UNIVERSIDADE FEDERAL DE MINAS GERAIS
DEPARTAMENTO DE FiSICA

THIAGO HENRIQUE RODRIGUES DA CUNHA

Chemical Vapor Deposition of Graphene at Very Low
Pressures

Minas Gerais — Brasil
Outubro - 2014



THIAGO HENRIQUE RODRIGUES DA CUNHA

Chemical Vapor Deposition of Graphene at Very Low
Pressures

Tese apresentada a Universidade Federal de Minas
Gerais como requisito parcial para a obtencéo do
grau de Doutor Em Fisica.

Area de Concentragdo: Fisica da Matéria Condensada
Orientador: André Santarosa Ferlauto

Belo Horizonte
Departamento de Fisica da UFMG
2014



Agradecimentos

Aos meus pais que sempre primaram pela minha educacdo, me oferecendo

oportunidades e incentivo.

Ao meu orientador André Ferlauto pelas palavras Itcidas e de estimulo que contribuiram
tanto para 0 meu amadurecimento profissional quanto pessoal. O desfecho deste trabalho se

deve em muito as suas criticas e sugestoes.

Ao Sérgio pela atencéo e paciéncia em compartilhar seu vasto conhecimento pratico. A
qualidade dos resultados apresentados neste trabalho né&o seria a mesma sem seus conselhos e

auxilio.
Aos professores Rodrigo Gribel e Luis Orlando pelas sugestdes, apoio e amizade.

A minha companheira Jaqueline pelo carinho, companheirismo e por me inspirar até o

desfecho desta tese.

Aos meus amigos de Piumhi, Vigosa e Belo Horizonte, os quais néo irei citar aqui por

medo de cometer uma injustica esquecendo de algum nome.

A elaboracédo desta pesquisa representa uma conquista para mim, principalmente pelo
amadurecimento pessoal e intelectual. Ainda que o destino inexoravel deste trabalho seja mofar
nas estantes da biblioteca da fisica, gostaria de expressar toda minha gratidao a quem participou,

direta ou indiretamente, desta etapa da minha vida.




Contents

LSt Of FIgUIES. ... ettt e e vi
RESUMO ... Xii
ADSIIACT ... Xiii
1 INEFOAUCTION ..ot 1
2 Bibliography REVIEW........ccuiiiiiiiiiieiei s 3
2.1 Graphene FUNamentalsS ...........ccoveieiieiiiie e 3
2.1.1  Graphene ChemiStry........cccciiiiiiieii e ee s 3
2.1.2  Electronic Band Structure of Graphene ..........ccccocveveiieeiieie i 5
2.1.3  Graphene ProdUCLION.........cccveieiieii et 6

2.2 Crystal GrOWLN .......cviiii e 8
2.2.1 Chemical Vapor Deposition of Thin FilmS.........cccccovviiiiiiicicieccceee 8
2.2.2  Crystal Growth ThEOFIES ......ccovviiiiiece et 11

2.3 Precursor CatalYSIS .......couiieieieieiesee ettt 19
2.3.1 General Aspects of the Catalytic Mechanism ...........cccccoovviiiiiieniiinene, 19
2.3.2 Activation Energy of Precursor DECOMPOSILION ..........ccccevvveivenierenenenenn 22

2.4 Graphene Growth on Metal SUITACES ..........coeiiiiiiiiiecee e 23
2.4.1  Graphene Growth 0N Ni ..o 23
2.4.2  Graphene growth 0N RU ..ot 24
2.4.3  Graphene growth 0N CU ......ccccviieiieiecc e 26

3 Experimental Setup and Characterization TOOIS..........cccccveveivieveeic e 34
3.1 CVD REACION ...t 34
3.2 Optical Microscopy CharaCterizations ...........cccocvevieiiieesieesiee e 37
3.3 Raman Spectroscopy of Graphene ..........ccccocieiiiiiie s 38
3.4 Electron Backscatter DIffraction ...........cccooviiieiiiiiniiiiiecee e 41
3.4.1 Fundamentals of Electron Backscatter Diffraction ............ccccoevinininnnn. 41



4

5
6

3.4.2 EBSD Data — Inverse Figure Pole..........cccccoiiiiiiiiiiiiice e
3.5 Transferring Graphene.........cc.ooveieiiiiiiiiee s
3.5.1 Cudissolution transfer method ...........cccooooiiiiiiiiii
3.5.2 Electrolysis induced Hz bubbling transfer method.............cccccoiiiininnnn.
3.6 Electrical CharaCterizations............coovieiiriiieiee e
3.6.1 Graphene Field Effect Transistor (G-FET) .......cccccevvveviveveiiierece e
3.6.2  DeVice FabIiCAtION ......ccocviiiieiiiiiee s
RESUILS AN DISCUSSION.......iveiiiiiitiieisie et
4.1 Cu-Catalyzed Methane-Based graphene CVD ........cccoccvvvevveiciieie e
4.1.1 The Temperature Dependence of Graphene Films .........c.cccccecveviiveiecnenn,
4.1.2  FIlM SN ..ot
4.1.3  Film Electrical Proprieti€s.......c.ccceieiieiiiiieiiese e
4.2 Graphene Growth at Very LOW PreSSUIe.........cccooiviiininininieieiesee s
4.2.1  The LIQUIA PrECUISO ....c..oiuiitiitiiiieiieieieie ettt
4.2.2 The impact of substrate surface self-diffusion in domain shape.................
CONCIUSION. ...ttt bbbt b e
BIDHOGrapNY ...



List of Figures

Figure 2-1 — sp? hybridization. REProduced frOM [24]. ........ueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeveeeereeseess et eeesesssssssseens 3

Figure 2-2 - (a) Graphene honeycomb lattice. (b) Reciprocal lattice of the triangular lattice. The shaded region
represents the first Brillouin zone (BZ), withits centre I and the two inequivalent corners K (black squares) and

K'(white squares). Reproduced frOmM [25]. ........ueeeeeeeeeeeeie e et e ettt tea e ettt e e e ettt e e sae e e e tsaaeeassesaessseaeassseaaaas 4

Figure 2-3 - Electronic dispersion of graphene. The conduction band and the valence band touch each other at K
and K’ points. The zoom shows that the dispersion relation close to these points resembles the energy spectrum

of massless Dirac particles. ReproducCed frOm [26]..........uueeeueeeeeeiieeeeeieeecee e eetee e e ettt e e sitea e et teeeesteaaesirsaaesssseaaens 6

Figure 2-4 - Several methods of mass-production of graphene which allow a wide choice in terms of size, quality

and price for any particular application. Reproduced from [8]. .......cccuueeeeoueeeeiiieeeeiieesieeeeste et esciaeessiea e 7

Figure 2-5. Schematic representation of the fundamental transport and reaction steps underlying CVD. Since no
dissolution of carbon is considered, this model can be only applied to metals with low carbon solubility such as Cu

or for lower temperature CVD in which carbon solubility is also insignificant. Reproduced from [30]. ................ 10
Figure 2-6 - Deposition rate as a function of temperature. Reproduced from [31]......cccccovvevevveeeecivveeeciiveessrnnnn. 10

Figure 2-7. Nucleation and growth mechanism of graphene on Cu. The decomposition of methane leads to
supersaturation of carbon adspecies at the Cu surface. When cc reaches a critical supersaturation point (Cnuc)
graphene domains nucleate and begin to grow (i). The growth proceeds (ii) until the amount of superstaurated
carbon species are consumed (iii) or until the domains merge together full covering the surface of Cu (iv).

ReProduCEd frOM FEFEIrENCE [37] ..cc..ueeeeeeeeeeeeee ettt e ettt e e et e e ettt e e e et e e e e ssaeestssaaeatseseessssasssassnaan 12

Figure 2-8 - Surface free energy y plotted as a function of the angle & describing the normal directions to the {hkl}
planes in the Wulff construction. The equilibrium shape of the crystal is given by the dash-dotted curve.

REPIOAUCEA fIOM [B]. .ottt ettt e ettt e e ettt e e ettt e e e et e e et e e et e e eeatb e e eesssaeeatssaaeastsssensssassaassnaan 13
Figure 2-9 - The various atomic positions in the KVS MoOdel. ..............coouurieeiiieeeeciiieiee ettt e eeescsiveeeaaeeeseins 14

Figure 2-10 — Vicinal surface considered in BCF theory. (a) The values ¢ + are the adatom densities on the right
(+) and left (-) sides of the step; (b) Kinetic mechanisms governing the growth; D is the diffusion constant, F is the
deposition flux, T is the desorption time, and v + are step attachment coefficients from the lower and upper sides,

respectively. Reproduced froOm [43, AA4]. ... oottt e et e et e e e st a e st e e e st a e e sttt e e e eaeaeearaeen 15

Figure 2-11 — Graphene nuclei shapes obtained on different copper facets and the corresponding shapes obtained
from simulations using the BFC model. In this work was considered the anisotropic diffusion of carbon atoms
induced by the crystallinity of the underlying substrate and the anisotropy of carbon attachment at the graphene

€dge. REPIOAUCE FIrOM [22]. ......eoeoeeeeeeeeeeeeee ettt ettt e ettt e e sttt a e e st e e e s tteasssteaesasseaaesassssenansnasssssenenn 16

Vi



Figure 2-12 — (a) AFM image of a screw dislocation during the growth of an insulin crystal; (b) STM image of
Si(111) surface showing three macrosteps formed from bunching of many monatomic steps; (c) Hole created on
Si by a lithographic process and filled in after a annealing step at 1300°C. The 3-fold crystallographic symmetry

of the substrate is expressed in the pattern of steps generated around the filled hole. Reproduced from [42, 45]

Figure 2-13. Carbon adatom density modeled using rate equations (black curve) compared with the corresponding

LEEM data of Loginova et al. [48] (red data points). Reproduced from [47]. .......oueeoeeeeecveieesiieeeeciieeeciieaesveenn 19

Figure 2-14 - Reaction mechanisms in CVD graphene. The blue arrows indicate the more probable (but not unique)
reaction mechanisms. Reaction of type A: adsorption-desorption. B: dehydrogenation-hydrogenation. C: surface
diffusion or migration (more favorable for dimers Cz). D: dimerization with or without simultaneous
dehydrogenation (Dimers with hydrogen are not stable at high temperatures). E: polymerization - (cracking)
decomposition. F: aromatization — decomposition. G: decomposition of aromatics. The green arrows indicate

reactions with hydrogen. Reproduced from reference [29]. ...........uuuuueeeecceieeiiieeeeeieieeecieeeesieeeeesaee e siaaaesaaeas 20

Figure 2-15. Schematic diagrams of graphene growth mechanism on Ni(111) (a) and polycrystalline Ni surface
(d). Optical image of graphene grown on Ni(111) (b) and polycrystalline Ni (e). Maps of |20/l of Raman spectra
collected on the Ni(111) surface (c) and on the polycrystalline Ni surface (f). Reproduced from reference [73] .. 24

Figure 2-16 — (a) Island growth rate as function of monomer concentration; (b) Time evolution of C monomer
concentration during C deposition. Nucleation start to occur at the steps edges of Ru substrate, and then it takes

place at the Ru terraces at higher C concentrations. Reproduced from [48]. .........coeveveeeeeciieeeiieeeeiiieeeeciveeennns 25

Figure 2-17 - In situ STM scans showing: (a-b) the growth of graphene (blue) across the steps of the Ru(0001)
surface (orange) at 6659 C; (c-d) graphene growth at higher temperatures (or low pressures) accompanied by the
extension of the underneath Ru terrace. e) Extensive faceting of the Ru surface induced by the above graphene

1QYEI. REPIOGUCEM fIrOM [7A]. ...ttt ettt e ettt e e et e e et a e ettt e e e e ats e e e e tssaeestssaaeastssseesssassaasenaan 26

Figure 2-18. (a-c) SEM image showing an array of seed crystals patterned on Cu foil by e-beam lithography. (d)
SEM image of a seeded array of graphene domains next to a randomly-nucleated set of graphene domains in an

area without seeds. Scale bars in (a-c) are 10 um and the scale bar in (d) is 200 um. Reproduced from [12]...... 27

Figure 2-19. (a) APCVD growth of graphene at 1050 °C with a linear increase of temperature of the polystyrene
source and total reactant gas flow. (b-d) SEM image of the obtained hexagon-shaped graphene domains.

REPIOAUCEA FTOM [B5]. oottt ettt e et e e ettt e e sttt e e st e e et sse e e e aasteasasteaesasseaassnsssassssnaesanseeann 28

Figure 2-20. Graphene island morphology dependence on H2:CHs in APCVD. First, second, and third columns
represent the island structure on Cu(100), Cu(110), and Cu(111). Reproduced from [16]. ...........cccveeevvveeeunn... 29

Figure 2-21. Bright (a) and dark field (b-e) LEEM images showing the spatial distribution of lobes of 4-fold-
symmetric graphene islands nucleated on Cu(100). Copper step edge accumulation (hillock formation) is

illustrated in (f-i). ReProduced from [20]............ooooueeeeeeeeeeee ettt e e e e ettt e e ettt e e et taaaeetseaeesssaeeaassnaan 31

Vil



Figure 2-22. (a-d) Shape and orientation dependence of LPCVD graphene domains on polycrystalline Cu. (e,f,g,h)
SEM images of representative LPCVD graphene domain shapes grown on Cu{101}, Cu{001}, Cu{103}, and
orientations close to Cu{111}, e.g., CU{769}, r€SPECLIVEIY. ......occccveeeeeteieeeeeeeeeeee ettt e s e e et a e saa e e raeas 32

Figure 2-23. Computational modeling of graphene clusters on Cu{101}, Cuf001}, and Cu{111}. Red circles
correspond to the surface atoms (high electron density), while regions with depleted electron density are
equivalent to available adatomsites (labeled A). Strong one-to-one hybridization occurs along the Cu 101
direction between the electron orbitals of the zigzag edge atoms of C2s and Cu surface atoms on Cu(101) and

Cu(001) indicated by yellow lines in g and h. Weaker one-to-two atom bonding between one C and two Cu atoms

is observed on Cu(111). Reproduced from [18]. .......occueeieieeieeeiiieeie ettt ettt ste ettt e e ettt s te e sttt e s ssessaesasaessses 33
Figure 3-1 — CVD reactor for graphene GrOWLH ...............ueeeeceeeeeeeeeeceee ettt e et te e e ettt e e et e e e staa e e s stsaaessnseaeesasseas 34
Figure 3-2 — (a) Commercial sample heater; (b) Homemade graphite Reater. .............cccceeveevvvevveserceeseeseeneenn, 36
Figure 3-3 — Photography of the system built for graphene chemical vapor deposition. ................cccceecuvenueannne.. 36

Figure 3-4 — Formation of a continuous graphene film by coalescence of monocrystalline domains of graphene.

Figure 3-5 — Optical Image of graphene on Cu: (a) As-grown; (b) thermally oxidized in air after the growth. ..... 37
Figure 3-6 - Energy-level diagram showing the states involved in Raman signal................cccccooveeeevvveeeciveeecnnnn. 38

Figure 3-7 — (a) Phonon dispersion of monolayer graphene in the high symmetric directions calculated using the
tight-biding method [79]. (b) Vibrations of the two atoms of the unit cell of monolayer graphene that correspond

to the six phonon branches at the I point. Reproduced from [78]. .......ooccueeeeeieeeeeiiieesiieesciee et esieaessiea e 39

Figure 3-8 - (a) First-order Raman process which gives rise to the G band; (b) two-phonon second-order Raman
spectral processes giving rise to the 2D band; (c) One-phonon second-order Raman process giving rise to the D
band; (d) Schematic view of a possible triple resonance giving rise to the 2D Raman band in graphene. Adapted

FEOMY [77]. oottt ettt ettt e ettt e et e e et e e e et e e e e atsaaeeatsa s e e stsaseaassaaeaatsaaaaastssaeassssaeassaaennssseseaanses 40
FIGQUIE 3-9 — BASIC EBSD SEEUP ...ttt e naas 42

Figure 3-10— (a) Bragg -reflection of electrons from a local electron source Q at the (010) and (021) lattice planes
leading to a signal on the detector screen; (b) Position of the Kossel cones of a lattice plane in respect to the

detector. AdAPted from refs [83] [BA]. ...ttt e ettt e e et e e et e e e st e e e et a e et aeeatba s e e saraeeearaaan 42

Figure 3-11 - Sequential steps of EBSD processing. (a) Kikuchi bands of the diffraction pattern collected from
silicon; (b) Hough transform of the Kikuchi bands obtained in (a); (c) Identification and fitting of the points
obtained in (b) by comparing it with the values known from reference tables. (d) Inverse Hough transform of the

peaks found in (c). (e) Original diffraction pattern indexed by the Miller indices. Reproduced from Ref. [84]. .... 43

Figure 3-12 — Grain orientation map of a polycrystalline sample obtained via EBSD. Reproduced from [84]. ..... 44

viii



Figure 3-13 -(a) Projection of a point P on the surface of a sphere onto the equatorial plane at p; (b) The
stereographic projection of the point P; (c) A cubic unit cell placed at the center of the projection sphere with its
six {001} plane normals (poles) highlighted; (d) A stereographic projection of the directions shown in (c).
REPIOAUCE FrOM [B4]..c...oneeeeeeeeee ettt ettt ettt et ettt ate ettt e st e ettt e saneenanees 45

Figure 3-14 — Construction of the inverse pole figure. Only one stereographic triangle is required to describe a
family of equivalent crystallographic directions because all triangles in the stereographic projection are

symmetrically equivalent. AdQPLed frOm [84]. ......oe e ettt e e ee e et e e e ettt e e s iae e e e stteeeessaaaeenees 46

Figure 3-15 — Schematic illustration of graphene transfer from Cu foil to an arbitrary substrate. Reproduced from

Figure 3-16 - Hz2 bubbling separation of the frame/PMMA/graphene from the Cu foil induced by H:0 electrolysis.
AAPEEA FTOM [BE]. ettt ettt ettt ettt et e ettt e st e ettt e st e et e e ste et e enaee e 48

Figure 3-17 — Graphene based back-gated field effect transiStor [87]. .........cuuvueeviieneeesiiesieesiiesieesie e 49

Figure 3-18 - typical transfer curve for a single-layer graphene transistor: channel resistivity (blue line) and

channel conductivity (red dashed line) vs. gate voltage. Adapted from [89]. ........cccceeeeecveeeeiiieeeeciiieecciee e, 51
Figure 3-19 — Sequential steps Of G-FET ProQUCTION. ...........cccueecueeeseeriiiieieee ettt ettt e 53
Figure 4-1 - SEM images of graphene domains grown at different temperatures. ..............ccccoeeeevvvveeeciveneeecennnn. 54

Figure 4-2 - Raman spectra of graphene films grown at different temperatures. The photoluminescence of the

copper substrate produces a strong background in the RAMAN SPECLIQ. ........cccveeeeeciveeeciieeesiiieeeeiieeeecieaesiieen 55
Figure 4-3 - Comparison of bad Lorentzian fit and good Voigt fit of the same spectrum. ..........ccccccvvvvcvvveeveunnnn.. 56

Figure 4-4 — (a) Sketch of the Cu substrate positioned over the graphite heater and typical SEM image of the
backside of the substrate after the growth. (b) Optical images of the graphene grown along the backside of the
copper foil. Graphene fully covers the copper at the edge of the sample (x=30 um), whereas individual grains

covers the middle of the foil (x=730 um), where less carbon had ACCESS. ...........ceeeeevveeeecieeeesiieeeeiieeeecieaeseieenn 57

Figure 4-5 - Raman spectra in the D-G region taken at the same locations as the images shown in Figure 4-4. The
G peak blue shifts about 10 cm™ from the edge of the sample to middle where the individual grains can be seen
on copper substrate. The sample position axis represent how far away from one of the edges the spectra was
acquired. A D peak can be seen to appear in the region where the individual grains are grown. This is consequence

of more graphene edges DEING PrODEU..............oooecueeeeeeeiie et e ettt e sttt e e et e e s et e e s attteesssteaessseaesanseees 58

Figure 4-6 - Raman spectra in the 2D region taken at the same locations as the images shown in Figure 4-4 The
2D peak blue shifts about 30 cm™ from the edge of the sample to the middle, where the individual grains can be

SEEM ON COPPEE SUDSLITLE. .....vovvevieteeieeeeeeesee st e ste et ete et e et e s ta e te e teesesatasstesseaasseasseasaassassaeteesseesesasssssaassansesass 58

Figure 4-7 - Strain evolution over the sample SHOWN iN FIQUIe 4-4. ...........eeeeeeeueeeeeeiieeeiieeeesiieeessieaescaeaessseeens 60



Figure 4-8 — (a) Graphene film and (b) graphene monocrystalline domains transferred to SiO/Si. The achievement

of large graphene single domains as showed in (b) is discussed in details in section 4.2. ...........cccccvvevvvvevvuvennnen. 61
Figure 4-9 — Back-gated graphene field effect transistor (GFET). See section 3.6.2. for further details................ 61
Figure 4-10 — Experimental setup for electrical MeasUremMents ...............cceeveeeneeesiieneeesiiesieeseese e 62
Figure 4-11 - Transconductance curve of the device ShOwn in FiQUre 4-9. ..........cccocceemueenieeenoeeesiienieesieesieeieeen 62

Figure 4-12- (a) Optical image of large graphene domains grown at low pressure and high temperature (960 °C)
using paraffinic oil; (b) Raman Spectra of a single graphene domain. For clarity, the strong background due to Cu

photoluminescence was subtracted from the RAMQAN SPECLIQ .........c.eeecuevevueeeiiiieiiieiieseee e 65
Figure 4-13 — EBSD map of a typical Cu foil used during graphene growth. ..............ccccceevceeenoeeesivenveeesceienieeneen 66

Figure 4-14 - SEM image and the corresponding EBSD data (inset) of graphene grown over as-receveid Cu foil on

CU(113) SUIFACE At D60 OC. .....uueveeeeeee et e see et e et e et e st e et e st e s st e s teasaseesateaeasessseasaseasaseasasassasaasseasssasseaans 66

Figure 4-15 — (a) Optical images of graphene domains grown on as-received Cu foil. The growth temperature was

950 oC and the precursor partial Pressure 5X 1070 TOIT. ..uurveeeeeeeeeeeeeeeeeeeteeeeeeeetetesaeeseee st etessesaesssere s 67

Figure 4-16 - (a) Average growth rates of graphene domains shown in Figure 4-15; (b) Raman spectra of graphene
domains grown in different Cu faces. The fluorescence background signal due the Cu substrate was removed from

(o[ o o] I o Y=Toi 1 o TR USRS 68
Figure 4-17 — Cu crystallograpRiC SUIFACES ...........ccuueeeeeee e eeeeeeeee e tee et te e e ettt e e ettt e e et baaaesstseaeessssaaeaasseas 69

Figure 4-18 - SEM image of graphene domains at different stages (T = 950 2C). Due to large deviations in

nucleation time, various phases of growth can be observed in the same sample. The scale bar in the inset is 200

Figure 4-19 - Temperature dependence of graphene shape on Cu(101). The growth temperatures were (a) 920 2C,
(b) 940 9C, () 960 9C, AN () GBO OC. ...ttt ettt ettt e e s e st e st e s st e sseeteentasstesseassaenseenseesesanas 71

Figure 4-20 — (a) Formation of Cu hillocks at 980° C. (b) Topologic profile of the exposed Cu surface after graphene
[0 1o 1. 1 1 USSP 71

Figure 4-21 - Arrhenius plot of the temperature dependence of (a) density of graphene nuclei measured at the
(101) Cu Surface, (b) temperature dependence of surface self-diffusion on Cu (101) surface. Reprinted from J.
Phys. and Chem. Ref. DAt 2, 643-655 (1973). ..uoeoueeeeeeeeeeeeeee ettt ettt e et te e e et a e et s e et taaaesstseaeessssaessassnan 73

Figure 4-22 — Surface diffusion of copper on copper. Reproduced from [115]. .......cccvuveeeeveeeeesieeeeeiiieeecieeeesveennn 74

Figure 4-23 - The effect of oxygen on graphene growth kinetics. SEM images of graphene domains grown with

and without the assistance of oxygen. Reproduced from [127]. ... eueeeieeeeeeeiieeieeeeeesciiieeeeeeeesesvseaaaaaeeesans 75

Figure 4-24 - Graphene pattern formation during LPCVD synthesis on Cu(001). Intense sublimation of Cu atoms

at the surrounds of a growing island lowers the adjacent substrate region leaving graphene on the top of an



“elevated” Cu terrace (process 1). This causes the increase of the barrier seems by carbon adspecies arriving at
the domain edges, reducing their attachment probability (process 2). In the meantime, due to the high
temperature, a high fraction of Cu atoms from flat terraces have enough energy to detach and to diffuse as
loosely-bound adatoms (process 3). Diffusive Cu adatoms that impinge upon the steps retained by graphene
domains can be incorporated extending the Cu terraces in accordance with the local Cu symmetry (process 4).
The shape of the Cu terraces defines the most probable directions at which the incoming carbon adspecies can

attach to the graphene €dge (PrOCESS 5)........uuew ettt e e et e e ettt e e ettt e e et e e e e teaeestaaasstsaaesssssasesaseean 76
Figure 4-25 — AFM image of a graphene domain grown on Cu at 960 2Cand 5 X 10 — 6 TOrr ......ccvvevvesuveneene. 77

Figure 4-26 - Schematic view of the proposed growth model. Dsis the surface diffusion tensor, ts is the life time of
an atom in a state of mobile adsorption, K is the kinectic coefficient which give a measure of how ease adatoms

coming from the lower terrace can stick to the growing @dge. ...............ocueeveeeneeesiienieeniiesieesieese e 79

Xi



Resumo

A deposicdo quimica de vapor (CVD) de hidrocarbonetos vem se tornando um paradigma
para a producdo de grafeno em larga escala. No entanto, 0sS
mecanismos de crescimento associados ao processo ainda néo sdo totalmente compreendidos,
de forma que ainda ndo é possivel um controle sistemético da qualidade dos filmes sintetizados.
Nesta tese, apresentamos uma investigacdo detalhada do crescimento de grafeno por CVD a
baixa pressdo em um reator de parede fria, utilizando substratos de cobre. Uma combinacéo de
imagens de microscopia electronica de varredura e de espectroscopia Raman demonstrou que a
sintese é fortemente influenciada pela temperatura e pela natureza do precursor de carbono.
Utilizando um precursor liquido de carbono e temperaturas préximas do ponto de fusdo do
cobre, sintetizamos monocristais de grafeno relativamente grandes (~ 300 um) a taxas muito
elevadas (até 3 pm?2.s™h). Sob tais condicdes, as formas dos dominios de grafeno apresentaram
uma clara dependéncia com a orientacdo cristalogréfica do cobre. Além disso, verificamos
através de um gréafico de Arrhenius da densidade de nucleacdo vs. temperatura que a sintese de
grafeno exibe dois regimes distintos: para temperaturas variando de 900° C a 960° C, a energia
de ativacdo foi estimada em (6+1) eV; enquanto que para temperaturas acima de 960° C, a
energia de ativacdo foi calculada em (9+1) eV. A comparacdo de tal dependéncia com a
dependéncia da autodifusdo do cobre com a temperatura sugere que o crescimento de grafeno
é fortemente influenciado pelo rearranjo da superficie de cobre. Propomos um modelo que
incorpora a auto-difusdo de superficie do cobre como um processo essencial para explicar a
relacdo entre a orientacdo dos monocristais de grafeno cristais e do cobre. Este modelo também
é capaz de explicar as diferencas observadas entre as formas dos dominios de grafeno crescidos
a pressao atmosférica e os crescidos a baixas pressdes. Por fim, mostramos que strain € induzido

nos filmes durante a coalescéncia dos dominios individuais de grafeno.
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Abstract

The chemical vapor deposition (CVD) of hydrocarbons appears as the most suitable
graphene production method for large area applications such as flexible displays and
photovoltaics. However, the CVD mechanisms have not been fully understood and therefore a
complete control over the morphology of the produced sheets has yet to be achieved. In this
thesis we report a systematic investigation of graphene CVD at very low pressures performed
on a cold wall reactor using copper substrates. A combination of scanning electron microscopy
images and Raman spectroscopy measurements had demonstrated that the initial stages of
graphene growth is strongly dependent of the growth temperature (T) and the nature of the
carbon precursor. By using a high molecular weight liquid carbon precursor, growth of large
graphene crystals (~up to 300 pum) at very high rates (up to 3 pm?2.s™) was achieved. For high
temperature growth (T>900°C), the shape and symmetry of the grains were found to depend on
the underlying symmetry of the Cu crystal, whereas for lower temperatures (<900°C), mostly
rounded grains are observed. The temperature dependence of graphene nucleation density was
determined, showing two thermally activated regimes, with activation energy values of (6x+1)
eV for 900 °C < T <960 °C and (9+1) eV for T > 960 °C. The comparison of such dependence
with the temperature dependence of Cu surface self-diffusion suggests that graphene growth at
high temperatures and low pressures is strongly influenced by copper surface rearrangement. A
growth model was propose that incorporates Cu surface self-diffusion as an essential process
to explain the orientation correlation between graphene and Cu crystals, and which can clarify
the difference generally observed between graphene domain shapes in atmospheric-pressure
and low-pressure chemical vapor deposition. In addition, we show that strain is induced over

the graphene films during the coalescence of graphene individual domains.
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1 Introduction

Graphene is, in simple terms, a single atomic layer of graphite. The existence of graphene
itself is remarkable because before it “discovery” in 2004, when Novoselov and Geim [1] used
adhesive tape to separate graphene sheets from graphite flakes, the stability of 2D crystals was
uncertain. In fact, it was theoretically predicted [2, 3] that thermal fluctuations would destroy
the long-range order of such crystals at non-zero temperature. The discovery of this 2D material
triggered thousands of publications, largely because of its so-called extraordinary properties:
high electron mobility [4], mechanical strength 200 times greater than steel [5], high thermal
conductivity [6], and substantial absorption of white light, i.e. 2.3% (which is very high
considering it is only one atom thick) [7]. Therefore, graphene have potential to be integrated
into a huge number of applications. However, it has yet to be developed a production method
that yields graphene layers with of well-defined properties in large quantities with competitive

costs.

The current interest in chemical vapor deposition (CVD) of graphene is fueled by the
prospect of producing high quality and economically viable materials for next generation
electronic devices, such as solar cells, touchscreen displays, and chemical sensors, among other
applications. [8] Graphene growth on copper foils by CVD has proven to be the most promising,
inexpensive and readily accessible approach for fabrication of large-area mono or few layer
graphene. [9, 10] However, large-scale production of films with suitable performance
characteristics requires good understanding of the multiple processes involved in growth, as
well as development of methods for systematic control of the growth dynamics. The synthesis
of monolayer graphene having large grain size with well-defined shape is very important since
grain boundaries strongly influence both transport and mechanical properties. [11] Investigation
of copper-catalyzed graphene CVD has thus far suggested that parameters such as pressure,
substrate quality, and precursor concentration, strongly dictate the graphene growth
mechanism. In particular, the deposition pressure has a strong effect on graphene shape.
Hexagonal islands with well faceted edges are usually observed in atmospheric pressure CVD
(APCVD), [12, 13] in which carbon attachment processes are the rate-limiting growth step. In
contrast, low pressure CVD (LPCVD) typically produces flower-shaped domains having lobes
and dendritic features, which are related to diffusion limited growth [12, 14, 15]. Unlike

APCVD, wherein resulting graphene domains are usually found to be randomly orientated over



the substrate, there have been various LPCVD studies that provide evidence of a relationship
between the shape, symmetry and orientation of graphene domains and the underlying lattice
of Cu grains. [16, 17, 18, 19]

Until now, the proposed growth models to explain the observed relationship between the
graphene domains and the underlying Cu crystals in LPCVD were based either on anisotropic
attachment of carbon species to the graphene edges [16, 18, 20] or on anisotropic carbon
diffusion over the substrate surface [21] or both [22].However, in these descriptions, Cu surface
self-diffusion was not taken into account, even though it is expected to be considerable at typical
growth temperatures, which are close to the Cu melting point. Thus, despite the considerable
number of theoretical and experimental efforts since the pioneer work of Ruoff’s group in 2009,
[9] yet there is not a consensus about the ruling mechanisms of graphene CVD on Cu due the
lack of a single theory which explains features observed in LPCVD that are not present in
APCVD.

In this thesis, we have performed a study of very low pressure CVVD of graphene on Cu
using a liquid source in a cold wall reactor. In chapter 2, we provide a brief description of the
graphene structure, followed by an overview of the potential methods for scale-production of
graphene. We emphasize in the chemical vapor deposition, treating either the general aspects
of the CVD process as the growth models that were invoked to explain the growth mechanism
of graphene. We also present some interesting findings from the literature concerning the CVD

of graphene over different metals.

In chapter 3 we provide details of the CVD system that we built in order to grow graphene.
We also explain the main characterization tools and methods utilized in this work, i.e. Raman
spectroscopy, electron backscatter diffraction, special considerations for imaging of graphene
using optical microscopy, graphene transfer and electrical measurements. In chapter 4 we
present and discuss our results. We also propose a model for graphene growth that incorporates

Cu diffusion. Our conclusions are given in chapter 5.



2 Bibliography Review

2.1 Graphene Fundamentals

2.1.1 Graphene Chemistry

Carbon, the basic building block of graphene, has six electrons arranged in the 1s? 2s? 2p?
configuration, wherein 2 electrons fill the inner shell 1s and 4 electrons occupy the outer shell
of 2s and 2p orbitals. It turns out, however, that the presence of other atoms in the neighborhood
of the C atom (e.g., hydrogen, oxygen, carbon) induces the hybridization of the 2s and 2p states.
In particular, the superposition of the 2s orbital with two 2p orbitals, say 2px and 2py, leads to
the formation of the ® bond responsible for the hexagonal planar structure of graphene. The
remained unhybridised p; orbital is perpendicular to the plane and bind with the neighboring
carbon atoms, forming a = band. A typical manner of parameterize these orthogonal hybridized

s-p states is the following [23]:

a1 2
|sp1)—ﬁ|25)+ 3 12px) eq. 2-1

2y 1 L !
|sp2)—ﬁ|25)— g|2px)— Elsz) eq. 2-2

2\ _ 1 1 1
|5p3)_ﬁ|23)— ¢122) + |5 12py) eq. 2-3

These atomic orbitals (AOs) are shown in Figure 2-1. In free space, the orbitals |sp?),

|sp2) and |sp?) are degenerated [23]:

QD O - j e

,‘\~2S 2px 2py/- 2pz
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\& unchanged 2p,

Figure 2-1 — sp? hybridization. Reproduced from [24].



Carbon atoms condense in graphene in a honeycomb lattice because three hybrid sp?
orbitals, having a mutual 120° angle in the xy-plane, are induced in each atom. The honeycomb
lattice is not a Bravais lattice since two neighboring sites are not equivalent, i.e. they cannot be
connected by a lattice vector. Nevertheless, the honeycomb lattice can be viewed as a triangular

Bravais lattice with a two-atom basis (A and B) as depicted in Figure 2-2.

@ : A sublattice O: B sublattice

Figure 2-2 - (a) Graphene honeycomb lattice. (b) Reciprocal lattice of the triangular lattice. The shaded region
represents the first Brillouin zone (BZ), withits centre I" and the two inequivalent corners K (black squares) and
K'(white squares). Reproduced from [25].

The triangular Bravais lattice shown in Figure 2-2(a) is spanned by the basis vectors:

V3
a; = V3ae, and a, = Ta(ex + \/§ey) eq. 2-4

whilst the nearest neighbors vectors are denoted by:
a V3 a 3
8y = E( 3e,+ey,), &= 5(_ 3e,+e,) and &3 =—ae,  eq. 25

The first Brillouin zone is the region enclosed by the sets of planes that are perpendicular
bisectors to the reciprocal lattice vectors:

., 2m ( ey) i a 4m
a; =—|e, —— an a, =—e -

1= Ba\ Y 3 273,y eq. 2-6
which connect the origin in k-space to its nearest neighbor reciprocal lattice points. In graphene,
one may distinguish two inequivalent points, K and K’, alternating at the six corners of the
hexagonal Brillouin zone shown in Figure 2-2(b). These points play a critical role in the

electronic properties of graphene because low-energy excitations are centered around them.
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2.1.2 Electronic Band Structure of Graphene

In graphene, three electrons per carbon atom are involved in the formation of strong
covalent ¢ bonds (in three hybridized sp? states), and one electron per atom yields the 7 bonds
(in a non-hybridised p; state). Since the & electrons are the ones responsible for the electronic
properties at low energies (the o electrons form energy bands far away from the Fermi energy),
in this section, we will restrict our discussion to the energy bands of 7 electrons within the tight

binding approximation.

The Hamiltonian for an arbitrary electron in a solid, labelled by the integer |, is given by:

N
hZ
H, = —ﬂvf + Z V(r,—R,) €q. 2-7
n=1

where each ion on a site R, produces an electrostatic potential felt by the electron. In the tight-
binding approach, however, one assumes that electrons are tightly bound to the atom to which
they belong, i.e., they can be described with great accuracy by a bound state of the atomic

Hamiltonian

hZ
H}' = —%sz +V(r;,—Ry) eq. 2-8

The contributions to the potential energy AV = YN_, V(r, — R,,) from the other ions at
the sites Rn, with n # [, is treated perturbatively. The total Hamiltonian is the sum over all

electrons:

N
H = Z HE (r,— R,) + AV eq. 2-9
l

A trial wave function ¥, (r) for this Hamiltonian must be a linear combination of the

atomic orbitals, ¢ (r — R,,), which respect the lattice translation symmetry required by the

Bloch’s theorem. A wavefunction that fulfils this requirement is:

¢}Ej) (r) = Z e B (r + §; — R,), eq. 2-10

n
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where j = A/B labels the atoms on the two sublattices A and B and §; is the nearest neighbor

vector which connects atoms within the unit cell. By taking ¢ ) (- — R,,) as eigenfunctions of
the 2p; orbital and considering only the interaction of C atom with its first neighbors, the band
structure of graphene obtained from the diagonalization of the Hamiltonian of eq. 2-9 is

depicted in Figure 2-3.

Figure 2-3 - Electronic dispersion of graphene. The conduction band and the valence band touch each other at K
and K’ points. The zoom shows that the dispersion relation close to these points resembles the energy spectrum of

massless Dirac particles. Reproduced from [26].

The band structure nearby the K and K' points has a linear dispersion behavior, as
highlighted in the inset of Figure 2-3. In this region, the dynamics of the charge carriers is
governed by a Hamiltonian which is very similar to the Dirac Hamiltonian (massless). In fact,

charge carriers located around the K and K’ points behave as relativistic particles, whose energy

2-11
(k) = +hvplk| = +hvp /k,% + k2 ®

2.1.3 Graphene Production

dispersion is given by [26]:

Mechanical exfoliation of graphite has enabled many fundamental studies of graphene
proprieties due the high quality of the samples produced. However, the lateral dimensions of
the exfoliated graphene are at most tens of micrometers, which make unfeasible the scalable
production of graphene structures through this method. Therefore, the development of cost-

effective fabrication methods is required in order that the unique combination of

6



graphene properties can be effectively integrated into modern products. At present, dozens of
methods to achieve large-scale production of defect-free graphene are being investigated; some

of them are depicted in Figure 2-4.

Mechanical exfoliation
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(coating, bio, transparent
"gg conductive layers, ‘
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(electronics
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% af ¥y . Liquid-phase exfoliation
o v + (coating, composites,
r('*}, ik D\ % inks, energy storage,
' £ i+ bio, transparent conductive layers)

\ 4

Price (for mass production)
Figure 2-4 - Several methods of mass-production of graphene which allow a wide choice in terms of size, quality

and price for any particular application. Reproduced from [8].

Liquid-phase exfoliation of graphite oxide consists in exposing graphite to a strong
oxidizing agent which promotes the increase of the interplanar space between the graphite
layers. A prolonged ultrasonically treatment is then employed to aid graphite to splits into
layers, thereby yielding a significant fraction of monolayer flakes in suspension. The reduction
of the obtained graphene oxide pellets to its parent graphene state can be achieved by either
thermal or chemical approaches. Some of these methods may yield very high quality of the
reduced graphene oxide (rGO), similar to pristine graphene, but they can demand the use of
large quantity of hazardous agents or can be time consuming to carry out. Viable commercial
applications based on liquid-phase exfoliation of graphite such as graphene-based paints and

inks have already been demonstrated [8].

The controlled silicon sublimation from SiC crystals at high temperatures and ultrahigh
vacuum conditions can also be employed to produce graphene layers. The quality of such

graphene strongly depends on the growth conditions (pressure, temperature) and SiC
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characteristics (face and orientation), however, epitaxial graphene grown on SiC has the critical
advantage to be compatible with standard lithography procedures already used by the
semiconductor industry. The two major drawbacks of this technique are the cost of the SiC
wafers and the high temperatures (above 1000 °C) needed for the growth of high quality
graphene. Nonetheless, investigations had demonstrated that the UHV Si sublimation process
can be improved to produce monolayer graphene films with high mobilities, which may find
applications within years when the existing high-frequency transistors, based on I11-V materials
(InGaAs, GaN, etc.), reaches their limit [8].

Another promising technique to produce graphene is based on the chemical vapor
deposition of graphene from a gaseous carbon source onto the surface of a metal catalyst. The
production of square meters of uniform polycrystalline graphene films has already been
achieved via CVD of graphene [9, 10], which is fundamental for many applications. The
transfer of the graphene from the metal catalyst to a target substrate is the major drawback of
this method, though improvements had been made over the last years [27]. We discuss this

method in details in the next sections.

2.2 Crystal Growth

In this section, a brief background of the exiting crystal growth theories is provided and

the application of the concepts presented to the graphene case is highlighted.
2.2.1 Chemical Vapor Deposition of Thin Films

Chemical vapor deposition (CVD) is one of the major methods of film deposition for the
semiconductor industry as it yields high throughput of high quality films at relative low costs.
In a typical CVD process, volatile precursors are transported in the vapor phase to decompose
on a heated substrate mounted inside a reactor chamber. During the reactant pyrolysis, several
transport and reaction steps occur simultaneously as schematically indicated by the
model depicted in Figure 2-5. The relative importance of each process depends on the chemical
nature of the species involved and the design of the reactor used. Processes primarily involving
the diffusion of species in the gas phase, through the boundary layer (Figure 2-5), are associated
to the so-called mass transport regime. Processes which take place in the boundary layer or
closer to the catalytic surface, on the other hand, fall into the surface reaction regime. It is

possible to model these processes by considering the flux of active species through the boundary
8



layer and the rate at which the active species are consumed at the surface of the catalyst. These
fluxes are [28]:

Fass transport = hg (Cg - Cs) €q. 2-12

Fsurface reaction — KsCs €q. 2-13

Where, Frqss transport 18 the flux of active species through the boundary layer, Fsyrrace reaction
is the flux of consumed active species at surface, hy is the mass transport coefficient, Kj is the
surface reaction constant, C, is the concentration of gas in the bulk, and C; is the concentration

of the active species at the surface. At steady state, theses fluxes are equal to each other and to

the total flux. The elimination of C, in eq. 2-12 and eq. 2-13, leads to:

B _ _ hgK;
Fmass transport — Fsurface reaction — Ftotalflux - (h +K )C €q. 2-14
g s/=g

The above equation states the existence of three growth regimes: the surface reaction
controlled regime, h, > K, the mass transport limited regime, h; < K and the mixed
regime, h,~K;. Synthesis under atmospheric conditions and relative low temperatures (Figure
2-6) are usually limited by diffusion of the gas molecules through the boundary layer as
transport reactions occur much more slowly than surface reactions due to the Arrhenius
dependence of the later (h, < K). This essentially leads to gas phase reactions in the bulk gas
flow, which are often associated with thickness nonuniformity of the as grown films. This
occurs because a small variation in the thickness of the boundary layer can induce a variation
in the amount of active species that are diffusing through it.

In order to minimize flow effects and nonuniformity across the sample, one must designed
experiments wherein the heterogeneous chemical reactions, which occur on surface reaction
regime and are primarily dependent on the temperature of the substrate, should be favored,

whereas homogeneous chemical reactions, which occur in the gas phase, avoided [29].
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Figure 2-5. Schematic representation of the fundamental transport and reaction steps underlying CVD. Since no
dissolution of carbon is considered, this model can be only applied to metals with low carbon solubility such as

Cu or for lower temperature CVD in which carbon solubility is also insignificant. Reproduced from [30].
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Figure 2-6 - Deposition rate as a function of temperature. Reproduced from [31].

Surface reaction limited regime can be achieved by lowering the pressure of the CVD
reactor. At low pressures, the flux of active species is lower, essentially leading to fewer

collisions and a higher diffusivity coefficient in the gas phase, Dy,

1 D,
Dg (o8 F,' hg =——; €q. 2-15

where P is the total pressure and § is the boundary layer thickness. Both the diffusivity (Dg) and

the mass transport coefficient (hg) increase as the total pressure decrease. Hence, under
10



appropriate synthesis conditions, the diffusion through the boundary layer is enhanced, and it
is no longer the rate limiting step (hy > K). As a result, the growth is limited by surface
reactions which generally lead to better film uniformity as long as the temperature is held

uniform across the substrate.

Graphene synthesis under atmospheric pressure conditions using Cu foils as catalyst
usually leads to monolayer graphene at low methane partial pressures and to multilayer domains
at higher methane partial pressures. [12, 13] Low pressure CVD in contrast, normally yields
monolayer graphene that is uniform over large areas, and is nearly independent of methane
partial pressure. [12, 14, 15] This suggests that graphene growth mechanism is Kinetic

controlled at the surface and self-limiting under low pressure conditions.
2.2.2 Crystal Growth Theories

Under appropriated synthesis conditions, graphene growth is governed by surface
dynamics and can be viewed in the framework of existing crystallization theories. Here we
discuss the several crystal growth theories that had been put forward over the years,
emphasizing the application of their fundamental concepts to the 2D case of graphene. This
provides a useful insight regarding the mechanisms and the kinetics related to the graphene

growth,
2.2.2.1 Surface Energy Theory

The conglomeration of atoms which give rise the formation of the first sub-microscopic
nucleus of the solid crystal is triggered by fluctuations within the precursor supersaturation (or
solution supercooling) in a process known as nucleation (Figure 2-7). The probability of such
small clusters grow to form a stable nucleus depends on the temperature, degree of
supersaturation and change in free energy associated with its formation. The growth of stable
nucleus leads to the formation of a crystal. The microscopic conditions of the growing surface,
such as surface discontinues, have a critical effect over the evolution of the growing crystal as
showed by Kossel and others [32, 33, 34]. However, the first theories of heterogeneous
nucleation treated the formation of stable nuclei on flat surfaces from the thermodynamic point

of view.

The early attempts to model crystal growth were based on the assumption that the

equilibrium form of a crystal is the one which its surface free energy is minimal for a given
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volume. This concept was originally introduced by Gibbs [35] who believed that crystal growth
was governed by the same mechanism responsible for the formation of water droplets in mist.
Wulff [36] extended Gibbs’s ideas by proposing that anisotropic growth rates could be related
to the different surface free energies at the different faces of a growing crystal, i.e the

equilibrium shape of a crystal is the one which minimizes the function:

AG = Z VA, eq. 2-16
i

where A; is the area of the i-th plane with an interfacial energy of y;. The interfacial energy or
surface energy gives a measure of the disorder of intermolecular bonds at a given surface. Since
y; depends on the crystallography of the growing crystal, it can be very low for some crystal
planes, making faceting energetically favored. The surface constructed from the inner envelope
of planes perpendicular to the y; vector is known as Wulff construction and gives the

equilibrium shape of the given crystal as illustrated in Figure 2-8.
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Figure 2-7. Nucleation and growth mechanism of graphene on Cu. The decomposition of methane leads to
supersaturation of carbon adspecies at the Cu surface. When cc, reaches a critical supersaturation point (Cnuc)

graphene domains nucleate and begin to grow (i). The growth proceeds (ii) until the amount of superstaurated
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carbon species are consumed (iii) or until the domains merge together full covering the surface of Cu (iv).

Reproduced from reference [37]

In general, the Wulff construction provide a good agreement with the experimentally
observed crystal shapes as long as the growth occurs near to equilibrium, with the attachment
of adatoms at the edge of the growing island being the limiting step. Indeed, it was
experimentally observed (see section 2.4.3.1) that atmospheric pressure and low carbon
feedstock concentration yields regular hexagonal graphene with edges dominated by the zigzag
direction in accordance with Wulff theory. The reason for that is the uneven attachment of the
diffusive carbon adspecies at graphene’s armchair and zigzag edges. As armchair edges have a
higher density of unterminated carbon atoms (4.7 nm™) than the zigzag edges (4.1 nm™), it is
expected that the former grows faster than the latter, resulting in the conversion of all armchair

edges to zigzag by the attachment of new carbon atoms [38].
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Figure 2-8 - Surface free energy y plotted as a function of the angle 6 describing the normal directions to the {hkl}
planes in the Wulff construction. The equilibrium shape of the crystal is given by the dash-dotted curve.

Reproduced from [39].
2.2.2.2 Surface Nucleation Model

The role of inhomogeneities at the growth surface is the basis of the model proposed by
Kossel, Volmer and Stranski (KVS theory) [32, 33, 34]. According to them, the most
energetically favorable site for the incorporation of a migrating adatom to an existing island is
a kink site at the surface ledge. In fact, an adatom is attracted by at least three neighbors atoms
at a kink site, whereas at a ledge it is attracted by two and on a terrace site, such bond is one
(Figure 2-9). Therefore, it should be expected that island growth occurs mainly by incorporation

of adatoms at the kinks of the ledge surface (step). Under ideal conditions, the step advances

13



uninterruptedly until the whole layer is completed. The rate of this advance is proportional to

the adatom supersaturation, S, and to the mean surface diffusion distance, x,, [40]:

_E -
V=2-S-xs-v-exp(K—;> eq. 2-17
B

where v is a frequency factor and E, is the total evaporation energy. The migration distance x;
of an adsorbed atom is given by x,? = D,t, where D, is the surface diffusion coefficient and

T, is the mean life time of an adantom.
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Figure 2-9 - The various atomic positions in the KVS model.

Burton, Cabrera and Frank [41] systematically studied this stepwise stacking,
emphasizing the role of screw dislocations as continuous sources of steps on the surface of the
crystal. The so called BCF theory views systems as composed of a staircase of terraces, wherein
adatoms diffuse until they encounter a step along which they continue to diffuse until they are

assimilated by a kink site. On terraces, the local mass conservation of mobile atoms leads to:

dc c
— =DV?c+F—— eq. 2-18
ot T

where D is the diffusion coefficient of mobile atoms adsorbed on terraces, c is their surface
concentration, F is the incoming flux, and t is the typical adatom desorption time. Since adatom
concentration in the vicinity of steps is not equal to the equilibrium concentration under
nonequilibrium growth conditions, the diffusion mass flux arriving at the steps defines the
boundary conditions for eq. 2-18. Thus, by denoting the upper and lower sides of a step by =,
the equation for the flux of adatoms coming from the upper and lower terraces are respectively
given by [42]:

dc_
J_=-D (W) = v_(c_ — c;fq) + vo(c- —cy) eq. 2-19
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dc
J. =D (a—;) =v,(cy —ciq) + volcy — o) eq. 2-20

where c;. denote the adatom concentration on the lower and upper terraces Figure 2-10 (a) and
Ceq refers to the local equilibrium concentration. The attachment-detachment kinetics of
adatoms to the step edge is governed by the kinetic coefficients, v, (Figure 2-10 (b)), whilst
the direct exchange of adatoms between terraces is related to the transparency coefficient, v,

(step crossing probability).

(a) (b)
i :
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c_ ¢t ) ey 3 //
Terrace e / /f/ ’/7‘ D, —//
Terrace 'l /7 )y /)

Figure 2-10 — Vicinal surface considered in BCF theory. (a) The values c, are the adatom densities on the right
(+) and left (—) sides of the step; (b) Kinetic mechanisms governing the growth; D is the diffusion constant, F is
the deposition flux,  is the desorption time, and v, are step attachment coefficients from the lower and upper
sides, respectively. Reproduced from [43, 44].

The equilibrium concentration, c;,, has the Arrhenius form:
C;q = Ceqexp(li/kBT) eq. 2-21

where c. is the reference equilibrium concentration and p is the chemical potential. The later

depends of the step curvature, k, and of the step stiffnes, 7 = y + y'’, where y is the free energy
per step length. Thus, the chemical potential can be expressed by:

u=Qjx eq. 2-22

where Q is the area occupied by an adatom. When the radius of curvature of the step 1/k is

much larger than I' = Q7 /kgT, €q. 2-21 can be linearized and write as:
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Coq = Ceq(1 +T'k) eq. 2-23

where the constant I" gives a measure of the edge energy of the step. The growth velocity

can be obtained by considering the total flux of adatoms arriving at a step:
V.
o ==+
dc, dc_
-0(55) -2 (%)
= v+[c+ — Ceq(1 + FK)] + v_[c_ — Ceq(1 + Fic)] eq. 2-24

The parameters v, and v, determines the nature of the growth. When steps are perfectly
permeable, vy — o0, and ¢, = c_ = ceq(1 + ') + v, /Q(v, + v_). The critical consequence
of this condition is that atoms may diffuse through many steps before they are incorporated to
the crystal lattice, thereby making step dynamics non-local on stepped surfaces. This boundary
condition is often used for solidification fronts and was invoked by Meca et al. [22] to describe

the “epitaxial” growth of graphene on copper foils (Figure 2-11).
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Figure 2-11 — Graphene nuclei shapes obtained on different copper facets and the corresponding shapes obtained

Experiment

Theory

from simulations using the BFC model. In this work was considered the anisotropic diffusion of carbon atoms
induced by the crystallinity of the underlying substrate and the anisotropy of carbon attachment at the graphene

edge. Reproduced from [22].

Another important effect arises when completely asymmetric boundary conditions,
vy — 0, v, = oo, v_ — 0, are assumed. The so-called Ehrlich—-Schwoebel effect accounts for

the fact that an atom approaching the step from the upper terrace experiences an additional
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energy barrier, 4EEs, to descend to the lower terrace. This is because an atom crossing a step
edge passes through an area with a low number of nearest neighbors. These boundary conditions
is known as “one sided-model” and is frequently used to describe the step flow (or step motion)
induced on vicinal surfaces heated to high temperatures under ultrahigh vacuum conditions
(UHV). In this regime, the sublimation of the surface atoms result in macroscopic mass fluxes
which leads to surface morphological transitions such as mound formation and step bunching
(Figure 2-12). In chapter 4, we invoke these concepts to model the growth of graphene at high

temperatures and under LPCVD conditions.

(a) (b) (©)
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Figure 2-12 — (a) AFM image of a screw dislocation during the growth of an insulin crystal; (b) STM image of
Si(111) surface showing three macrosteps formed from bunching of many monatomic steps; (c) Hole created on
Si by a lithographic process and filled in after a annealing step at 1300°C. The 3-fold crystallographic symmetry
of the substrate is expressed in the pattern of steps generated around the filled hole. Reproduced from [42, 45]

2.2.2.3 Reaction Rate Theory

As discussed in section 2.2.1, the growth rate can be limited by surface reactions
depending on the synthesis conditions. Processes such as reactant adsorption, dissociation,
migration, desorption and incorporation at the lattice sites (Figure 2-5) can be related to
characteristic times that depend on the concentration of adspecies and/or the percentage
coverage of the substrate. Moreover, if these processes are thermally activated, their
characteristic times are controlled by activation energies and frequency factors. As an example,
the process of re-evaporation of adatoms from the substrate surface back to the gas phase can

be characterized by the time t, [46]:

17

w/d



T, = v texp(E,/kT,) eq. 2-25

where Ty is the substrate temperature, v is the surface vibration frequency and E, is the re-
evaporation energy. Similarly, one can assign characteristic times for the adatom diffusion and
for the binding rate between individual atoms and small i-clusters. The characteristic parameters
of each material together with the independent experimental variables (P and T;) are essential

to describe the nucleation and growth at the early stages.

As an example, the growth of graphene on Ru(0001) was explored by Zangwill and
Vvedensky [47] using a simple rate model based on the experiments of Loginova et al. [48].
Starting from the assumption that precursor atoms arrive at the substrate at a rate R and stay in
a state of mobile adsorption characterized by a life time za and a diffusion constant D, the
authors of this work stated that migrating adatoms attach directly to the edges of an existing
islands or combine with other adatoms forming mobile clusters. In the latter case, clusters
composed of i = 5 atoms [48] diffuse across the surface with a diffusion constant D* until j =
6 of them combine yielding an immobile island of size ixj [49, 50]. Islands such that continue
to grow predominantly by the incorporation of 5-atoms clusters, albeit adatoms attachment at
island edges cannot be completely ignored. The rate equations for these kinetic steps are
expressed in terms of the homogeneous densities of adatoms n, 5-atoms clusters ¢, and islands
N as [47]:

dn P n
— =R —iDn'+iKc—DnN + K'N — — eq. 2-26
dt Tq
dc . .
Frin Dn*— Kc—D'cN — jD'c/ eq. 2-27
N _ D'c! eq. 2-28
ac 7€ a-

where K is the rate of dissociation of clusters and K' is the detachment rate of adatoms from
islands. In eq. 2-26, the adatom population density (n) increases due to atom adsorption from
the gaseous phase (at rate R), dissociation from 5-atoms clusters (at rate iKc), and detachment
from island edges (at rate K'N). It decreases due cluster formation (at rate iDn'), adatom
incorporation at islands edges (at rate DnN) and re-evaporation (at rate n, /t,). The density

of 5-atoms clusters (c) in eq. 2-27 increases due to cluster formation (at rate Dn'), and
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decrease due cluster dissociation (at rate Kc), cluster incorporation at island edges (at rate
D’cN), and clusters combination (at rate jD'c’). The density of islands (N) in eq. 2-28 increases

by the combination of 5-atoms clusters as discussed before.

The parameters D, D', K and K" have the Arrhenius form previously discussed (eq. 2-25).
This set of rate equations retains enough physical content to enable the modeling of a realistic

growth process as depicted in Figure 2-13.
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Figure 2-13. Carbon adatom density modeled using rate equations (black curve) compared with the corresponding

LEEM data of Loginova et al. [48] (red data points). Reproduced from [47].

2.3 Precursor Catalysis

2.3.1 General Aspects of the Catalytic Mechanism

Hydrocarbon-based reactants are widely used as C source during graphene CVD
synthesis. It turns out, however, that the pyrolysis of these precursors may require extreme
levels of heat (i.e., the methane molecule breakdown demands temperatures above 1200 °C due
to strong C-H bonds [51]), thereby requiring decomposition to be carried out on the surface of
a metal catalysts (e.g., Fe, Co, Ni, Cu) which significantly lowers the energy barrier of the
chemical reaction. Moreover, the metal substrate also determines the graphene deposition
mechanism, which ultimately affects the quality of graphene. Monolayer graphene is obtained
when the overall process is performed on the surface (i.e. adsorption, decomposition, and

diffusion of molecules) and has only been observed in Cu so far. For Ni and other common
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transition metals (Co, Ru, Ir, etc.) that have high carbon solubility it has been demonstrated that
hydrocarbon decomposes and carbon atoms dissolve into the metal film to form a solid solution.
In this case, CVD growth of graphene occurs by carbon bulk diffusion and precipitation during

the cooling step [52].

Itis highly desirable to understand the underlying atomic details of the precursor pyrolysis
in hope to optimize graphene growth conditions. Unfortunately, this knowledge is still very
limited, and even the most fundamental question, what the active surface species is at the initial
stage of growth, remains unclear. Nevertheless, several attempts had been made to explain the
reaction mechanism as discussed by Mufioz and Gémez-Aleixandre in reference [29]. A model
based on spectroscopic ellipsometry (SE) experiments [53] and theoretical calculations [54, 55]

is schematized in Figure 2-14.
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Figure 2-14 - Reaction mechanisms in CVD graphene. The blue arrows indicate the more probable (but not unique)
reaction mechanisms. Reaction of type A: adsorption-desorption. B: dehydrogenation-hydrogenation. C: surface
diffusion or migration (more favorable for dimers C,). D: dimerization with or without simultaneous
dehydrogenation (Dimers with hydrogen are not stable at high temperatures). E: polymerization - (cracking)
decomposition. F: aromatization — decomposition. G: decomposition of aromatics. The green arrows indicate

reactions with hydrogen. Reproduced from reference [29].

The thermal annealing of the metal substrate in a reducing atmosphere (i.e. hydrogen) is
usually considered the first chemical reaction in a typical graphene CVD process. This
procedure serves to remove surface impurities via oxygen reduction and to improve the surface
roughness, through elimination of structural defects and increase of the substrate grains size

(considering a polycrystalline substrate). Throughout this stage, the dissociative chemisorption
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of the H2 molecules at the bare metal surface also occurs (Reaction B2), thus for metals that
exhibit high hydrogen solubility, such as Cu, the surface is expected to be saturated by hydrogen
[53, 56], whereas the recombination and desorption of the hydrogen atoms is more likely to
occur at metal surfaces which show low hydrogen solubility, such as Ni (Reactions B2, Al).
Therefore, in the case of Cu, the hydrocarbon molecules which are introduced in the subsequent
step should face a surface partially covered with atomic hydrogen. The resulting competitive
mechanisms between the dissociative chemisorption of H» (reactions A1-B2) and the physical
adsorption and dehydrogenation of CHa4 (reactions A2-B1) on the metal surface is outlined in
Figure 2-14.

According to theoretical calculations [54, 57], dehydrogenation reactions of methane into
CHy radicals possibly take place up to x = 2, with CH monomer dissociation being the rate-
limiting step in case of Cu catalyst. Molecular dimers are formed by the binding of two of CH
compounds in a reaction which is possibly accompanied by simultaneous dehydrogenation
(Reaction D). Indeed, it was suggested [55] that C-C dimers are stable on all sites of Cu surface
whereas carbon dimers containing hydrogen are very unfavorable on surfaces with low
adsorption energies, desorbing or decomposing even at very low temperatures, as
experimentally demonstrated [58]. Hence, in the case of Cu, the product of reaction D (Figure
2-14), CoH; with z = 0, must be considered the most probable end for the dehydrogenation
cycle, signaling the formation of C-C bonds with sp-hybridization. In contrast, complete
monomer dehydrogenation and carbon bulk diffusion can be expected in the case of high-

solubility metals such Ni.

The role of mobile carbon dimers during the growth of graphene on Cu (111) was also
investigated by Riikonen et al. [59] on basis of theoretical calculations. In their work, several
competing processes were taken into account, such as dimer formation, dimer migration, dimers
back dissociation into individual atoms, migration of carbon along the surface, and migration
of carbon atoms into the bulk. They found that dimer creation and migration are the dominant
processes since carbon dimers formation is a exothermic reaction and the migration barrier for
the dimer to diffuse along the Cu(111) surface is small (Ea = 0.27 eV). Therefore, it is
energetically favorable for dimers migrate around the surface than dissociate back into
individual atoms. Other routes that include carbon trimmers, tetramers and pentamers as a result
of carbon atom-by-atom incorporation have been also studied [59, 60], and are depicted in
Figure 2-14 (Reactions E,F).
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The size of the stable nuclei is subject of controversy. Despite the lack of direct
experimental measurements of the cluster’s atomic structure, Ab initio calculations indicate that
shell structured C»: is a very stable cluster over Rh(111), Ru(0001), Ni(111) and Cu(111) [61].
Nevertheless, once nucleated the growth of a stable island must proceeds by the attachment of
carbon species onto graphene edges. Theoretical analysis of graphene-edge reconstruction
showed that C insertion into the front of a growing graphene nucleated on Cu (111) should
occur preferentially (but not exclusively) in the form of dimers to armchair (AC) edges [62].
Other possibility was raised by Loginova et al. [48] who monitor the evolution of the density
of carbon adatoms on Ru(0001) using the reflectivity of low energy electrons. According to
these authors, graphene islands must grow mainly by the addition of 5-carbon atoms clusters
instead of the standard monomer attachment. This conclusion was derived from the results

described in section 2.4.2.
2.3.2 Activation Energy of Precursor Decomposition

Various gas, liquid, and solid precursors (C- and H-based compounds) have been used
for graphene synthesis [63, 64, 65]. Zhancheng Li et al. [66] studied the mechanisms of
graphene growth related with different carbon sources by dividing the CVD process into three
stages. At stage I, precursor molecules collide with the surface, adsorbing on it, or scattering
back to the gas phase. If they adsorb, stage Il takes place and carbon source molecules
dehydrogenate or partially dehydrogenate, forming active surface species which coalesce,

nucleate, and grow to graphene at the stage I1I.

According to Jin-Ho Choi et al. [67], the magnitude of the adsorption energy plays an
important role in the competition between desorption and dehydrogenation. It is more probable
for an adsorbed molecule to desorb from the surface back to the gas phase than to dehydrogenate
if its adsorption energy is much less than the potential energy barrier against
dehydrogenation. For example, the high binding energies calculated for CeHs and
C1sH1s4 molecules (0.67 and 1.93 eV, respectively) should facilitate their dehydrogenation by
prohibiting their easy desorption from the surface, principally for the latter specie, which have
a lower dehydrogenation barrier than desorption. On the other hand, small molecules such as
CHa are more difficult to dehydrogenate because their desorption barrier of 0.17 eV is one order
of magnitude smaller than the dehydrogenation barrier. Consequently, graphene growth using
CHa as the carbon source can only proceed at much higher temperatures and supersaturated gas

pressures since it is less favorable for CH4 molecule to stay adsorbed on the catalyst surface.
22


http://www.nature.com/srep/2013/130531/srep01925/full/srep01925.html#auth-1

2.4 Graphene Growth on Metal Surfaces

The ability of transition metals to provide low activation energy pathways for reactions
resides in the fact that their outermost d orbitals are incompletely filled with electrons. This
makes transition metals prime candidates for catalysis since they can easily give and take
electrons, either by the facile change of oxidation states or by the formation of intermediate

compounds.

Graphene CVD was first reported on Ni and Cu substrates [52, 68], then followed by
intense research activities and publications using a variety of other transition metal substrates
such as Ru and Ir [69], Pd [70] and Pt [71]. Hereafter, we will discuss the general aspects related

to the graphene CVD on metal substrates.
2.4.1 Graphene Growth on Ni

Graphitic carbon formation on nickel was intensively studied owing the suitability of Ni
as catalyst for high quality graphite and nanotubes [72]. Polycrystalline Ni was also found to
be a good substrate for graphene synthesis, although the percentage and size of monolayer
graphene region are often limited by the quality of Ni films, especially by the size of the Ni
grains after the thermal annealing. Therefore, the adoption of single-crystalline Ni is a recurrent
solution in order to improve graphene uniformity. This aspect is evidenced in Figure 2-15 which
compares graphene CVD on single and polycrystalline Ni substrate. While as-grown graphene
on Ni(111) exhibits a smooth surface with relatively uniform color as depicted in Figure 2-15b,
graphene on polycrystalline Ni displays a rough surface with many dark regions (Figure 2-15e)
which represent multiple graphene layers. Complementary characterization using micro-Raman
surface mapping reveals that the area percentage of monolayer/bilayer graphene on Ni(111)
substrate is 91.4% (Figure 2-15c), whereas the percentage on the polycrystalline Ni is of just
72.8% (Figure 2-15f). In addition, was found that most of the multilayer nucleation occur at the

grain boundaries in the polycrystalline Ni substrates as depicted in Figure 2-15d
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Figure 2-15. Schematic diagrams of graphene growth mechanism on Ni(111) (a) and polycrystalline Ni surface
(d). Optical image of graphene grown on Ni(111) (b) and polycrystalline Ni (e). Maps of I2p/lc of Raman spectra
collected on the Ni(111) surface (c) and on the polycrystalline Ni surface (f). Reproduced from reference [73]

Other important aspect of CVD graphene on Ni is that the thickness and quality of the

films are strongly affected by the carbon segregation process, which ultimately depends on the
cooling rate. Medium cooling rates are found to lead to optimal carbon segregation and produce

continuous few layer graphene. The specific growth parameters used by several groups are

summarized in Table 1 reproduced from ref. [73].

TABLE 1. Graphene CVD Recipes on Ni Films

ref Ni film

preannealing condition

growth condition

cooling condition no. of graphene layers

polycrystalline Ni foils,
thickness = 0.5 mm,
purity > 99.99%

evaporated Ni film on
Si0,/Si substrate,
thickness = 500 nm

evaporated Ni film on

Si0,/Si substrate

thickness=100 nm
evaporated Ni film on

Si0,/Si substrate,

thickness = 300 nm
polycrystalline Ni

films evaporated

on Si0y/Si with ~2.6 at % C

1 hat 1000 °C
inHz

10-20 min at
900-1000 °C
in 600 sccm Ar and
500 scam Hy
800 °Cina Ar/H,=10:1
mixture heating and
cooling rates 0.15 °C/min
1000 °Cin Ar

1100 °C in vacuum

in the bulk, thickness = 200 nm

CHs =15 sccm, Hy = 100 scam,
Ar =200 scan; pressure =1 atm,
time = 20 min, temperature = 1000 °C

CHs=5-25 scam, H; = 1500 scam,
pressure = 1 atm, time = 5—10 min,
temperature = 900—1000 °C

CH4 =100 sccm, Hy = 600 scam,
pressure = 1 atm, time = 8 min,
temperature = 800 °C

CH4 =550 scem, Hy = 65 scam,
Ar = 200 scam, time = 7 min,
temperature = 1000 °C

pressure = 0.4—4 x 1073 Pa,
time = 0-100 min,
temperature = 1100 °C

cooling rate: 3—4 layers
fast=20 °Cs,
medium = 10 °C/s,
slow=0.1°C/s
1-12 layers,
single/bilayer region
up to 20 um
2-3 layers
cooling rate: predominantly
~10°C/s in Ar mono- and bilayer
cooling rate: mono- or bilayer
2-50 °CU/min graphene up to 95%

2.4.2

Graphene growth on Ru

As already mentioned in section 2.3.1, the data for graphene growth rate as function of C

adatom supersaturation obtained during the growth of graphene on Ru(0001) suggest that the

24



active surface species driving graphene domain growth is 5-C clusters [48]. This supposition
was made by noting that the growth velocity of the graphene front, v, is a highly nonlinear
function of the supersaturation. Indeed, the adjust of the experimental curves of Graphene

Growth rate vs. C monomer coverage shown in Figure 2-16(a) leads to:

v=k [(n/neq)5 — 1] eq. 2-29

where n is the carbon adatoms density and n, is its equilibrium density.

In addition, it was demonstrated that graphene first nucleates at step edges, which are
believed to lower the barrier to graphene nucleation. However, as the C monomer concentration
increases, multiple nucleation events take place at the terraces of the Ru substrate, as depicted
in Figure 2-16(b).
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Figure 2-16 — (a) Island growth rate as function of monomer concentration; (b) Time evolution of C monomer
concentration during C deposition. Nucleation start to occur at the steps edges of Ru substrate, and then it takes

place at the Ru terraces at higher C concentrations. Reproduced from [48].

The growth of graphene on Ru(0001) was also explored by Gilnther et al. [74] who
investigated the epitaxial growth of graphene via ethylene-based CVD at ultrahigh vacuum
(UHV) conditions. Sequential images obtained by in-situ scanning tunneling microscopy

showed that at relatively low temperatures, the front of a graphene island can expands through
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the uncovered parts of Ru surface, crossing the typical distribution of terraces and monatomic
steps of single crystal metal surfaces. At lower pressures or higher temperatures, however, it
was observed that graphene no longer traverses the atomic steps, but continues growing on the
same terrace level, i.e. together with the Ru terrace. According to the authors, this can only
mean that Ru atoms are transported to the growing step edge where they enter underneath the
graphene layer. Both growth modes are presented in Figure 2-17. This work provides a

noteworthy evidence of the influence of the substrate dynamics during the graphene growth.

Figure 2-17 - In situ STM scans showing: (a-b) the growth of graphene (blue) across the steps of the Ru(0001)
surface (orange) at 665° C; (c-d) graphene growth at higher temperatures (or low pressures) accompanied by the
extension of the underneath Ru terrace. e) Extensive faceting of the Ru surface induced by the above graphene
layer. Reproduced from [74].

2.4.3 Graphene growth on Cu

CVD of graphene on Cu has been intensely investigated with the aim of consistently
producing uniform, high-quality graphene. The synthesis conditions were found to strongly
dictate the growth mechanism of graphene individual domains. Pressure, for example, has a key
role in the determination of shape and morphology of these domains. Therefore, in this section
we will discuss separately the foremost results obtained from atmospheric pressure and low
pressure CVD of graphene on Cu.
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2.4.3.1 Atmospheric pressure CVD - APCVD

The controlling and characterization of single-crystal graphene grains, prior to the
coalescence of a complete monolayer, was the subject of the work of Qingkai Yu et al. [12]. In
their study, carried out at 1050 °C under atmospheric pressure of a gas mixture of CHa diluted
in Ar (concentration 8 ppm) and Ho, they synthesized hexagonally shaped single-crystal grains.
They found that the junction formed between coalescing domains deteriorate the electrical
transport, even when the edges of the individual graphene domains were aligned and parallel to
zigzag directions. Moreover, it was shown that graphene grains do not have well-defined
epitaxial relationship with the Cu substrate and that spatially ordered arrays of graphene
domains can be artificially initiated by pre-patterned growth seeds, as shown in Figure 2-18.

E.A .v. ¢

Figure 2-18. (a-c) SEM image showing an array of seed crystals patterned on Cu foil by e-beam lithography. (d)
SEM image of a seeded array of graphene domains next to a randomly-nucleated set of graphene domains in an

area without seeds. Scale bars in (a-c) are 10 um and the scale bar in (d) is 200 pm. Reproduced from [12].

Other study [65] demonstrated the synthesis of graphene domains with millimeter size by
continuously adjusting the concentration of the precursor feedstock during the growth. This has
been done by controlling the temperature of a solid polystyrene source, which sublimate under
a background flow of Ar/H> carried through the reactor. In the process shown in Figure 2-19,
the carbon feedstock is gradually increased until it reaches a critical supersaturation value which
triggers graphene nucleation. Once graphene islands starts to form, the reactant flow is

decreased to below the nucleation threshold in order to prevent further nucleation. As the
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growth progresses, the feeding flow is then increased to provide continuous growth for the
graphene domains. It was demonstrated that through this process the nucleation density of
graphene domains can be lower as ~100 nuclei/cm? and the dimension of single crystal grain
up to ~1.2 mm. According to the authors, the electro-polishing of the Cu substrate, followed by
a long thermal pre-treatment, is also an important step for the growth of these large graphene

domains.
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Figure 2-19. (a) APCVD growth of graphene at 1050 °C with a linear increase of temperature of the polystyrene
source and total reactant gas flow. (b-d) SEM image of the obtained hexagon-shaped graphene domains.

Reproduced from [65].

The morphological evolution of graphene crystals in atmospheric pressure CVD on ultra-
smooth, epitaxial Cu(100), Cu(110), and Cu(111) thin films, was also investigated. The growth
of large graphene domains at low density was achieved on the inside of an enclosure formed by
bending a thick copper foil to form an envelope [9]. It was speculated that the inside of the
enclosure offers a much lower partial pressure of methane and a “better” environment during
growth, providing a much lower pressure of unwanted species and a quasi-static background of

Cu vapor.

Jacobberger and Arnold [16] found no clear relationship between the APCVD graphene
and the underneath Cu substrate. However, they shown that the dendritic nature of the growth
can be enhanced or suppressed by controlling the H2:CH4 ratio. According to them, the
morphology trends with varying H2:CHas, depicted in Figure 2-20, can be possibly explained
by: (a) a change in the concentration of CxHy surface species involved in growth; (b) a change

in the dominant CxHy species involved in growth as a result of (a); (c) an increase of the mobility
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of the growth species around the nucleus perimeter; (d) anisotropic hydrogen etching of
graphene domains.

Moreover, the trend displayed in Figure 2-20 suggests that hydrogen shifts the growth
kinetics from edge-attachment-limited to diffusion-limited. In other words, if the attachment of
carbon at graphene edge is the fastest reaction, the growth of graphene nuclei will be limited
by the rate at which diffusive carbon adspecies reach the graphene border. This growth mode
is much more common during LPCVD process, which is discussed in the next section.
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Figure 2-20. Graphene island morphology dependence on Hz:CH4 in APCVD. First, second, and third columns
represent the island structure on Cu(100), Cu(110), and Cu(111). Reproduced from [16].

2.4.3.2 Low pressure CVD - LPCVD

The main reason for using LPCVD instead of APCVD is that the first usually yields better
outcomes in terms of uniformity of the deposited film, substrate step coverage and
contamination by unwanted particles [30]. The deposition process occurs predominantly in the
surface reaction limited regime, as discussed in section 2.2.1, and the rate at which molecules

from the gas phase arrives at the surface increases proportionally to the pressure, i.e., R =
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(2rmkT)~Y2 P. In the particular case of graphene synthesis, it was additionally found a

relationship between the grown graphene and the underneath substrate crystallography.

Wood et al. [17], combining electron backscatter diffraction with spatial Raman
techniques, studied the effects of polycrystalline Cu on graphene growth. They verified that
Cu(100) surfaces often causes slow growth of multilayer graphene, whereas high index Cu
facets frequently induces fast growth of compact graphene islands with anisotropic lobed
shapes. On the other hand, Cu (111) surface was found to promote fast growth of monolayer
graphene with few defects. They concluded that the growth mechanism of graphene was
crystallographically dominated, strongly depending on the surface energy of the Cu crystal
structure and little affected by the surface roughness. These results triggered the attention of
other research groups for the largely neglected influence of the Cu substrate in graphene

nucleation and growth.

Zang et al. [14] reported the growth of large-grain, single-crystalline graphene flowers
with grain size up to 100 um using a vapor trapping LPCVD method. Controlled growth of
graphene flowers with four lobes and six lobes had been achieved by varying the growth
pressure and the methane to hydrogen ratio. However, electron backscatter diffraction
characterization revealed that the graphene morphology had little correlation with the
crystalline orientation of the underlying copper substrate. According to the authors, graphene
morphology mostly relates to the local environment around the growth area (i.e. temperature,
total pressure and H»:CHg ratio) rather than the crystalline structure of the underneath copper

crystal.

Contradicting the study mentioned above, Wofford et al. [20] showed that 4-fold-
symmetric graphene islands nucleate and grow preferentially on the Cu (100)-textured surface,
though each of the four lobes of these graphene domains had a different crystallographic
alignment with respect the underlying Cu. According to the authors, this well-ordered
“polycrystalline” islands form only above ~790 °C and its shape evolution is related to complex
heterogeneous nucleation events at the imperfections of the substrate surface. In addition, it was
observed that sublimation-induced motion of Cu steps at higher temperatures at UHV
conditions also creates a rough surface, where large Cu mounds form under the graphene

islands, as depicted in Figure 2-21.
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Figure 2-21. Bright (a) and dark field (b-e) LEEM images showing the spatial distribution of lobes of 4-fold-
symmetric graphene islands nucleated on Cu(100). Copper step edge accumulation (hillock formation) is
illustrated in (f-i). Reproduced from [20].

The complex interplay between graphene and the underneath substrate was also subject
of others studies [22, 16] where shape, orientation, edge geometry, and thickness of the
graphene domains were found to be controlled by the crystallographic orientations of Cu
substrates. In fact, it was demonstrated that flower-like graphene islands develop dendritic
branches which extend hundreds of microns in the (001), (111) and (101) directions on
Cu(100), Cu(110), and Cu(111), respectively. Jacobberger and Arnold [16] attributed this
phenomenon to the development of Mullins-Sekerka morphological instabilities [75] during the
growth. Meca et al. [22], on the other hand, relate the morphological evolution of the graphene
islands to the anisotropic diffusion of carbon atoms induced by the crystallinity of the
underlying substrate and to the anisotropy of carbon attachment at the graphene edges (see
Figure 2-11).

A similar morphology trend was reported by another study [16] during the growth of
graphene using electro-polished copper foils (Figure 2-22). Under low-pressure conditions, it
was observed that single-layer graphene domains align with zigzag edges parallel to a single
(101) direction on Cu(111) and Cu(101), while bilayer domains align to two directions on
Cu(001). According to Murdock et al. [18], the origin of this relationship is based on the

minimization of the lattice mismatch between graphene and the underneath Cu. Using
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computational modelling, the authors calculate the most stable position at which a nanoscale
nucleating domain (Czg) may preferentially locate above each Cu surface. Their results are

shown in Figure 2-23.
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Figure 2-22. (a-d) Shape and orientation dependence of LPCVD graphene domains on polycrystalline Cu. (e,f,g,h)
SEM images of representative LPCVD graphene domain shapes grown on Cu{101}, Cu{001}, Cu{103}, and
orientations close to Cu{111}, e.g., Cu{769}, respectively.

According to Figure 2-23(a-b), the graphene Cag cluster is stabilized on Cu surfaces (101)
and (001) when its dangling bonds at the zigzag edge form directional bonds with the Cu surface
atoms along the (101) directions. On Cu(111), however, the Czs become stable when its atoms
at the zigzag edge hybridize with two neighboring Cu surface atoms as depicted in Figure 2-23
(c). In all these cases, the armchair edge atoms hybridize mainly among themselves, enhancing
electron density near the corner of the Cog cluster (Figure 2-23-(g-i)) and promoting the growth
in the [-101] direction.

In summary, shapes of individual graphene domains obtained by LPCVD process are
frequently diverse and included polygon and multi-lobed flower-like structures depending on
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the growth conditions and/or crystallographic orientations of the substrate. Atmospheric

pressure CVD, meanwhile, generally led to graphene domains of six-fold-symmetric hexagons.
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Figure 2-23. Computational modeling of graphene clusters on Cu{101}, Cu{001}, and Cu{111}. Red circles

correspond to the surface atoms (high electron density), while regions with depleted electron density are equivalent

to available adatomsites (labeled A). Strong one-to-one hybridization occurs along the Cu (101) direction between

the electron orbitals of the zigzag edge atoms of C,s and Cu surface atoms on Cu(101) and Cu(001) indicated by

yellow lines in g and h. Weaker one-to-two atom bonding between one C and two Cu atoms is observed on

Cu(111). Reproduced from [18].
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3 Experimental Setup and

Characterization Tools

3.1 CVD Reactor

All graphene growth experiments presented in this thesis were carried out in a cold-wall
reactor which operates under high vacuum conditions. | actively participated in the construction
project, being responsible for all assembly and initial testing, as well as the project of
complementary components. Services of welding and fabrication of parts such as ducts and
connections were made in the machine shop of the physics department of UFMG.

The system consists of a cylindrical stainless steel chamber (SS316) with an internal
diameter of 250 mm and height of 300 mm. It is connected to a turbo-molecular pump (Edwards
HFA 301/451), which in turn is connected to a mechanical rotary pump (Edwards RV12). Note,
however, that although the pumps are connected in series, the chamber can be pumped directly
by the mechanical rotary pump as depicted in the diagram of Figure 3-1. This allows one to
operate in low vacuum, 10 Torr, which is pretty much the ultimate limit of the mechanical
pump. Naturally, when the mechanical pump is connected directly to the chamber, the turbo-
molecular pump is isolated from the system by a Gate valve coupled to a cf flange 4-1/2". This

operation is done manually.

Figure 3-1 — CVD reactor for graphene growth
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The pressure is monitored at the outlet of the turbo-molecular pump by a Pirani pressure
gauge, and inside the chamber by another Pirani, and by a cold cathode gauge, which are
connected as diagrammed in Figure 3-1(in red). Operating in high vacuum, with the two pumps
working in series, it is possible to achieve pressures below 5 x 1076 Torr in a short period of

time (~ 30 min).

Inside the chamber, a resistive heater is suspended by two copper cylinders which are
attached to an electrical feedthrough installed on a cf flange at the base of the chamber. Apart
from serving as support for the heater, the copper pieces are also used to transfer the electrical
power from an AC voltage source (which is connected to a voltage transformer) through the

vacuum system wall, to the electrodes (carbon screws) connecting the heater (Figure 3-2)

Originally, the CVD reactor was put in operation using a commercial resistive heater
made of pyrolytic graphite covered with pyrolytic boron nitride (Boralectric® Sample Heater,
purchased from Tectra, Germany). However, after few months of usage, the heating element
stoped working due the degradation of pyrolytic graphite in the contact. The perspective of the
long waiting time that would be necessary to import another component encouraged us to
produce our own heater. To this end, we carved in a graphite bar a very thin region which came
to be the ohmic heater displayed in Figure 3-2 (b). The working area of this resistive circuit is
1 cm? and its thickness is approximately 0.5 mm. It can achieve temperatures up to 1300 °C
with currents near to 90 A. The effects of heat transfer by irradiation on sensors and connectors
are attenuated by two concentric heat shields (confectioned in tantalum) surrounding the base
of the heater. Air coolers are positioned on the outer walls of the chamber to help cool the
system.

The sample temperature is monitored by a k-type thermocouple positioned under the
surface of the heater. An optical pyrometer is also used to monitor the temperature uniformity
over the surface. Radiation devices such this have the advantage of not having to touch the
material being measured. Proper calibration permits the measure of temperatures with 5° C of

precision.
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Hot Region

Figure 3-2 — (a) Commercial sample heater; (b) Homemade graphite heater.

Gaseous reactants are admitted into the reactor via a gas feedthrough connected to a gas
mixer which is coupled to mass flow controllers (M100B MASS-FLO®) through a pipeline.
Flow controllers for the gases methane, hydrogen and argon are currently installed, but a small
change in the gas line allows the replacement of methane by ethylene. A photograph of the

complete system is shown in Figure 3-3.
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Figure 3-3 — Photography of the system built for graphene chemical vapor deposition.

Copper foils were placed on the heater mounted inside the chamber in order to serve as
metal catalyst and substrate in the chemical vapor deposition of graphene. The growth routine
and parameters sets are discussed in details in the following sections. However, it is worth to
mention here that during the growth, graphene domains nucleated on the Cu surface and merge
together to form a uniform graphene sheet as depicted in Figure 3-4. One can investigate either
the film proprieties as well as graphene single-domains characteristics (before full surface

coverage) by controlling the synthesis time. Both studies are presented in the next sections.
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Figure 3-4 — Formation of a continuous graphene film by coalescence of monocrystalline domains of graphene.

3.2 Optical Microscopy Characterizations

Optical microscopy was employed to characterize the as-grown graphene immediately
after the CVD growth. The major advantage of this technique is the possibility to access critical
features of the grown graphene, such as grain size and morphology, in a fraction of the time

usually demanded by other imaging methods (e.g. scanning electron microscopy).

The selective oxidizing of the underlying copper through thermal annealing in air enable
the acquisition of high quality optical images of graphene grain boundaries as well as separated
domains directly on the metal substrate, without the necessity to transfer the grown graphene
to a Si/SiO> substrate. The reason for that is the increase of the interference color contrast
between Cu and Cu oxide produced by the oxidation of the Cu regions uncovered with graphene
(Figure 3-4).

Figure 3-5 — Optical Image of graphene on Cu: (a) As-grown; (b) thermally oxidized in air after the growth.
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The thermal oxidation of the graphene/copper samples were carried out in air on a hot
plate at 200° C for 2 min. As the oxidation also damages graphene, only a portion of the sample
was submitted to this process. The sample was cut into two pieces and one was held in reserve

for other characterizations (i.e. Raman and SEM characterizations).

3.3 Raman Spectroscopy of Graphene

In Raman spectroscopy, the interaction between laser photons with molecular vibrations,
phonons and/or other low frequency excitations of a target material causes a shift in the
frequency of the scattered radiation (Figure 3-6). When the frequency of the inelastically
scattered photon is lower than the frequency of the incident photon, the vibrational state of the
target material is more energetic than its initial state, and the total energy of the system is
conserved. This process is known as Stokes shift. Conversely, the anti-Stokes shift occurs when
the frequency of the inelastically scattered photon is shifted to a higher value compared to the
frequency of the incident photon, and the final vibrational state of the material is less energetic
than its initial state. In both cases, inelastic scattering occurs because energy and momentum

are transferred between the photons and the target material during the interaction [76].
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Figure 3-6 - Energy-level diagram showing the states involved in Raman signal.

The Raman spectrum of graphene is often used to identify modifications introduced
during its preparation and processing, such as structural damage and chemical modifications.
A great deal of detail on the graphene fine structure can also be extracted from the Raman data
since the nature of Raman scattering on phonons is essentially determined by the behavior of
the electrons in graphene (i.e., how they move, interfere, scatter). Therefore, any variation of
the electronic properties due defects, doping and strain should be expected to affects the Raman
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peaks positions, widths and intensities, allowing one to probe electrons by monitoring phonons
[77].

The phonon dispersion of graphene can be calculated using a simple harmonic oscillator
model taking into account the constraints imposed by the symmetry of the honeycomb lattice
[78]. The phonon dispersion curves for the high symmetry points comprise three acoustic (A)

and three optical (O) branches as depicted in Figure 3-7.
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Figure 3-7 — (a) Phonon dispersion of monolayer graphene in the high symmetric directions calculated using the
tight-biding method [79]. (b) Vibrations of the two atoms of the unit cell of monolayer graphene that correspond

to the six phonon branches at the " point. Reproduced from [78].

At the I' point, the iTO and LO modes are double degenerated and correspond to the
vibrations of the sub-lattice A against the sub-Ilattice B as shown Figure 3-7 (b). These phonon
modes belong to the two-dimensional representation Ezg, which is Raman active. The Exg
phonon mode gives rise to the so-called G band, which is seen as one peak in the Raman

spectrum at around 1582 cm ™2,

The G band is a first order resonant Raman process, which occurs when a photon is
absorbed by graphene, exciting an electron from the valence to the conduction band. This
electron is then scattered by an Ez¢ phonon, emitting a photon after its recombination with a
hole, as illustrated in Figure 3-8 (a). One common application for the G-band is in the
determination of the strain and the doping level of graphene. It was observed that the G peak
shifts to lower or higher energies values depending on the type and amount of doping (n or p)

and/or strain (tensile or compressive) induced on the graphene sheet [80, 81].
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Double resonance 2D

G band

D band

Figure 3-8 - (a) First-order Raman process which gives rise to the G band; (b) two-phonon second-order Raman
spectral processes giving rise to the 2D band; (¢) One-phonon second-order Raman process giving rise to the D
band; (d) Schematic view of a possible triple resonance giving rise to the 2D Raman band in graphene. Adapted
from [77].

The two other important bands in the Raman spectra of graphene are the D-band at ~ 1350
cmtand the 2D-band (or G’-band) at ~2685 cm™. [77, 76] The D-band is designated as the
disorder band or the defect band and its intensity is proportional to the level of defects in the
sample. It refers to the ring breathing mode of sp? carbon rings, which is active when the ring
is adjacent to a graphene edge or a defect. The second order of the D-band, the 2D-band, do not
represent defects and always displays a strong signal in the Raman spectra even when the D-
band signal is negligible. The width of the 2D-band can provide information about the graphene

layer thickness.

Both D and 2D bands exhibit a dispersive behavior, i.e. the position and the shape of these
bands may vary significantly with different excitation laser frequencies. The origin of this
behavior is related to a double resonance Raman process wherein the interaction between a
photon and an electron near the K point induces the transition of the latter from the valence to
the conduction band. Then, this electron is scattered by a phonon or a defect to a point belonging
to the cone around the K’ point, from where it is scattered back to the cone centered at K by
another phonon. The subsequent recombination of this electron with a hole yields a photon
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emission. In the case of the D band, the scattering mechanism previously described outcomes
from one elastic scattering event triggered by a crystal defect and one inelastic scattering event
caused by the emission or absorption of an iTO phonon (Figure 3-8b). In the case of the 2D -
band, both processes are inelastic scattering events involving two iTO phonons (Figure 3-8c).
This double resonance mechanism is called an inter-valley process because it connects points

in circles around inequivalent K and K’ points in the first Brillouin zone.

The 2D band may also emerge as result of the scattering of holes in a process known as
triple resonance Raman scattering [4,5]. In this process, the graphene system absorbs an
incident photon and give rise an electron-hole pair around K point. Then, the electron is
scattered by a phonon to a point belonging to the K’ cone, similarly to what occur in the double-
resonance model. However, in the triple resonance scattering a hole is also scattered by a
phonon from the valence band around K to the valence band centered at K’, in an intervalley
process (Figure 3-8d). Next, the electron and the hole recombine, emitting a photon in the
process [76, 77]. The triple-resonance condition is used to explain the higher intensity of the

2D-band compared to the G-band in the monolayer graphene.

The quality of as-grown CVD graphene can be evaluated by analyzing the peak intensity
ratio of the 2D and G bands. In fact, a large value for the ratio I.p/lg as well as the lack of a D
band can be often interpreted as signature of high quality defect free graphene. Moreover, the
spectra exhibit a sharp symmetric 2D-band in the case of single layer graphene.

3.4 Electron Backscatter Diffraction

3.4.1 Fundamentals of Electron Backscatter Diffraction

Electron backscatter diffraction (EBSD) is a powerful method for quantitative
microstructural information about the crystallographic nature of metals, minerals,
semiconductors, and ceramics. The analysis of the EBSD patterns can provide key information
about the crystallographic orientation, texture and phase identity of a particular material in a

non-destructive way and with minimum specimen preparation.

The discovery of the fundamental diffraction on which the EBSD is based can be traced
back to 1928 [82] but just posterior advances made in the hardware and software used to capture

electron backscatter patterns on an automatic basis allowed EBSD to become practical. Today,
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EBSD is a common analytical tool based on an accessory system that can be equipped on most

scanning electron microscopes (SEM), as illustrated in Figure 3-9.

RD = X = [100]
TD=Y =[010]
ND =Z = [001]

ND =
Normal

Direction TD = Transverse Direction

€Flash

RD = Reference Direction

Figure 3-9 — Basic EBSD setup

In atypical EBSD measurement, a flat, highly polished specimen is positioned at the SEM
sample stage, which is used to tilt the plane of the sample to a shallow angle, typically 20°
respectively to the incident beam. The primary beam interacts with the crystal lattice producing
low energy loss backscattered electrons that are channeled and subject to different paths,
leading to constructive and destructive interference [82]. The set of directions that backscattered
electrons can take satisfying Bragg condition is the surface of a cone at each side of the lattice
plane [83] as illustrated in Figure 3-10. These cones are called Kossel-cones and due to its
flatness, their area of interaction with the detector screen appears as bands, known as Kikuchi

bands.

Phosphor screen

Diffracted
electrons

Figure 3-10 — (a) Bragg -reflection of electrons from a local electron source Q at the (010) and (021) lattice planes
leading to a signal on the detector screen; (b) Position of the Kossel cones of a lattice plane in respect to the
detector. Adapted from refs [83] [84].
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The process which determines the actual indexing of the Kikuchi bands involves
comparing the information derived from the pattern obtained experimentally with the
theoretical values for reflectors in known phase reference tables. In general, specialized
computer software analyzes the EBSD pattern by detecting a number of Kikuchi bands using
an optimized Hough transform. Basically, the Hough transform converts the Kikuchi bands
(Figure 3-11 (a)) to points in Hough space (Figure 3-11 (b)), which are easier to be localized
and identified by an image processing software [84]. The software determines all possible
orientations with each phase and reports the best fit, with the deviation from the reference data
(Figure 3-11 (c)). Each Kikuchi band is then indexed by the Miller indices of the diffracting
crystal plane which formed it (Figure 3-11 (d-e)). With a priori information about the candidate
material under the beam, EBSD can be used to provide a complete crystal orientation map of a

polycrystalline sample as depicted in Figure 3-12.

Figure 3-11 - Sequential steps of EBSD processing. (a) Kikuchi bands of the diffraction pattern collected from

silicon; (b) Hough transform of the Kikuchi bands obtained in (a); (c) ldentification and fitting of the points

43



obtained in (b) by comparing it with the values known from reference tables. (d) Inverse Hough transform of the
peaks found in (c). (e) Original diffraction pattern indexed by the Miller indices. Reproduced from Ref. [84].
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Figure 3-12 — Grain orientation map of a polycrystalline sample obtained via EBSD. Reproduced from [84].

The spatial resolution of the EBSD map is determined by the SEM electron optics as in
conventional backscattered electron imaging. The EBSD detector generally consists of a CCD
chip illuminated by a phosphor screen that intersects the spherical diffraction pattern. The
phosphor converts the diffracted electrons into light suitable for the CCD camera to record. The
accelerating voltage of the incident beam range from 10-30 kV, and the currents, 1-50 nA.
Modern EBSD equipment allows the automatic acquisition, analyzing and storage of diffraction

patterns.
3.4.2 EBSD Data - Inverse Figure Pole

The stereographic projection allows one to represent 3D directions in two dimensions.
That is, a point P on the surface of a sphere can be represented by its projection at the equatorial
plane of the sphere as depicted in Figure 3-13 (a-b). If a sample with a cubic unit cell were
placed at the center of the projection sphere with its principal axes aligned with the axes of the
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sphere, then the crystal directions and plane normals can be projected onto the equatorial plane

as displayed in Figure 3-13 (c-d).

(2)

|

010

RD
001 100

Figure 3-13 -(a) Projection of a point P on the surface of a sphere onto the equatorial plane at p; (b) The
stereographic projection of the point P; (c) A cubic unit cell placed at the center of the projection sphere with its
six {001} plane normals (poles) highlighted; (d) A stereographic projection of the directions shown in (c).

Reproduced from [84].

As can be seen in the Figure 3-13 (c-d), the stereographic projection generates a set of
equivalent points corresponding to the symmetrical directions of a particular crystal. However,
to describe a family of equivalent crystallographic directions, the “unit triangle” shown in
Figure 3-14 is more appropriate [84]. This triangle corresponds to the inverse pole figure (IPF)
of a cubic crystal and is defined in such way that any of the crystallographically symmetrical
equivalent directions assigned to a particular sample appears only once. In general, the IPF of
given crystal is determined by the stereographic projection of the point group of the

corresponding crystal Laue class.

Inverse pole figure orientation component uses a basic RGB coloring scheme. In cubic

phases, full red, green, and blue are assigned to grains whose surface-normal direction are
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<100>, <110> or <111>, respectively. Intermediate orientations are colored by an RGB mixture
of the primary components [82], as seen in Figure 3-14.
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Figure 3-14 — Construction of the inverse pole figure. Only one stereographic triangle is required to describe a

family of equivalent crystallographic directions because all triangles in the stereographic projection are
symmetrically equivalent. Adapted from [84].

3.5 Transferring Graphene

For various applications, graphene grown by chemical vapor deposition must be
transferred from the metal catalyst to a different substrate. This is a critical step in graphene
production as the single atom layer is quite fragile and can suffer significant mechanical damage
during the process. In the next sections we will discuss the two most successful methods utilized
in this work to transfer the graphene grown on the Cu foil to silicon dioxide/silicon (SiO2/Si)

substrates.
3.5.1 Cu dissolution transfer method

The most common method used to move graphene from a metal onto another substrate
involves a sacrificial polymer layer [10, 85]. The general idea of this method is to attach a
polymer (poly-methyl —methacrylate, or PMMA for shorter) to the graphene side and then
dissolving the metal on the opposing side in an etchant bath. The resultant polymer/graphene
complex is then placed upon the target substrate, and the sacrificial polymer layer is removed
by a solvent (Figure 3-15). This procedure takes several steps as we will describe next.
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Figure 3-15 — Schematic illustration of graphene transfer from Cu foil to an arbitrary substrate. Reproduced from

The deposition of the polymer onto graphene is carried out via spincoating. In this
process, liquid PMMA (950-C2) is laid onto graphene, and then spun at high speeds (~2500
RPM) for 60 seconds. The sample (Metal/Graphene/PMMA) is then cured on a hotplate at 160°
C for 5 min, resulting in a smooth uniform layer of PMMA firmly attached to the graphene, and
having a thickness no greater than 300 nm. This layer safeguard graphene during the oxygen
plasma etching which is employed to remove the graphene grown on the opposite side of the
substrate, the one not covered by PMMA. Moreover, it also protects graphene from cracks and

tears due to physical disturbances.

Next, the metal is dissolved in an etchant bath of 0.1 M of ammonium persulfate,
(NH2)4S20s, for 24h. After the dissolution of the metal, all traces of any etchant used must be
washed off in multiple baths of deionized water. This is done by moving the floating layer of
PMMA-graphene from on bath to another through a “fishing out” procedure, wherein a piece
of Si/SiO2 is used as transfer base. One should be very careful during this stage, as the graphene
layer is exposed on the polymer. The PMMA-graphene layer is then fished out one last time by
the desired substrate and left to dry. We note that heating the substrate with the PMMA-
graphene stack on top allowed the PMMA to become malleable, thereby relaxing on the

substrate surface and enhancing the graphene contact with the substrate.

The polymer is removed letting the sample sit in acetone overnight, and then rinsing it

with isopropyl alcohol (IPA) and blown it dry with nitrogen.
3.5.2 Electrolysis induced Hz bubbling transfer method

In this method, graphene can be readily detached from the metal catalyst by H> bubbling
resulting from H2O electrolysis [85]. It is much faster than the dissolution transfer method since
the electrolysis takes just few minutes to separate graphene from copper. In addition, this
technic does not require many washing stages compared with the transfer route that use etchant

solution.
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Spin coated PMMA is also used as the supporting polymer thin film in this transfer
process. Similarly, the graphene on the bottom face of the foil is dry etched by O2 plasma as
described in previous section. The PMMA/graphene/Cu-bundle is then used as the cathode of
an electrolytic cell with 0.25M NaOH aqueous solution electrolyte. For the anode, a platinum
electrode is used (Figure 3-16). To start the process, the current is ramped to ~1A and
maintained at that level until the graphene is completely separated from the Cu foil by the H>
bubbling. The typical time required for separation is 1-5 min. Once detached from the metal,
the PMMA/graphene-bundle is picked up and rinsed in deionized water bath. Next, it is placed
on the target substrate and left at room temperature until it gets dry. The removal of the PMMA

layer is done in the same manner described in the previous section.
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Figure 3-16 - H; bubbling separation of the frame/PMMA/graphene from the Cu foil induced by H2O electrolysis.
Adapted from [85].

3.6 Electrical Characterizations

3.6.1 Graphene Field Effect Transistor (G-FET)

The ability to modify the electronic properties of a material by applying an externally
voltage is the core of modern electronics. It allows one to vary the carrier concentration in a
semiconductor device and, as a result, change the electric current passing through it. Therefore,
it is not surprise that the outstanding carrier mobilities found in graphene field effect transistors
(GFETS) has propelled an extensive amount of research in graphene based device. The most
often studied GFET is the back-gated configuration shown in Figure 3-17, wherein graphene is
contacted to form source and drain electrodes and the silicon and silicon dioxide of SiO/Si

substrate serve as back gate electrode and dielectric, respectively. [86]
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Figure 3-17 — Graphene based back-gated field effect transistor [87].

The peculiar shape of graphene n-band around the points K and K’, referred as “Dirac
cones”, accounts for grafene’s intrinsic electrical transport characteristics. As previously

discussed (section 2.1.2), the energy has a linear dispersion behavior in this region [26]:

e(k) = thvg|k| eq. 3-1

where v is the Fermi velocity ( = 10 m/s). The Fermi wavevector for all 2D systems is given

by filling up the non-interacting momentum eigenstates up to q = kr,

Kr dq ke’ eq. 3-2
nzgsgvj;) dez% -  kgp=+nnm
where n is the density of charge carriers per unit area [88], and g, and g,, (both equal 2) are the

degeneracies of spin and valley, respectively. Substituting eq. 3-2 in eq. 2-11, one obtains:
€(kr) = hvgkp = hvpvnm eq. 3-3

As a result, the Fermi level energy of graphene can be tuned near the Dirac point through
selective control of the carrier concentration, n, which can be modulated by biasing the gate
terminal. The amount of charge injected by the application of the electric field can be easily

calculated since the system behave like a parallel-plate capacitor,

q =ne =cV; eq. 3-4

where ¢ is the total charge injected into the material per unit area, V; is the applied voltage at
the gate, and c is the capacitance per unit area, given by ¢ = g,¢,,/d, where g, is the electric
permittivity of vacuum, ¢, is relative permittivity of SiO2 and d is the width of the SiO: layer,

namely the distance between Si and graphene. By rearranging equation eq. 3-4, one can write:
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c .
n= ;(VG — Venp) €q. 3-5

where V. p is the voltage at the charge-neutrality point, for which the source-drain conductance
is minimal. For undoped graphene, V. yp = 0. However, at ambient conditions, the samples are
often found to be p-type doped materials due to unintentional doping caused either by the
condensation of water vapor, present in air, onto graphene surface, as well as by residues of the
PMMA used during the graphene transfer and photolithography. In this circumstances, Voyp >

0, and the energy of the last occupied state in function of the gate voltage assume the form:

c eq. 3-6

€(kp) = hvp ;”(VG — Venr)
To describe the behavior of the source-drain conductivity with the gate voltage, one may
invoke the semi-classical conductivity equation, ¢ = enu, wherein p is the carrier mobility,
given by u = e(r)/m*. The effective mass can be written asm* = (2ex/vr?) , [88] which

leads to:

2

. " .37
o= BZ%W) =22 <\/é(VG _VCNP)> (1) .

where (7) is the relaxation time, and depends on the type and rate of scattering processes which
mobile charge carriers are subjected. Moreover, graphene FETs have an ambipolar conduction
behavior, i.e. either electrons as well as holes can dictate graphene electrical conduction
comportment depending on the chemical potential (Fermi level) of the system, which in turn,
can be modulated by an external voltage applied at the back-gate. In fact, by applying a negative
bias on the Si gate, electrons are removed from graphene, shifting the Fermi level to below the
Dirac point. As result, the electrical transport at this half-filled band configuration occurs
mainly due to the positive carriers, i.e. holes. On the other hand, the application of positive bias
at the back-gate produces an increase of the number of electrons embedded in graphene, shifting
the Fermi level to above the Dirac point. Again, a half-filled band configuration is established,
but at this time, the electrons are the major charge carriers. Figure 3-18 illustrates the behavior
of the intrinsic resistivity and conductivity of undoped graphene as a function of applied gate
voltage. For Vg = 0V, the Fermi level lies exactly between the conduction and valence bands.
The occurrence of a minimum non-zero value of conductivity at this point reflects the
inexistence of a band gap in graphene band-structure. Indeed, the graphene FET channel has a

low resistance modulation ratio pon/poff ~6. This ratio, often referred as current ratio lon/lotf, does
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not exceed 10 at room temperature, and for this reason, the use of graphene for logic devices,
where the minimum required lon/loff exceeds 103, is unfavorable. Nevertheless, graphene was
found to be attractive for high-frequency electronics, where transistor current gain is more

important than lon/lofr [86].
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Figure 3-18 - typical transfer curve for a single-layer graphene transistor: channel resistivity (blue line) and channel

conductivity (red dashed line) vs. gate voltage. Adapted from [89].

It turns out that disturbances in graphene electronic structure produced by its interaction
with the underneath substrate or by the presence of defects and adsorbed impurities may
produce significant decrease of GFET conductivity. In particular, the field effect mobility of
the charge carriers, p, degrades significantly due to extrinsic scattering mechanisms [90, 91,
92], which contribute to the reduction of the mean free path and the relaxation time. Hence, the
measurement of p is often used to evaluate the quality of the synthesized graphene. The carrier

mobility can be obtained from:

1 (da) 1 <d0> eg. 3-8
‘u =—l—)]=—| —
e \dn c\dy,
where the derivative term can be estimated from the linear region of the curve o x V; (Figure

3-18). However, is more common to use the curve of transconductance (Isp X V) to obtain the

electron mobility. In this case, equation eg. 3-8 can be rewritten as:
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L dlsp eg. 3-9
H= awvg, \ v,

where W is the width and L is the length of graphene channel and I, and Vs, are the current

and voltage between source and drain, respectively.
3.6.2 Device Fabrication

Graphene device fabrication begins with the spin coating of thin layer of the photo-
sensitive resistor over the surface of the graphene film which was previously transferred to the
Si/SiO; substrate. In this process, liquid positive photoresist S1805 is laid onto the sample and
then it is spun at high speeds (~1000 RPM), thereby spreading the coating material uniformly

over the surface. The polymer is then cured on a hot plate at 100 ° C for 1 min.

Next, a pattern previously created in a CAD program is written direct on the photoresist
by a laser writer machine (Microtech LW405) which uses a laser of 405 nm to scan the sample
along the xy-axis. This process transfer the desired pattern to the photoresist in the same way
an inkjet printer transfer a pattern to a sheet of paper. The sample is then immersed in a
developer solution (MF321) that removes the exposed photoresist, revealing the graphene layer
upon which metal will be evaporated in the following step. The deposition of 5 nm of Cr prior
the deposition of 50 nm of Au is necessary in order to improve the adhesion of the electrical

contacts with the substrate.

The remaining photoresist is removed in a bath with acetone, in a process known as lift-
off [93] which leaves only the contacts of Cr/Au. A new layer of photoresist in then deposited
onto the sample and optical lithography is used to pattern the graphene film. Once again, the
exposed photoresist is removed, but this time it reveals the graphene region which will be etched
by a RIE plasma of Ar/O,. This plasma removes the exposed graphene but leaves intact the
material protected underneath the resist layer. The process ends with a final lift-off step. The

entire procedure is schematized in Figure 3-19.
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Figure 3-19 — Sequential steps of G-FET production.




4 Results and Discussion

4.1 Cu-Catalyzed Methane-Based graphene CVD

The synthesis of graphene was initially performed following the near standard

conventional procedure reported in the literature [72], which is described next.

Commercially available 25 pum thick copper foils were placed on the graphite-heater
mounted inside the homebuilt stainless steel chamber as described in section 3.1. The chamber
was pumped to below 10 Torr in order to remove as much air as possible. The copper foils
were then annealed at 900 °C for 30 min in a hydrogen environment in order to remove the
oxide layer from the copper surface. This thermal treatment also served to increase the grain
size of the copper and to remove any structural defects of the surface, which could compromise
the quality of the resulting graphene film [94]. Methane was supplied as carbon precursor at a
rate of 1 sccm diluted in 10 sccm of hydrogen for 20 s to 30 min in order to grow graphene.
The total pressure in the reactor was on the order of 10 Torr and the temperature was in the
850-950 °C range. After the growth, the samples were cooled down to room temperature in

vacuum.
4.11 The Temperature Dependence of Graphene Films

The influence of the growth temperature on the quality of the resulting graphene was
investigated by comparing several individual samples that were grown at different temperatures
in the interval of 870 °C to 910 °C. For a better understanding of its effect over the size of

graphene grains, we used a short growth time to avoid full graphene coverage as depicted in

Figure 4-1.

870 °C

890 °C 910 °C

Figure 4-1 - SEM images of graphene domains grown at different temperatures.
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For longer growth times, the graphene fully covers the copper foil. The resultant film is
an intricate patchwork of grains connected by tilt boundaries, which size and density strongly
depends on the growth temperature. By comparing the Raman spectra (Figure 4-2) of graphene
films grown at the same temperatures of the samples showed in Figure 4-1, it is clear that there
iIs more defect formation at lower temperatures and that the quality is significantly better for
higher growth temperatures. The D/G ratio follows a clear trend, decreasing as the temperature

increases, whereas the 2D/G ratio shows the opposite trend, increasing with the temperature.
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Figure 4-2 - Raman spectra of graphene films grown at different temperatures. The photoluminescence of the

copper substrate produces a strong background in the Raman spectra.

The full width at half maximum (FWHM) of the 2D peak is also large (~40 cm™) in the
samples grown in lower temperatures, which could be due to the existence of more layers of
graphene than a single monolayer [95]. It can also be due to several small grains of monolayered
graphene being probed at the same time. The 2D peak is then broad due to integration over
different graphene grains, which each contribute a single sharp Lorentzian peak in the spectrum.
This results in a Gaussian distribution of Lorentzians, which can be fitted with a VVoigt function,

as seem in Figure 4-3.

Based on these results, we can understand the growth process as follows. At low
temperatures, carbon species quickly nucleate new domains rather than move on the copper
surface and enlarge existing domains. That is, the surface mobility of the carbon precursor on
the copper surface is low at low temperatures. At high temperatures, on the other hand, the
carbon species moves longer distances on the copper surface and expands an existing graphene

grain instead of creating a new one. The desorption of carbon species may play an important
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role in this process. Although it can be negligible at low temperatures (T< 850 °C), desorption
may become important at high temperatures, resulting in desorption-limited growth. [96, 37]
Namely, the increased rate of re-evaporation of active carbon species at high temperatures
(which may also be related to the substrate sublimation) causes that fewer nucleation sites are
formed, leading to larger graphene monocrystalline domains, which are crucial to minimize the

amount of defects in the resulting film.
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Figure 4-3 - Comparison of bad Lorentzian fit and good Voigt fit of the same spectrum.

It is worth to mention that the increase of the rate of desorption of carbon species may be
related to the increase of copper sublimation at higher temperatures. In fact, we present in
section 4.2.2 strong evidence that copper sublimation and self-diffusion severe impacts

graphene growth under low background pressure.

4.1.2 Film Strain

It has been shown that an enclosure of copper foil can be an interesting way to grow
graphene. This configuration limits the concentration of the carbon feedstock on the inside of
the enclosure (also called envelope), leading to the growth of large graphene grains [97].
Similarly, the carbon concentration can be limited on the bottom side of a flat copper foil which
lies over a plane surface. Since the copper foil can never be completely flat on a microscopically
scale, there will always be different channels for the carbon precursor to reach the surface,
which allow graphene growth on the bottom side of the Cu foil. This creates a gradient where
more of the carbon precursor reaches the edges of the sample whereas less carbon can react
with the central parts. This novel substrate/catalyst architecture provides means of studying the

coalescence of graphene domains during the film formation. As can be seen in Figure 4-4 (b),
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the gradient in carbon concentration yields a transition from fully covered graphene to
individual graphene domains.

(@)

Cu Foll
Carbon Heater

Feedstock

-

x=130 um

x=230 um x=330 um x¥750 iJm-
Figure 4-4 — (a) Sketch of the Cu substrate positioned over the graphite heater and typical SEM
image of the backside of the substrate after the growth. (b) Optical images of the graphene
grown along the backside of the copper foil. Graphene fully covers the copper at the edge of
the sample (x=30 um), whereas individual grains covers the middle of the foil (x=730 um),

where less carbon had access.

Raman spectroscopy was used to investigate the synthesized graphene. The Raman
spectra were measured along a straight line crossing the sample, as depicted in Figure 4-4 (a).
The position of the G peak shifts as the laser scans the sample from its edge to its center (Figure
4-5). The maximal shift occurs at the regions where individual grains are grown. The 2D peak

shifts in a similar manner, but with higher magnitude, as seen Figure 4-6. For clarity, we
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subtracted the background due to Cu photoluminescence from the Raman spectra showed in Figure

4-5 and Figure 4-6.
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Figure 4-5 - Raman spectra in the D-G region taken at the same locations as the images shown in Figure 4-4. The
G peak blue shifts about 10 cm* from the edge of the sample to middle where the individual grains can be seen on
copper substrate. The sample position axis represent how far away from one of the edges the spectra was acquired.
A D peak can be seen to appear in the region where the individual grains are grown. This is consequence of more

graphene edges being probed.
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Figure 4-6 - Raman spectra in the 2D region taken at the same locations as the images shown in Figure 4-4 The
2D peak blue shifts about 30 cm™ from the edge of the sample to the middle, where the individual grains can be

seen on copper substrate.

According to references [80, 81], the G and 2D peaks shift due to strain and/or doping. In
our case, we verified using scanning tunnelling spectroscopy (STS) that the doping level of the
as-grown graphene is negligible. Therefore, the observed shifts of the G and 2D peaks of 9 cm”
! (Figure 4-5) and 28 cm™* (Figure 4-5), respectively, indicate that our sample is strained rather
than doped. This conclusion is corroborated by references [80, 81], which reported that the 2D
peak is less affected by doping and more affected by changes in strain than the G peak.

58



Compressive biaxial strain usually leads to a phonon hardening (blue shift) for graphene,
while tension leads to phonon softening (red shift). [98]. We verified a maximal blue-shift at
the regions where individual graphene domains grew, thereby indicating that individual
domains are more strained (compressive) than the fully covered graphene. We estimate the
average strain induced on graphene from the Raman features using the mode Griineisen
parameter y = Aw/2ew,, Where w, is the Raman mode frequency and Aw is the shift in the
mode frequency induced by biaxial strain . Using the Grilineisen parameters of y,; = 1.8 [99]
and adopting the peak positions of the G band as w,“ = 1584 cm™! in the absence of strain,
we found that individual graphene domains are under compressive strain of 0.3% whereas
complete graphene films are 0.1% strained as depicted in Figure 4-7. These values are close to
those presented in reference [99] where the authors predict frequency shifts in the range of 0-11.4

cm for the G mode and 0-27.9 cm™ for the 2D mode in the strain range of 0-0.4%

The origin of observed strain may lie in the graphene growth process itself. In fact, in
section 4.2.2 we show that copper undergo substantial sublimation during the growth, which
change the morphology of the substrate surface, leading to copper step retraction and copper
faceting. This phenomenon often creates a rough surface underneath graphene, which may
produce an appreciable strain over the graphene overlayer. Moreover, as graphene growth
process occurs at high temperatures and ends with the graphene/metal system being cooled
down to room temperature, it is plausible to expect that strain is also generated due the
competition between copper contraction and graphene expansion that occurs during the cooling
stage. This is consequence of the difference between the coefficients of thermal expansion for
graphene (-6 x 10°/K) and copper (24 x 10°%/K) [72].

The remaining question is, why graphene domains are more strained then complete films?
To shed light on this issue, one must first consider the relation between graphene and the
underneath substrate. In general, the graphene-metal interaction with the majority of transition
metals is assumed to be small, approximately 100 meV per atom [100]. However, experimental
findings support that the interaction between carbon and metal atoms at the graphene edges is
much more strong, such that small graphene island tend to be dome shaped [101]. Therefore,
the strong carbon-metal bonds at the graphene edge may play a key role in the induction of

strain on the deposited graphene.

One simple interpretation for the fact that complete graphene film is less strained than

individual graphene domains is that the coalescence of the individual domains, which lead to

59



film formation, decouples the graphene edges from the substrate, enabling the film relax (at
least partially). Individual graphene grains, on the other hand, have its edges more tightly bound

to the substrate and, thus, are unable to expand in order to relax.

Currently, we are working to better understand these findings, and preparing a manuscript
for publication.
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Figure 4-7 - Strain evolution over the sample shown in Figure 4-4.

4.1.3 Film Electrical Proprieties

In order to further characterize our grown material for future applications, we transfer it
from the metal catalyst substrate to SiO2/Si. The H> bubbling technique described in section
3.5.2 provides a shorter route to transfer graphene from the catalyst surface to the desired
substrate than the substrate dissolution transfer procedure (section 3.5.1); however, we found
that the later method produces fewer cracks and tears on the transferred graphene films. Optical
microscopy and Raman spectroscopy characterizations suggest that the quality of monolayer
graphene transferred by both methods is very good although some degree of p-doping was
verified due the presence of residual PMMA resultant of the transfer process (this is evidenced
by a shift on the G and 2D bands of Raman spectra). In Figure 4-8, it is shown optical images
of a graphene film and individual graphene domains transferred to SiO./Si.

To investigate the electrical properties of the synthesized graphene, we fabricated the
back-gated GFET shown in Figure 4-9 from the graphene monolayer film presented in Figure
4-8 (a).
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(a) (b)

Graphene Film

Figure 4-8 — (a) Graphene film and (b) graphene monocrystalline domains transferred to SiO/Si. The achievement

of large graphene single domains as showed in (b) is discussed in details in section 4.2.

Figure 4-9 — Back-gated graphene field effect transistor (GFET). See section 3.6.2. for further details.

We utilized the circuit illustrated in Figure 4-10 to obtain the transconductance curve of the
fabricated device. The current between the source and drain terminals is measured by a lock-in
connected to a computer running a LabView application. This computer also control voltage
difference applied between graphene and the p-doped Si substrate. This circuit is protected by
a high resistance resistor with is placed in series with the substrate to prevent that over-currents
originated by the dielectric rupture of the 300 nm silicon oxide damage the system.

The transconductance curve of the device shown in Figure 4-9 is presented in Figure 4-11.
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Figure 4-10 — Experimental setup for electrical measurements
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Figure 4-11 - Transconductance curve of the device shown in Figure 4-9.

The device shows typical characteristics of p-type doping, with the Dirac point located at
positive gate voltage of about +40 V. It also displays electron-hole asymmetry, with suppression
of the electron conduction branch. The p-type doping is attributed to residual PMMA from the
transfer and photolithographic processes. The electron-hole asymmetry is likely originated from
imbalanced carrier injection caused by “misalignment” between the contact electrode work

function and channel neutrality point [102]. The hole transport branch switch from saturation
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at -20 V to current minimum at the Dirac Point (+40 V). The carrier mobility was estimated to
be 1300 cm?/V - s for holes at ambient conditions. Although this is not an extraordinary value,
it is not bad since we still have much room to improve it. In fact, we found that adopting a
PMMA solution with lower concentration gave fewer residues after exposure to acetone. It has
yet to be verified how this improvement affect the graphene doping level and the charge carrier
mobility. Besides, techniques such as the current annealing, wherein a current conducted
through the graphene film was reported to remove contamination on the graphene surface by

Joule heating [103], can also be employed.

4.2 Graphene Growth at Very Low Pressure

4.2.1 The Liquid Precursor

During a typical CVD process, the vacuum chamber must be clean in order to quickly
reach the base pressure when pumped down. We noted, however, that over the long term the
time necessary by the system to reach the desired pressure had increased. Moreover, we verified
that graphene was growing even without the introduction of methane to the reactor. These
observations impelled us to search for contaminates which could be acting as carbon sources
during the growth. Typical contaminants of high vacuum systems include oil and grease on
screws and seals, as well as condensed vapors adsorbed on the walls of the reactor. Therefore,
we perform a meticulous cleaning procedure to ensure that the vacuum components were clean
and grease-free. We found, however, that the contamination was eliminated only when the
rotary vacuum pump (see section 3.1) was replaced by an oil-free diaphragm vacuum pump.
This result (and other additional tests) led us to conclude that the source of contamination was

the back streaming of oil vapors at the inlet of the rotary pump.

A remarkable aspect of this oil vapor back streaming (10 to 10 Torr) is that it could be
used to grow large graphene single crystals, as depicted in Figure 4-12. In fact, using methane
we were not able to achieve such large domains since the increase of growth temperature often
demanded the increase of methane concentration, which generally led to the increase of
nucleation density and the decrease of domains size. In contrast, the “oil vapor precursor”
enabled the growth of low density of graphene domains at temperatures above 920°C, up to
temperatures close to the copper melting point (~980 °C at 10 Torr).
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This precursor is a vapor of a paraffinic oil, a petroleum derivative composed of a mixture
of alkanes with the molecular formula ChH2n+2 in the C2o to Cso range. The major benefit of the
employment of high molecular weight liquid precursor compared to the widely used low
molecular weight gaseous sources, such as methane and ethylene, is the possibility to synthesize
graphene at lower temperatures and low precursor concentrations. This fact can be explained in
terms of the competition between desorption and dehydrogenation processes, as discussed in
section 2.3.2. In simple terms, larger molecules are more efficient to produce carbon active
species because they have high desorption barriers that inhibit their easy desorption during the
consecutive dehydrogenation steps. The same do not occur with small molecules such methane
and ethylene which have a small desorption barrier compared to their dehydrogenation barrier.
In this latter case, the growth only proceeds at much higher supersaturation, i.e. at much larger

partial pressures.

Based on this serendipitous finding, we decided to further investigate the growth using
this liquid precursor. Hence, graphene was grown exposing the surface of 25 pm-thick copper
foils to a low pressure (107 Torr) of paraffinic oil vapor. No hydrogen or other gaseous species
were employed during growth and it was found that no pretreatment of the substrate was
required before the synthesis; even the usual thermal annealing was dispensed. This latter
observation is justified by a recent study [104] that claims that copper with an oxidized surface
act as a self-cleaning substrate for graphene growth. According to this work, the thermally
decomposition of copper oxide releases oxygen, which reacts with the carbon residues on the
copper surface and forms volatile compounds. The desorption of such compounds (e.g. carbon

monoxide and carbon dioxide) leave a clean copper surface free of carbon.

The quality of the obtained graphene domains was very high as indicated by the Raman
spectra shown in in Figure 4-12. As long as the laser spot is entirely focused inside the grain,
without probing its edges, the D peak is significantly smaller than the G band. It can be
comparable to the noise level, which indicates that few defects are present [77]. The 2D peak
is up to 4 times more intense than the G band and with a FWHM down to ~28 cm™, further

confirming the good quality of monolayer graphene.
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Figure 4-12- (a) Optical image of large graphene domains grown at low pressure and high temperature (960 °C)
using paraffinic oil; (b) Raman Spectra of a single graphene domain. For clarity, the strong background due
to Cu photoluminescence was subtracted from the Raman spectra

We also observed that graphene domains having different shapes were grown on the many
different grains that compose a Cu foil. Such trend is more evident at higher temperatures, close
to the copper melting point (~ 980 °C at 10 Torr). This evident relationship between the
observed graphene morphologies and the underneath Cu grain is discussed in more details in

the next section.
4.2.2 The impact of substrate surface self-diffusion in domain shape

This section is mostly based on the work published in ref. [105]. Here, we focus on the
characterization of isolated graphene domains grown at different temperatures, obtained prior
to the coalescence of a complete monolayer. We found that graphene domains often exhibit
different morphologies at different Cu grains when grew at high temperatures. To determine
the crystal structure of our underlying Cu foil substrates, we perform electron-backscatter
diffraction (EBSD) measurements. These measurements give us crystallographic orientation in
the x, y, and z directions, but here we will only consider the z plane of the copper surface.
Figure 4-13 shows a typical orientation map of the different grains that compose a Cu foil. The
EBSD map of this foil shows a crystallographically diverse Cu surface, composed of Cu(111),
Cu(113), Cu(013), Cu(012), Cu(101), and Cu(001) facets.
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Figure 4-13 — EBSD map of a typical Cu foil used during graphene growth.

One can correlate the EBSD map with scanning electron microscope (SEM) imaging to
assess graphene coverage visually. In this way, we verified that aligned six-folded graphene

domains can be grown over the Cu(113) face as depicted in Figure 4-14.

111

100.0um

Figure 4-14 - SEM image and the corresponding EBSD data (inset) of graphene grown over as-receveid Cu foil
on Cu(113) surface at 960 °C.

Graphene domains grown on polycrystalline Cu at 960 °C exhibit multi-branched
dendritic edges as depicted in Figure 4-15. EBSD analysis revealed that four-lobed domains,
having square and rectangle symmetries, are associated to Cu (001) and (101) surfaces,
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respectively; whereas six-lobed, star-shaped, domains are found on (111). The average domain
growth rate (R), calculated based on analysis of optical images and deposition time, was very
high, ~ 2-3 um?/s. Growth was faster, R= 3 um?/s, on atomically flat Cu surfaces [(001) and
(111)] than on the stepped (101) surface, R= 2 um?/s (Figure 4-16.a). These results are in
contrast to those reported in reference [106] where growth on Cu(111) was found to be faster
than on Cu(001) but slower than growth on (101) and on high index surfaces. The referred
results, however, were obtained from APCVD processes which generally display trends
completely different from LPCVD processes. Relying only on our own results from LPCVD,
we attributed the slower graphene growth rate on Cu (101) to the presence of monoatomic steps
which can effectively increase the diffusion barrier felt by the diffusive adspecies in certain
directions. [107].

Cu(ld L) Cu(001) ‘ Cu(101)

Figure 4-15 — (a) Optical images of graphene domains grown on as-received Cu foil. The growth temperature was

950 °C and the precursor partial pressure 5 x 10 Torr.

Micro-Raman spectra of as-grown domains acquired at different Cu crystallographic
surfaces shown similar characteristics: large 2D to G-peak intensity ratio of lop/lc=3 and a 2D
peak width (FWHM) of 32 cm™ (Figure 4-16.b). In addition, no significant shifts of the G and
2D bands were verified between the spectra of domains grown on different Cu faces, thereby

indicating a weak coupling between graphene and Cu.
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Figure 4-16 - (a) Average growth rates of graphene domains shown in Figure 4-15; (b) Raman spectra of graphene
domains grown in different Cu faces. The fluorescence background signal due the Cu substrate was removed from

the total spectra.

As can be seen in Figure 4-17, while the (111) and (001) facets of fcc Cu have a flat
hexagonal and cubic atomic arrangement, with each atom having six and four in-plane nearest
neighbours, respectively, the fcc (113) surfaces consist of parallel close-packed atom rows with
a dilated hexagonal arrangement of the top most atoms. This structure is very similar to the
(101) faces, however, in the case of the (113) surfaces, each second row is shifted along the
close-packed direction by half an atomic diameter. As a consequence, the (113) surfaces contain
both (111) and (001) microfacets, whereas (101) surfaces only comprise (111) microfacets.
[108] These fundamental geometric differences are expected to have distinct surface energy

potentials, which should affect the diffusion of any migrating adspecies.

We further observed that in the beginning of the growth, graphene islands have
symmetrical circular shapes, which are independent of the orientation of the underneath copper
substrate (Figure 4-18). As the island diameter increase, morphological instabilities develop

and lobes start to propagate increasing the island perimeter-to-area ratio very rapidly.
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Figure 4-17 — Cu crystallographic surfaces
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Figure 4-18 - SEM image of graphene domains at different stages (T = 950 °C). Due to large deviations in

nucleation time, various phases of growth can be observed in the same sample. The scale bar in the inset is 200
nm.
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Graphene morphology is also strongly affected by deposition temperature, as shown in
Figure 4-19. For T<900 °C, round graphene domains grew uniformly across all grains of the
polycrystalline substrate. As T increases, the island perimeter-to-area ratio also increases by the
formation of dendrites which are oriented with respect to the Cu crystallographic directions.
This effect is seen first on the stepped (101) and (113) faces for T~900 °C, and then on (111)
and (001) faces at T>920 °C. In addition, we verified the formation of Cu hillocks underneath
the graphene domains grown at higher T, indicating that a substantial amount of mass transport

in the copper surface occurs during growth (Figure 4-20).

These results indicate that both temperature and substrate crystallography are important
in order to control the graphene domain pattern during LPCVD. Similarly, the shape and size
of the growing islands in kinetically controlled epitaxial growth of metals on metal surfaces are
also dependent on the same parameters (temperature and symmetry) [109]. According to
standard “atomistic” theory, growth is result of the competition between the different
movements that adatoms can make along the surface, such as diffusion on surface terraces, over
steps, along edges and across corners and kinks. Hence, one is tempted to apply established
principles of epitaxial growth to explain graphene CVD on Cu [109, 110, 111]. Nonetheless,
there are key incompatibilities between the existing models of epitaxial growth and graphene
CVD on copper. First, in metal epitaxy, the growth mode is often determined by kinetic
constraints wherein the growing aggregates can be shaped by selective activation/freezing of
certain diffusion processes, depending on the temperature. The growth temperature, however,
is usually much lower than the melting point (Tm) of either the substrate or the deposited
material. This contrasts with our findings which show that the correlation between shape of
graphene domains and the symmetry of the substrate becomes evident just at temperatures very
close to the Cu melting point. Another sign of the complexity of the graphene growth compared
to the typical epitaxy is the weakly interaction between graphene and most transitions metals.
In the standard model of epitaxy, it is assumed that the adatoms and edge atoms are considerably
more weakly bound than bulk atoms. Carbon adatoms and graphene edge atoms, on the other
hand, often have carbon-metal bonds that are comparable in strength to the carbon-carbon bonds
within graphene [112]. Therefore, carbon adatoms must break all their bonds with the substrate
atoms in order to become part of the growing graphene crystal. Since, adatom-metal bonds are
estimated to be very strong, up to 7-eV, [69],the barrier for attachment should be expected to
be very large. This situation has no analogue in the standard epitaxial picture where an adatom

only experiences a small energy barrier to attach to the edge of a growing island.
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Figure 4-19 - Temperature dependence of graphene shape on Cu(101). The growth temperatures were (a) 920 °C,
(b) 940 °C, (c) 960 °C, and (d) 980 °C.

(@) (b)

Height (nm)

Profile (um)

Figure 4-20 — (a) Formation of Cu hillocks at 980° C. (b) Topologic profile of the exposed Cu surface after
graphene growth.

One way to assess graphene growth mechanisms is to investigate the T dependence of
key growth characteristics, such as nucleation density (ng). [37] Figure 4-21 depicts the T
dependence of graphene ng wherein two slopes can be identified, associated with different
activation energies (Eact). For T > 960°C (Eact = 9 eV), graphene domains exhibit multi-branched
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dendritic edges aligned according to the principal Cu crystallographic directions, as previously
stated (Figure 4-19{c,d}). In this case, nq can be very low (ng~10" um= for T = 980 °C), which
means that large graphene domains, having diameter up to 150 um, could be obtained if the
growth had proceeded. At lower temperatures (T < 960° C), on the other hand, the activation
energy is lower (Eact ~ 6 eV), graphene domains are smaller and display smoother branch edges
with some relative misalignment among them (Figure 4-19{a,b}).

In the framework of the existing nucleation models [113], the apparent nucleation
activation energy is related to: (a) the energy barrier of attachment for the capture of a monomer
by supercritical nucleus, E,;.; (b) the activation energy of surface diffusion of a monomer, E;
(c) the activation energy for dissociative adsorption of gas phase molecules on the substrate,
E,q; and to (d) the desorption energy of a carbon monomer on the substrate surface, E ;.. For
the sake of comparison, the experimentally measured activation energy of graphene nucleation
reported in literature is in the interval of 3-4 eV at temperatures above 900°C [37, 114]. This
discrepancy between our results and those from literature is not surprising since our growth was
performed with a different carbon precursor, on a Cu foil which was not subject to thermal
annealing, and under a total pressure almost 3 orders of magnitude smaller than the values of
standard LPCVD graphene. It is more worthwhile to compare ours results with the temperature
dependence of copper surface self-diffusion previously reported and compiled in ref. [115] and
summarized in Figure 4-21(b). Gjostein and Bonzel [116] determined the self-diffusion
coefficient in Cu (101) surfaces in a wide temperature range. For the temperature interval of
500 < T < 960°C, they obtained an activation energy of 0.8 eV, whereas for higher
temperatures (to the melting point), a significantly larger value, 2.7 eV, was obtained. Similar
results were observed in other studies, suggesting that an additional mechanism appears to
contribute significantly to Cu surface diffusion for T > 960°C. In fact, the same trend was
reported for wide variety of metals by in numerous studies of mass-transfer diffusivity,
compiled five decades ago [116, 117, 118, 119, 120, 121]. These studies show that the ratio
between activation energies in high and low temperature regions is between 2 and 3, and that

correspondingly the pre-exponential factor D, varies over about five orders of magnitudes.
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Figure 4-21 - Arrhenius plot of the temperature dependence of (a) density of graphene nuclei measured at the (101)
Cu Surface, (b) temperature dependence of surface self-diffusion on Cu (101) surface. Reprinted from J. Phys. and
Chem. Ref. Data 2, 643-655 (1973).

The change in the Eact of copper surface self-diffusion is not completely understood, and
different interpretations have been put forth [122, 123]. However, a reasonable explanation for
the peculiar bending of the Arrhenius plot shown in Figure 4-21(b) is related to a change from
a regime where the key energy barrier to surface diffusion is the enthalpy of formation of
adatoms from kinks sites in surface steps (lower T) to a regime wherein the release of an adatom
directly from a flat surface becomes significant (higher T). [124] As more bonds have to be
break to form an adatom from a flat surface than from a kink site, the energy barrier of adatom
formation increases accordingly. Simulation of Cu (101) using effective medium theory has
demonstrated a substantial adatom formation above 0.7 Tmer [125]. This kind of adatom
generation will be fundamental for the growth model proposed next (Figure 4-24).A
remarkable similarity is observed when the two Arrhenius plots of Figure 4-21 are compared.
The change in Eact Of copper surface self-diffusion occurs at the same T (960 °C) as the observed
transition for graphene nq. Moreover, the differences between the Eact values for high and low
T ranges are also fairly close (3 eV for graphene ng, and 2 eV for Cu diffusion). Besides, these
values are comparable to the measured heat of sublimation (3.5 eV), and to the calculated

73



binding energy of copper (2.3-3.5 eV). [126] In summary, at higher T (> 960 °C), Cu surface
atoms tend to become loosely-bound and more prone to diffuse and sublimate. Therefore, it is
reasonable to assume that intense rearrangement of Cu adatoms in the substrate surface should
play a crucial role in graphene nucleation and growth. This role is reflected in the parallels
observed in the Arrhenius plots of Figure 4-21, however a complete analytical description of
all temperature dependent mechanisms (and all associated energies) involved in this complex
growth process is beyond the scope of this work.

Interestingly, previous measurements of Cu self-diffusion have also revealed that it
strongly depends on the atmosphere in which it takes place (Figure 4-22), being larger in
vacuum than in reducing atmospheres that are typical in graphene APCVD. [115, 121]
Therefore, the hypothesis that Cu diffusion impacts graphene growth might also explain the
differences observed between low and atmospheric pressure processes. Moreover, as shown in
Figure 4-21 (b), the presence of O, also enhances Cu surface diffusion. Thus enhancement of
Cu diffusion can also be invoked to explain (at least partially) recent results of Yufeng Hao et
al., [127] who found that oxygen accelerates graphene domain growth and shifts the growth
kinetics from edge-attachment-limited to diffusion-limited (Figure 4-23).
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Figure 4-22 — Surface diffusion of copper on copper. Reproduced from [115].
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Figure 4-23 - The effect of oxygen on graphene growth kinetics. SEM images of graphene domains grown with

and without the assistance of oxygen. Reproduced from [127].

High Cu sublimation and diffusion rates also explain the formation of Cu hillocks
underneath the graphene domains at high T, by the mechanism known as step-bunching, which
has been captured in a previous real time low energy electron microscopy study (Section
2.4.3.2). The movement of surface Cu atoms in non-flat surfaces occurs mainly via step flow
induced by sublimation. When a step collides with a graphene island it slows down, and since
additional steps are constantly arriving they accumulate underneath the island, forming a
hillock.

We can now attempt to explain how graphene pattern formation occurs in low pressure,
high temperature CVD processes, wherein Cu sublimation and diffusion are relevant. A
schematic sketch containing the relevant steps is depicted in Figure 4-24. The nucleation stage
has been described by H. Kim et al [37]; as growth begins, the concentration of carbon species
on Cu surface quickly increases until a critical supersaturation is reached, after which stable
nuclei are formed. At this point, the growth rate is high enough to produce isotropic round
islands (Figure 4-18). However, as growth proceeds, the surrounding carbon adspecies are
depleted and the growth front velocity decreases. As a consequence, sublimation induced Cu
surface rearrangement becomes important. Cu atoms trapped in the region underneath graphene
nuclei cannot diffuse out and sublimate, thus the surrounding substrate region is lowered
leaving the graphene on the top of a relatively “elevated” Cu terrace (process 1 as indicated in
Figure 4-24). This causes the increase of the barrier seems by carbon adspecies arriving at the

graphene edges, reducing their attachment probability (process 2). In the meantime, since T is
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close to Cu T, a high fraction of Cu atoms from flat terraces have enough energy to detach and
to diffuse as loosely-bound adatoms (process 3). When Cu adatoms reach the steps retained by
the graphene domains, they are highly likely to be incorporated (process 4) due to the high T.
In turn, the newly added Cu atoms act as pathways for incoming carbon adspecies, decreasing
the energy barrier for carbon attachment; i.e., only after the Cu terraces surrounding the
graphene are extended, the diffusive carbon adspecies are able to attach to the graphene edges

and contribute to growth (process 5).

The results discussed section 2.4.2 obtained from the growth of graphene on Ru (0001)
can also be invoked to support our model. Gunther et al. verified from the analysis of in-situ
STM images that at low T, graphene growth front is unconstrained by the atomic steps on the
metal surface and it can eventually cover the entire surface. At lower pressures or higher T,
however, graphene growth front no longer traverses the Ru atomic steps; instead, graphene can
only continue to grow on the original Ru terrace level as a result of the terrace expansion. This
latter mechanism is, according to our model, the main responsible for graphene pattern

formation.

Cu terrace
step-edges

Figure 4-24 - Graphene pattern formation during LPCVD synthesis on Cu(001). Intense sublimation of Cu atoms
at the surrounds of a growing island lowers the adjacent substrate region leaving graphene on the top of an
“elevated” Cu terrace (process 1). This causes the increase of the barrier seems by carbon adspecies arriving at the
domain edges, reducing their attachment probability (process 2). In the meantime, due to the high temperature, a

high fraction of Cu atoms from flat terraces have enough energy to detach and to diffuse as loosely-bound adatoms
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(process 3). Diffusive Cu adatoms that impinge upon the steps retained by graphene domains can be incorporated
extending the Cu terraces in accordance with the local Cu symmetry (process 4). The shape of the Cu terraces
defines the most probable directions at which the incoming carbon adspecies can attach to the graphene edge

(process 5).

An additional evidence to support our model is given in Figure 4-25 which presents an
atomic force microscopy (AFM) image of graphene grown at 960 °C on copper. The Cu steps
are unambiguously covered by graphene, forming a plateau of ~25 nm height relative to the
bare copper. Moreover, the regularly spaced wrinkles in graphene suggests that graphene on
copper is not a real conformal coating with atomic accuracy, further proving the low affinity of
carbon to copper. [24]

This model is able to explain the differences in shape for different growth temperatures
observed in Figure 4-19. If T is low (and/or total pressure is high) than Cu sublimation and
surface self-diffusion are relatively small and C adspecies kinetics dictates the growth, yielding
domains with hexagonal or rounded shapes. On the other hand, if T is high (and/or total pressure
is low) than sublimation and diffusion of Cu atoms occur at high rates, and graphene growth is
determined by the shape evolution of the Cu terraces surrounding the graphene domains, which
in turn is given by a balance between retraction (by sublimation) and expansion (by Cu diffusion

from the terraces below).

0 5 10 15 20 25 30 0 1 2 3 4 5
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Figure 4-25 — AFM image of a graphene domain grown on Cu at 960 °C and 5 X 107° Torr
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In order to understand the process of expansion of the Cu terraces underneath graphene
domains, we can resort to the theory of step motion in vicinal surfaces (section 2.2.2.2). The
expansion occurs via step-edge attachment of Cu adatoms that diffuse along the immediately

lower Cu terrace according to the stationary diffusion equation (eq. 2-18):

aC—sz +F ¢
ot~ sV ¢ Tg

where Ds is the surface diffusion tensor, c is the concentration of mobile atoms adsorbed on the
lower terrace, Ts IS the life time of an atom in a state of mobile adsorption (adatom) and F is a
generation rate of adatoms. In the standard theory, F corresponds to the arrival rate. However,
here F can be associated to the generation of adatoms directly from within the terrace (as

described in the discussion of Figure 4-24).

Assuming that only Cu adatoms coming from the lower terrace contribute for the growth
of the terrace retained by graphene, the diffusion mass flux arriving at the step is given by:
[128]

Ds(n-Vc) = K(c —ceq”) eq. 4-1

where n is the local step normal, c.," is the local equilibrium concentration which has a
Arrhenius dependence with temperature. The Kinetic coefficient, K, gives a measure of how
ease adatoms coming from the lower terrace can stick to the growing edge, and it depends on
the symmetry of the Cu face. As a result, terrace edges expand with an orientation-dependent

velocity given by:
Vo = QK()[c — ceq] eq. 4-2

where v,, is the flow velocity normal to the step, Q is the area occupied by an Cu adatom, and
K depends on 6, the local orientation of the step normal. (see Figure 4-26 for more details about

the parameters given in the above egs.)

This set of equations is very similar to those used by Meca et al. (section 2.2.2.2) to describe
carbon adatom dynamics during graphene growth, which provided an excellent description of
the effects of kinetic and diffusion anisotropy on the shape of graphene domains. However, here
we are proposing that similar effects resulting from copper adatom dynamics are more
important. According to our description, there are two causes for the observed variety of
graphene domain morphology: the anisotropy in the diffusion of Cu adatoms (reflected in the
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tensor Ds), which depends on the Cu crystallographic orientation, and the anisotropy in the
attachment probability of Cu adatoms at the terrace edges surrounding the graphene domain,

which also follows the symmetry of the Cu surface.

seo0ee0ee 41
VOVVe "V

@

@ 00000 —

C attachment

GV O CAARARANG

®

Figure 4-26 - Schematic view of the proposed growth model. Ds is the surface diffusion tensor, z is the life time
of an atom in a state of mobile adsorption, K is the kinectic coefficient which give a measure of how ease adatoms

coming from the lower terrace can stick to the growing edge.
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5 Conclusion

In this work we designed and built a cold-wall reactor to grown graphene by chemical
vapor deposition under high vacuum conditions. We have found using standard graphene
growth routine that the size of graphene single domains, and consequently the film quality, is
strongly dependent on the growth temperature. The Raman spectra of graphene films grown at
different temperatures indicated that high quality graphene with fewer defects form at higher
growth temperatures. Moreover, we verified that during the coalescence of the graphene
individual domains strain is induced over the film. A compressive strain of ~0.4 % is found for

the fully covered graphene relative to the individual domains.

We also demonstrated the growth of large graphene single crystals (up to 300 pum) by
exposing low purity copper foils to a vapor of a high molecular weight liquid carbon precursor.
It was found that the conventional thermal pre-treatment of the substrate could be skipped
without prejudice of the quality of the graphene to be grown. Actually, the quality of the
resultant graphene was found to be very high, much better than the quality of our preceding
growths preformed using the standard routine. In addition, we verified that graphene domains
shapes were strongly dependent on the substrate crystallography and growth temperature.
Based on these observations and on results reported by innumerous studies of mass-transfer
diffusivity on metals, we proposed a mechanism to explain graphene formation at high
temperatures and low pressures by considering the growth on a dynamic substrate surface. At
temperatures near 1000° C and pressures of order 10® Torr, we do not expect to find an
imaginary static surface wherein graphene can grow according to the standard picture of
epitaxial growth. Instead we demonstrated a promising mechanism to engineering high quality
monolayer films by controlling the dynamic of the substrate underneath. This approach should
inspire one to look for an alternative route to grow graphene by using auxiliary gases which are
capable of alter the substrate surface dynamics without change graphene elementary proprieties.
Halogens, for example, are especially actives in promoting high Cu surface self-diffusion [129],
and thus it remains to be seen how they affect graphene itself. These results were published in
Applied Physics Letters, volume 105, issue 7, 073104 (2014).

Finally, we show two approaches to transfer the as-grown graphene to other substrates,

and we measured the electrical proprieties of a graphene film transferred to Si/SiO>. We expect
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to improve the quality of the transfer routine as well as the photolithographic process in order
to begin the study of solar cells based on own graphene films.
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