(e)and baked at (Fli @44eC) Thireng rmihre uni nt
gr own gr aphensi daet otf het hlracfkoi | wa s remov.
(Fi g@4(e), f Next, the sampl es wed®ROsp | awerdnii gh t
(Fi ga4(ey)) After the copper foil was etched
support was transferred from the solution
mi n DI water Iriiendsitnog wiaesrhe aawpapy t he r emai ni
was picked up #®rSom swiBbtsgt@r4@gine Fai nSald y, t he P
di sdoluvsei ng a hot acetone-ppbaplanat a0d ACr i
bl owi ng comp(Fesgs@ed(dd )hi t rogen



Figure 2.4: Experimental work flow of the wet transferring graphene film to
SiO./Si substrate

2.3 Characterization of grapheneand growth procedure

2.3.1 Optical Microscopy

The simpbtcicty omacdoeosicopgps thHecinms tgueoinn
i nspelcatrigpen area gPapbtoapgtbaanp| pmeovogespywys
gui c k tehxiacnkibnei $nagp e | ty haecqc umeattlreo d s ssanhi mg an:
transmission el S8EM)toppmi mi drooscceopnmpRa mMmamc opy
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spectro&T,AJm3Oe]r opticalt mimy fagprhmdedsi /.Si O
subsbeabome visible since the interference
graphene comparedFt g kA ¢mpt xasdubhpttn atae r

visible |light range can provide the magnif
by nature of |ight diffr aocfti @mo uanndd O .h2e r @n
i1l uminating, positioning and the charact
observed i mage with an optical mi croscope

(usuainlmy tHhax k) i s the mmadt nroangpwet yguaphesaea
into a Vvisible feature on i ts sur face.

bet ween the grapheneaaddthéeeftbi @ ¢malyamnce®
l' ight by 8PB8dphene

Figure 2.5: Optical microscope images of transferred graphene on Si/SiO
substrate.

The different thicknesses in multilayer graphene sheet on Siil&iSirate distinct
optical contrast (left]90]. Transferred graphene crystals on Si/§i@roduced by
CVD method, vith a uniform monolayer thickness (right

Mor eover, not only the changing in surfac
foil, after treating wunder CVD process,
mi croscope, but al so gtrhae hneonrep if d ladkgeys oofn tthhe

and be inspected very quickly.

This can be down directly on growth <cop
treat mégind assth oavind uenhatto heat treatment i n al
copper ttroaonpspfearrdness hvehicloaveer ed graphemaicoppe
intpe@his mdkexchaerference codirdiczoend rparnt
coppetdhe area covdreagtreby h gneupénasnsdfildybeur es
i mpti cal mma greisgcBpedh i s stiemphlfeiacgcu d i t at ed v,
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st wditeo find how imv €IVDi spfyfoggatissgred echesne nu
gr owWyt7io-979 4

Figure 2.6: Optical microscope image othe surface of a copper foil after CVD
process which igartially covered by graphene snowflakes

After 2 minutes of heat i thegnakedppripotcoppern ambi en
surface get oxidized and can be distinguished from the covered area by graphene
flakes.

2.3.2 ScanningElectron microscopy

The wide range of magni fi candleat,i vliearyg ehic
resolution together with the convenient of
( SEM) as one of the most common ©6G&Ml s fo
i nteraction of wii thien@anmitnegt senleedcrda oo Ngener at es
el ect&bBmist h an intensitygpalbptorfdépmpanTdse rof m cte
signal SfEddemedciidorl at er al coordiinatepmee adnttd e
agr ay i snamheeit mit ¢t®o pogr ap mys @afottfFeMd.s r esol ut
i s | i mihiteretde rbayct i on vol ume of the el ectron

d ameter of the incoming electron on the p

| ®m he agreaaphoefne r & e anrpole,d oEdvbadnt t he studi
CVD graphendtega mmanteaoltnl i c[ 1s7u,b s2t-ZA &a&€IMmp a9 & d

to SEM i maging requirement, transferring
essential for some of the characHeweéwat, on
transferring of graphene wil |l cost extra
contamination, tears or cracks to the gr a

results and tmhggloavdadh Ppg oaxlect On the contr
i nformation such as graphene domain (crys
coverage, the density of nucleation and gt
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without any mged hfeorgrtorwaan gfreamprhiene t o anot

using SEM, It has been realized that the
parameters such as process temperature, tI
involving gasesuybsheatatahd the crystall oc

grajbhs8, 22, 3208]71, 72, 104

Al t hough the determination of the exact n
be eaampyp r cadcch t he ti me; however, valuabl e in

i's grown on copper canmbet abvAxaidand cllhe ewme S

Fi gftehe col or contrast changes explicitly
on thesecoppee. This contrast is due to a
graphene | ayers and the different work fu

number of g.f@®@®henld leaywydrdg e from t he area
|l ess number of graphene more secondary el e
wi t h Ibcroilgophrt ermm t he SEM i mages. On the cont

| ayers of graphene is darker since the |e
graphene fil m. Il n general, graphene wrink
uni iarymt hat can be traced in SEM i mage a
qgualitative information about the graphene

| Fi g@TSEM i masgoesea mp | &WSD ogfr aplye mevmf Cc mpeer

i I 1 usAtsr actaend Fe gReaenangdn dowt h i s ter minated be
cover age,weTl hcearne foobrteai n val uabl e informatio
the growth condi-ltaboend g shbapg h eprreo vd adneadi rs,i xt h e
graphenand | tatkesembeangenseatdvft hd c eBretseird eosf, g
i Fi g @Toce, d , vmends eee t hat after arfiwmkl esoaepe
as a dark |Iine on the surface, span over t
boundaries nalosme 1t wicatwerdi mgwwhe®he saer e f or med
copper surface due to the nedaatciivie teax pa nsr
presence of monol ayer graphene since it |
graphehneéseusfbasbter due t o iIMog ewinfafrgg@rroe, c dl, am.d e
wecan see some daraky epra tgerhaepsh eonfe mwiltthi di st i |
that gi vemsmagbidmd hefFirnalhliy,kneesscan obser v
that appear asFbgidpeht Therbpeaefinhesfidetect
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Figure 2.7: SEM images ofgraphene flm grown on copper by CVD.

From the SEM image of a graphene film on coppe&e can inspect various
parameters and characteristics of the film sucldassity of nucleation (a drb),
graphene domain shape (a and b), graphene wrinkles and therefore overall surface
coverage (&), thickness uniformity and presence of multilayer patchey éand

cracks in the graphene film (e).

grapheneopiplem oy SEM is that we can disti:

producegr amhdrhe film after al $iai seblstranef f
Usually, the SEM systemsdedareect®qsi ppuecch vai
di sperrsaywespectroscopy (EDS), all owing fo
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