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surfaces with diffeent densities of nano pillars (Scale bar is 2um). These images display
that the conformity of graphene to the substrate, greatly depends on the roughness and
morphology of the surface and can range between complete conformation (a) to lying flat
on top ofthe highest points, with minimal contact with the substrate. Reference.[32]

Figure 2.7.(a) Schematics of graphene conforming to the underlying substrate with
sinusoidal surface grooves. Point A denotes a carbon atom in graphene and B denotes a
substrate locatiowithin distance R of point Ab) ShowsAg/As as a function 0é- /s. Ahe

inset displays the two distinct states of the graphene morphology on a given substrate.[51]

Figure 2.8. (a) Zygo interferometer image of the etched diamond sample that has been
exposed to hydrogen plasma treatment. The smooth section represerstitve & which

the diamond surface was protected from plasma using a (bagke plot of the etching

rate versus inverse of the temperature for (100) face of single crystalline diamor{d) [54]
Optical profilometry mapping of the (100) face of singigstalline diamond. The mapped
area is 2.4 x 2.4 mm and the RMS surface roughness is ~ 0.4.nm....................ce 33

Figure 2.9. (Left) Exfoliated mono and bilayer graphene transferred on SiO2/Si substrate
and characterized under white light where the optical contrast provideskantgiitod to
identify layer numbef189] (Right) Contrast plot of light wavelength versus the thickness

of the SiQlayer. As one can see, at 300 nm thickness the visibility of graphene is strongest

for green wavelength which human eye can detect easily.[55.............ccceeiivieeennn. 35
Figure 2.10. Schematics of elastic and inelastic scattering...............cccccuvveeereennnnns 37
Figure 2.11. Phonon dispersion curve for single layer graphene, red lines represent Kohn
anomalies. Reference[190].........uuuuu it 39
Figure 2.12. Raman spectrum of single layer graphene on quartz and the associated
SIGNATUIE PAKS.....eeiiiieiiiiieii e 41
Figure 2.13. Vibrational modes G and 2D of single layer graphene..................... 42
Figure 2.14. Schematics oRaman processes for activation(aj G, (b) D and(c) 2D
peaks in single layer graphene. Adapted from reference [190].................ovvveeee... 43

Figure 2.15. Spatial mapping of the 2D Raman pealydphene transferred on sapphire.

The image on the top rigla) is the optical image of the sample with the red square being
the mapped area shown(in), One can see the edge of the transfer from the optical image
with graphene coverage on the left amgdosample on the righ{The intensity scale bar is
shown in the bottom of the figurg¢) Raman point spectrum from the location marked
WItN ThE @ITOW....ciiiiiiee ettt e e e enet e e e e e eees 45

Figure 2.16. Raman spectrum for graphene transferred on single crystal diamond where
the 2D and G peaks gfaphene are dwarfed by the 1333 peak of diamond. The inset shows
a smaller range of intensity for better identification of the graphene peaks.......... 46

Figure 2.17.(a-d) Schematicof phonon dispersion in bilayer graphene near the Dirac
cone for both 1 and” 2 bands showing the four different double resonance processes
involved in Raman scattering in bilayer graphef@ The measured D Raman peak of
bilayer graphene with four fitted Lorentzia®eference [191]............ccceevvvvvvvviieeen.. 48

Figure 2.18.Projected 2D Raman map of sindégrer graphene onto the corresponding
optical image. The blue color shows the area with no graphene and the green area shows
the coverage of the single layer graphene. The image on the right is the Raman spectrum
of an individual mapped point showing tB® peak with single Lorentzian lineshape
indicative of mMono layer graphene............coooiiiiiiiiiiceeiie e 50
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Figure 2.19. (a) Planar view of stacked layers of graphene with AB symmédbl.
Schematics of AA stackingc) AB or Bernal stacking(d) Turbostratic graphene with no
stacking order[88] (e) Raman spectrum for different CVD graphene layer numbers with
AB or Bernal stacking(f) Turbostratic stacking. [90]............ccoeiiiiiiiiiiiccciiee e 51

Figure 2.20.Snapshots of the evolution of the Raman spectra of graphene, taken from a
video, as the sample is exposed to high fluenc laser a period of 60 seconds. (left to
right) It can be seen that the D peak starts to grow in intensity and after 60 seconds, the G
to D ratio becomes larger indicating that the sample was damaged by the intense laser

Figure 2.21.(a) Raman shift of ggaghene as a function of gate voltage, the black lines are
lorentzian fits and the red line corresponds to the charge neutrality {iftosition of

the G peak as a function of carrier concentration or change in Fermi(&velWHM of

the G peak as afation of carrier concentratiofd) Position of the 2D peak of graphene

as a function of electron doping. Reference [192]...........ccoooiiiiiieeeiiiiiii e, 55
Figure 2.22. Raman spectra taken at different locations for graphene transferred on
sapphire. The average G peak shift (inset) is usedtimate the doping of the sample

corresponding tO & 0.27 £ 0.01 @V...coiiiiiiiiiiiiiee e 56
Figure 3.1.Time-evolution of the electron population per unit cell (in units of%¢¥h sub
picosecond time SCAIE.[AG].........uuuuiiiiiiiiiiiieeeiie e 60

Figure 3.2.Simulated change in the transient transmission of graphenéuasten of
electronic temperature for pumping energy of 1.6 eV and intrinsic carrier density 6f 1x10
/cm?. The blue and red curves show the expected contributions from intraband inter band
respectively and the black curve shows the total interbandbarcaresponse..........! 65

Figure 3.3. Transient reflection and transmission spectra for graphene on quartz, excited
at 1.55 eV and measured SIMUANEOUSIY............coeiiiiiiiieeniiee 66

Figure 3.4. Experimental setup for the pump probe measurements presented in this thesis.

Figure 3.5.SEM image of graphene trdasred on super polished quartz, the darker spots
on the left of the image show a few rips in the graphene membrane where the insulating
nature of quartz creates charging effeCtS........cccccoviiiiiiieece 68

Figure 3.6.Mapping of the Raman 2D peak of graphene transferred on quartz. The
mapping shows a uniform coverage of single layer graphene in the probed.areat9

Figure 3.7. (a)Transient transmission response of graphene on quartz excited at 1.55 eV.
The inset shows the normalized transmission in a wider range of fluences. (A aveve
shifted on both axes for clarityp) Simulated change in the transient transmission of
graphene as a function of electronic temperature for pumping energy of 1.6 eV and intrinsic
carrier density of 1x18 /cm?. The blue and red curves show the expecontributions

from intraband inter band respectively and the black curve shows the total
interband+iNtraband rESPONSE...........uuuiiiiiiiiiiireeii e e e e e e e e e e e 72

Figure 3.8. Ultrafast transmission response of graphene on quartz as a function of
excitation energy and at a pumping fluence of 5.112/6Mi curves have been shifted on

D= D ES TR (0] g ol £ 117 PSPPI £

Figure 3.9. Calculated temperature dependenceahef Drude scattering rate due to the
electronoptical phonon interactions. The top scale shows the inferred peak temperature of
electrons. REfEreNCE[LLL].....couuiiiiiiieee e 76
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Figure 3.1Q Simulated transient transmission of graphene on quartz, with inclusion of both

interband and intraband contributions to the optical sheet conductivity...............Z7
Figure 3.11. Fluence dependent ultrafast transmission response of grapher{e)on:
diamond,(b) sapphire angc) quartz, excited at 1.6 €V...........coovvvvrrrrrriiiemmneeeeeeennnns 81

Figure 3.12. Simulation results for the momentum scattering time dependence of the
transmission response of graphene on quartz. Pumping and probing energies are set at 1.6
eV. (For a better visualization, the inset shows the resptor the first 3 ps)............ 82

Figure 3.13.Simulation results for dependence of the ultrafast transmission response of
graphene on quartz, on the static Fermi level. Pumping and probing energies are at set at

LB BV et enr e a e e e e nnes 84
Figure 3.14.Raman mapping of the relative shift in trespion of the G peak of graphene
transferred ON QUAIZ............oooiieeeie e e e e e e e e e e aneen s 86

Figure 3.15Surface optical phonon scattering rate as a function of enerdgg)®€C and

(b) SiO.. The dashed lines correspond t&&.6 eV and the full lines correspond to intrinsic
undoped graphene.[1B#naginary part of the se n e r g y(c) $P emission ant)

SP absorption as a function of energy for T=0 for different separation distances, 0,1 and 2
nm. Screening is taken into account for both cases. Adapted from reference. [1283

Figure 3.16. (a)Calculted energy dependence of the optical conductivity of graphene on
different substrates. Adapted from [13®]) SP scattering rate as a function of carrier
density atT = 300K (c) Calculated conductivity as a function of density for different
separation disnces at T= 300 K. [128]......ccceeiiiiiiiiiiiiiiimme e 93

Figure 3.17.(a) lllustration of different energy relaxation pathways after photo excitation.
[138] (b) Calculated scattering rates as a function of energy for different energy relaxation
channels: Surface optical phonon scatteringstede-electron scattering, zone edge and
zone center intrinsic optical phonon scattering and acoustic phonon scatterir{g)[118]
Carri er coas & functign of darmee terbperature for cold intrinsic graphene on
different substrates. The SP intetfans considered here are screened. Adapted from
FEFEIENCE [L38] ... i eerer e e e e e e e e e e e e e e e aeaer s e e e aaaaaaas 96

Figure 3.18.Electron cooling power due to intrinsic optical phonons of graphene (IP) and
unscreened surface optical phonons of the substrate (SP) for doped and undoped graphene.
CC and VV denoténtraband and CV and VC denote interband transitions. Adapted from
FEFEIENCE [L38] ... it errer e e e e e e e e e e e e e e aener s e e aaaaaaaas 97

Figure 3.19.(a) Phonon population measurements at different pump fluences: 0 J/m
(Red) and 2.5 J/fn(Black). [119](b) Transient absorption response for suspended (Red)
and spported (Green) graphene at a fluence of 2 nf/@@pFluence dependence of the

d ow de c a yforsospesdedi(Red) atdl supported (Green) graphene.[118P
Figure 3.20. Transient transmission response of graphene on diamond, quartz and
sapphire. The excit@n and probing energy for all measurements are 1.6 eV at a pumping
flUENCE OF 9.6 /TR ...ttt eeenans 105

Figure 3.21. Normalized transmission response of graphene on diamond, quartz and
sapphire for an excitation energy of 1.6 eV and a fluence of 9.6 f1.Vbm slow recover

is fit to a mono exponential with the best fitting for relaxation time ~ 0.24 ps for diamond,
1.47 for sapphire and 1.7 pS fOr QUAIIZ...........coooiiiiiiiiiice e 107

Figure 3.22.lllustration of the thermalization process through surface phonon scattering
for pristine graphene on diamorgjartz and sapphire with their respective highest energy
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surface phonon modes of 0.34 eV, 0.14 eV and 0.11 eV. In this time window, the
distribution is hottest for graphene on diamond and coolest for graphene on sappire.
Figure 3.23.S|1 ow r el a x & tplottedhagainst muemp pbwer for graphene on
diamond, sapphire and two different quartz substrates with different doping. The time
constants were obtained by fitting the slow relaxation dynamics to a mono exponential.

Figure 4.1.(a) Schematics of the gradual lgitudinal unzipping of a carbon nanotube
resulting in a flat graphene nano ribbon.[1@%)] Top and side view of a carbon nano scroll
obtained by dynamics Simulation.[168].............cueeiiiiiiiieemiiiiieeee e 116

Figure 4.2. (a) Various complex folding of graphene membrane including a quadruple
folding and a box pleat as simulated by Kim et al. [1(b}]Figure on the left shows an

AFM image of graphene on SiO2/Si substrate including folding and wrinkling of the
graphene membrane. The figures on the right, show schematics of simple ripple, standing
collapsed wrinkle and a folded wrinkle respectively.[1{@]Simulation results of tight
binding atomistic calculations done by Ortolani et al. [170] of a 3D renderization of zigzag
folded graphene Membrane.................oiiiiiiceciice e 117

Figure 4.3. Simulation results of twisted ribbon traoshation into a coiled ribbon
configuration. Opposite edges are marked red and blue for clarity. The images from top
show a regular twisted ribbon that further collapses into a coiled configuration which
asserts a more homogenous strain on the wholesteutiess strain energy is required for

the coiled Morphology. [L174]......cccoo i ieee e a e 118

Figure 4.4. SEM images of three different curled graphene ribbons suspended over
trenches of 5um width. One can clearly see from the top figure that the most intense curling
happens in the mdde of the ribbon. The images on the right show a more magnified view
OF TN CUIING .. e e 120

Figure 4.5. (3 MD simulations of CGRs, MD simulation cell with a restoring elastic force
"O="Qaat each end and random momenta given to randomly selected regions along the flat
ribbon (top) and the simulated CGR structure after different relaxation times: initial folding
after 75 ps (middle) and curled structure forming after 150 ps (bpt{bjnView of the

CGR formation from the tofc) TEM image of a CGR. The scale bar is 200 nm. The inset
shows a closep image of the curled area with a scale bar of 50.nm.................. 122

Figure 46.(@SEM i mage of a CGR structure. -The CC
wi de a ndéep Fench wn fused silica. The white arrows specify the spots where
Raman spectroscopy was p e (bj Ramanmespectra dffsie s c al
different regions alonthe CGR at 532 nm. The 2@-G intensity ratios are greater than 1

in the regions R R, Rsand R, indicating the presence of a single layer graphene
membrane. The broad 2D bands in the regiofiand R may result from the interlayer

interactions betweaedifferent graphene layers within the CGR............................ 124
Figure 4.7.Schematics of the energy levels and their alignment due to the built in electric
field at the graphenmetal junction. Adapted from reference [193]....................... 127

Figure 4.8. SEM images and corresponding photo current respafiga) large area
suspended graphene ribbons and the corresponding photocurrent mapping (scale bar is in
nA) (b) Suspended CGR, the dashed rectangles show the placement of the metal electrodes
(c) Suspended carbon nanotube. Scale bar is 1um. The bottge shows the schematics

of the experimental photocurrent SEtUR............cevvvviiiiiiccce e 128
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Figure 4.9 (A) Schematics of the device geometry. Source and drain electrodes are used

to apply a voltage across the CGR and a third electrode is used as an electrolyte gate. A
diffraction-limited laser beam with a spot size (< 500 nm) scans over the suspended CGR.
SEM images of a suspended SB} and a suspended CGR dev{€s, respectively. The
corresponding photocurrent images of the suspended SLG {Byiead the suspended

CGR devicdE),r espectively. The scale bars repres
are the edges Of the ElECIrOUES.........uuuiiiiiiiii e 130

Figure 4.10.Photocurrent responses of a CGR deviag SEM image of a CGR device
projected on the <corresponding r(g fThee ct i on
corresponding photocurrent image at Vg = 1.9 V and a zero sdratebias. The scanning

position of the laser beam is indicated by the green dotted(th&he gatedependent

scanning photocurrent image as Vg is varied from 1.4 V to 2(@)VL.he horizontal cuts

along the dotted lines for different regions (R1, R2, and R3) in the CGR as specified in the
photocurrent images. The bottom curve shows the calculated Seebeck coefficient in the R3
region.(e) Conductance measurement of the CGR deaga function of Vg. The flow
directions for different carriers are illustrated in the inset diagrams.................... 133

Figure 4.11.(a) and(d) SEM images of two different suspended CGRs across a trench.
The red circles specify the 0jbuand(¢)theno ar
corresponding photocurrent images of the CGR3. and (f) Line-cuts from the
photocurrent images along the CGR, as marked by the red dotted lines. The solid arrows
and the dashed arrows refer to the contributions from PVE and PTE, resiye®ivue

color represents the negative current in the experimental setup used and red color
corresponds to the POSItIVE CUIMENT..........ueiiiiiiiiiiii e 136
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FOREWORD

Graphene, the twdimensional allotrope of the carbon famikxhibits extremel high

electron mobility, thermal conductivity and fascinating ultrafast cacaerer and carrier
phonons interactions. However, being merely one atom thick, introducing a substrate or
altering the morphological form of graphene can affect both itslilegum and nonr
equilibrium dynamics and inevitably influence the performance of grapbesed devices.

In the first part of this dissertation, we use fluence and energy dependent ultrafast pump
probe spectroscopy to determine the effect of substratderiemtosecond transient
electron and phonon dynamics of single layer graphene transferred on sapphire, quartz and

single crystalline diamond.

Usinga multrchannel cooling theornyvolving surface phonons of the substrate, intrinsic
optical phonons of gphene and the corresponding competing scagfeates we proceed

to explain the strong substradependent dynamic®f grapheneobserved in our
experiments. We stipulate that the sub surface roughness of the studied substrates,
enable a strong couptinbetween the phototexcited carriers in graphene and the surface
vibrational modes of the polar substrates. We show that this additional energy relaxation
pathway can compete with the intrinsic phonons of graphene to not only reduce the

transient electrotemperature but also the carrier and optical phonon lifetimes in graphene.

In the second part of this dissertation, we introduce a methodology for fabrication of a
novel quasione dimensional morphology of graphene called curled graphene ribbons

(CGR). Oumgate dependent scanning photocurrent measurements reveal an astounding two



ordes of magnitude enhancement inettphotocurrent response of CGRhich we

attributed to the photothermoelectric effect (PTE).

Understanding how thequilibrium and norequilibrium dynamic®f carriersand phonons
in graphenare altered by the interface mrorphologyand deiphering thevariousenagy
relaxation pathwaysvill pave the way towards realization of higher performance graphene

basecklectronis and optoelectronics



CHAPTER

1. GRAPHENE

1.1. Introduction

Graphengthe 2Dallotrope of the carbon familwasdeemedinstalte atroom temperature

for decade$l] Half a centuryaga Mermin and Wagner stipulated tha 2D material is
thermodynamically unstable duetteethermal fluctuationsf the membranehich, at any
finite temperatureywould lead to aisplacement of atoms greater or comparable to the
distance between the atoms aitiimatelylead to dissociatia[2][3] In 1947 P.R Wallace
calculated the band structure of graphene ialeditified graphene as a zero bandgap
semiconductof4] Almost 40 years lateDiVincenzo introduced the linear dispersion of
graphenenear thezone edge and predicted the relativistic nature of the electrons as a
consequence of this linearity] Although some work on graphene was repoitethe
following decadesthe breathrough came abouin 2004 when Geim andNovoselov
reported observation of a single layer graphene made by mechanical exf¢éihtiois.
believed that the inherent ripplesd height fluctuationsn a free standing layer of
graphene is the underlying readon its stability in thethree dimensional spagél The
extraordinary transport pperties of graphene addition to the easy fabrication process,
initiated one of the fastest paced research areas in the H&tdnythe first part of this
chaptey we will discuss the linear band structure of graphene and its implicatiaihe on
associatedensity of state@OS) of grapheneThe second part of this chapter will cover

the optical properties of goaene inthe visible and near IR spectral range. We will then



discuss the interband and intraband transitions anddbeiributions ¢ the optical sheet

conductivity of graphene. This topic will be discussed in more details in chapter 3.

K’ = (0, 47t/3a) ‘
K= (2n/\3a, 2nt/3a)

M= (2n/\3a, 0) K

X
I'=(0,0)
K’=(2n/\3a, -2n/3)

b,

Figure 1.1.(a) The lattice of single layer pristine graphene, whaitece vectors gand
& define the unit déwhich is shown in light blue(b) The first Brillouin zone of
graphene which is defined Byereciprocal lattice vectorsland b. 0 1Tt is in the
center of the hexagon andandu Gpoints are in the corneds the hexagonM point is

defined as the middle point of the neighborrigh symmetry( and0 dpoints.

1.2. Band structure of graphene
Grapheneis a sp hybridized lattice of carbon atomsn a hexagonal honey comb

configuration Figure 11. (@ shows the unit cell dfingle layegraphene consisting of two
un-equivalent atomsA and B defined by the latticevectorsty @& pAcholc)
and® & pXch Wolc , with the lattice constandy = 0.2461. The high symmetry
points of theBrillouin zone (BZ), described byw  mfmmho  pfo ¢ Mol ¥o

andd  pf® ¢“ Moh are shown irFigure 11. (b). 0 andv 8points are particularly



important for resonant processesgraphene and W be discussed in more detar

Chapter 2.

Figure 1.2 (a)3D energy dispersion for the two b a n d srst Brillouih Zoree offa
hexagonal lattice of single layer grapheiid Pseude3D neatlinear energy dispersiol
forthetwo" bands near k (p)&@onstantsenefgpdontoars foradhe n e s ) .

valence band and the fifBtillouin zone of graphene.

The two carbon atoms in the unit cell of graphesech contribute fouelectrons and

evidentlyform g r a p h eigue ldasd stountureThreeof these electrons forrthe sp?



hybridized orbitalsesponsible for thextremelystrong planacovalentli bonds thative
rise to theunusualstifiness ofgraphene[9] Witha measur ed Youngds moc
p "YU 0], this stiffness is also related to the high thermal conductivix, v o TuaTt
& tu forsuspended graphefiel] These, bonds are energetically separaseddue
to the Pauli principlehave a filled shell. & a resultthey formvalence bansifar from the

Dirac pointandarenotconsideredn the scope of this thesis.

The remaining 2pz electron contributes to the binding anebamting and“ * bonds that

are perpendicular to the plane of graphene. Only these electrons can contribute to the
transportand conductivityphenomenan graphene. Lack of band gap and the filled
valence and empty conduction bands ab zemperaturdits graphene intdie semimetal

category.

The band structure of graphene was first calculated by Walat847.[4] Within the
picture of thetight binding modelwith the nearet neighbor approximatiorthe energy

dispasion can be describex:

0 rp TAT OQ® TAT G0 AT ‘GQVoh Eq.1.1

where’ is the nearest neighbor hopping eneagdis the latticeconstantFigure 12.

(a) shows the' and z bands touchingtahe high symmetry points and0 6of the BZ
The point where the conduction and valance bandhe together is called the Dirac point
(Figure 12. (b)) wherecharge carriers experience a linear disperaronndthis crossing.
Further awayn the BZ one can seéhe saddle point singularity in the electronic band
the 0 point In the center of the BZ ab point, the conduction and valence bands are

separatedvith an energygap of ~ 20 e\J12][13] the equienergy contour near thpint



is isaropic in characteandfollows a parabolic dispersion. (Figure2l.@ and €)) In the

vicinity of the Dirac pointand inthe linear regimgequationl.1can be formulated as:

0 t_Yoh EQ.1.2

where. i s t hecomstarain k p " é‘ji is the Fermi velocity ana Qs the 2D

wavevector relative to the -point. Equation1.3 below, showstheEi nst ei R6S en e

momentum relation

~

0O aw /nw aqw p —~h Eq.1.3
Whenry | & @, thisequation can be approximated as

~

no _ Qhb Eq.1.4

CDI\

0O

A simple comparisobetween equations 1.2 and highlights the relativistic nature of the
carriers in grapene.According tothe Dirac equationselectrons in graphengehave as

massles®irac fermionswith a velocityt * ¢¥o Tt FiL2]

The twodimensionaDOS per unit area can be formulated as:

00 -B O h Eq.1.5

wherea factor of two has beeadded for the spin degeneracyegratingover the Brillouin

zone we get:

~~

0 Qh Eq.1.6

00 —.1 0

With the Dirac appximation O _ 1 1 close to tha) and0 Gpoints ananalytical

solution can be&vritten as:



00 £ 1 ._.tQ 00

C
= 1 .¥n Onan

— 16 06Q6 Eq.1.7

ConsequentlyDOS can beapproximated as:
oo =% Eq.1.8

Equaton 1.8implies that pristine graphei@s aDOSof zeroat the Dirac pointThelinear
increase of DOS witknergy, in addition tthe linear bandtructure arounthe Dne edges
andthe zero band gajeadto the extremely high electron mobility of gragiewhich can
reach ¢ Mt e Fwi[14] The room temperature(RT) mobility of graphene
x p b Tad Too i[8] greatly exceedthatof silicon ~p T Toat o i [15] Although some
semiconductors such as InSthow RTmobilitiesof ~x fit Td# 1o i these values refer

to thebulk undged sample and not the intrinsic material.

Figure 1.3. Ambipolar electric field effect
in single layer graphene. The inset sho
the Dirac cone near K point of the BZ. Tt

figure shows the change in the Fermi le\

p k)

of graphene as the gating voltage
changed and the consequent change in
resistvity of graphene. (Refereng8])




Figure 1.3displaysg r a p hambigolarsfield effectwhere the charge carrier dendity

graphene can be tuned as higtpas ¢  both below andibovethe Dirac point[8]
Interestinglyenough,the mobility of graphene does nediry considerably even at high

doping levels. ie long mean free path ofr@ta,f i t s graphené¢ds trarl
ballistic regimeand makes graphene a desirable candidatiéefdreffect transisto(FET)

applicationg16]

E Ak#0

Conduction|band

Indirect intraband
transition: Ak # 0

Direct interband

transition: Ak=0 Pump photon

k

Valence pand

Figure 1.4.Dirac coneof graphenenearthe K point. Green arrows indicate podsit
direct and indirect intra and inter band transitions. The indirect intraband trans

will require a change ithe momentum of the carriers

1.3. Optical properties of graphene
The initial discovery of single layer exfoliated graphene2004 was in partdue to
grapheneds strong o p tsgeadrarhngeallyenthoughgrapheneisn t h

one atom thickthe absorbance df¢c& P made its detection under optical microscope a



possibility.[6] The coveted broad bardbsorptionin combination withan extremehhigh
electron mobility makes graphene a strong contender in optaelactapplications such

as near IR and THaetectors and saturable absorij&i@[18] Being a flexible transparent
conductor, the future of graphene might lie in the transparent touch screens. One of the
advantages of grapheneen current contendersuch asndiumTin Oxide (ITO), stems

from the abundancy of carbon as opposed to rare elements.

The optical absorption igraphene is due to two fundamentally different contributions
from intetband and intldandphenomena(Figure 1.4)In the farIR spectral rangefree
carrier absorption or intreandtransitionsaredominant However,in the mid to near IR
rangethe optical response of graphene is mostly due to thebatst transitionbetween

the valence and conduction bgid][20]

1.3.1. Interband transitions and universal absorption of graphene

Inter-band transitions occur whearriersare directly excited from the valence baadhe
conduction banaf graphene(Figure 1.5 (b)) Whena photonwith an energyabove IR
ges absorbed, an electrérole pairis created antheoptical response of goaene will be
mainly dominated by thisand to bandransition The net loss of the photon energy can be
linked to the reapart of the optical sheet conductivity. The optical sheet conductivity of

graphene for the intdvand phenomena can be described24g:[22]

—_— — OAE—— OATE— Eq.1.9
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For pristine graphene at zero temperature and depng, the optical conductivity

response in the linear dispersion regime can be desatE®] [23]

w “QFc Q Eq.1.10
20
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Figure 1.5.(a) Universal absorbance and optical sheet conductivity of graphene i
energyrange: 022 eV. The absor bance i dinestuctuee
constant of the mtadr. The black line corresponds to the universal sheet op
absorbance of single layer graphén&2.293%.(b) Schematics of interband transitiot
for hole doped @phene where optical transiteor absorption with photon energie
below |2E| are blocked(c) Change in transmission of hed®ped graphene induced t
gate voltage, curves from left to right correspond to the transmission for values of ¢
in Vg from charge neutrality point0.75;1.75;2.75 and-3.5 Referenc§31]
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This frequency independent response is referred to as the universal absorption of graphene

and is equal to a universal value determined by the fietare constant of the matter

& pTp o Xn pristine graphentor the discussed spectral ranf4] (Figure

1.5.(a)) In the next section we will disea how this universal conductivitprresponds to

a transmittance &f w & P or universal absorption f¢& Pin grapheng25]

1.3.2. Optical transmission in 2D graphene
When the incident light is perpendicular to the plane of grapivemean determine the

associateaptical transmissiothrough the amplitude of the electric figRB]
0 8Q'% 08Q Q Q Eq.1.12
With thecomplex refractive index being: &€ & "QQ Eq.1.13

Then thetrarsmittance Yof a single layer graphene with a thickn€ssan bedefined as:

Y —, Eq.1.14

where'Qs the intensity of the incident light afté passes through graphene & the

intensity ofthe light before it is incident on graphene. Since the intensithefight is

related to square of the electric fiel@® SOs 0 Q , the transmittance can be
written as:
Y — Q ép ¢Q0OQ Eq.1.15

where®Q 1 7& Knowing the relation betweehepolarization density, theusceptibility

and the current density in graphearecan writef26]

12



"E] - .1 A1 h Eq.1.16

g1 , 1 Al h Eq.1.17
€ 0 —h Eq.1.18

Here the time dependenomponent of the electric fieMtill be in the form of Q h

thereforewe obtain :

~

£ Q- .1 Al h Eq.1.19

The conductivity then could be derived as

~

™ —~h Eq.1.20

The three dimensional conductivity approask adopted can be related to the two

dimensional spaciarough

o] Q 1 h Eq.1.21
hencewe will have: ..] %%Fl Eq.1.22
knowing that: € /-~ °© h Eq.1.23
With - pthere— is the releative permitivity arld , is the relative permeability

(in case of graphen~1), we can Taylor expand Eq.1i8®:
gép -.h Eq.1.24

As aresultEq.1.13can be written as

13



€1 ép —h Eq.1.25

Q h Eq.1.26
and the transmittance T becomes’Y] p —, Eq.1.27
For the specttaegions where the universal absorption is valid will have ,, QTt _
which ultimately yields “Y p — p 1 wxb

1.3.3. Intraband transitions in graphene
The intrabandcontribution to the optical conductivity of mono layer graphdne to

electronphoton scadringprocessesan be written as[27][28][29]

. — & ——nh Eq1.28

whereQis the Fermi Dirac function:

Q0 . 8 Eq.1.29

J

To take into account thelectrondisorder/phonon scattering processes, we can write
1 07 "® , wheret is thescatteringime. Depending on the scattering mechanism,

T can be afunction of temperature, impurity or carrier densitytegratingover the

equation above, we will obtain:

14



WhenOgl Q" Yhe intrabandcontribution takes the familiar form of Drud®ltzman

expression

. 1 —  ——38 Eq.131

An accurate description of the optical dynamics of grapheae@ntain spectral range

not possible unless both interband and intraband transitions are condidevet.discuss
thetotal optical conductivityesponsef graphene ,, " " in detailin

chapter 3.

1.3.4. Effect of doping onthe transmission of graphene

At zero doping density, en there is no shift in the Fermi energy of graphtémeetire
conduction band is emptYhereforeall energes are resamt and any incident photon can
get absorbedthrough creation of an electrorhole pair with similar energy. This

phenomenaresults in a broadbarabsorption at a wide range of wavelengtdewever,

5
= N .
Nﬂ 4 4.62 eV
) i = Experiment
s 34 Universal optical
3 ] conductivity
T 2-
= -
c
S AT
b

Photon Energy (eV)

Figure 1.6.Experimental optical conductivity in a wide spectral range (8.8%V)
as obtained by referer{®s]

15


file:///C:/Users/didilon/Dropbox/thesis/thesis/chap1/transmission/PhysRevLett.106.046401.pdf

whenthere isa shift in the Fermi energy gfaphene, due the Pauli blockingphenomena

the interband absorption is suppressed for photon energies lgaiowd(Figure 1.5. (b))

It is important to note thatueto the fabrication process and the presence of the substrate
most graphene sangd are unintentionally dope@ihe Fermi energy in graphene can also
be shifted by hundreds of meV via electrostg@ting.[30] (Figure 1.5.(c)) The Pauli
blocking of certain transitiagdue to the change ithe carrier densityprovides an easy
method to measure the Ferlavel of graphene without thkassleof microfabrication.

The energy threshold where the absorpsterts to increasecan revealthe value of

¢3S0 sandenables us taccuratelyextract the carrier density through O 7“1 .[31]

1.3.5. Optical conductivity of graphene in the UV range

Further away from the Diramoeand away from thenear regimetheoptical conductivity

of graphenao longer fits in the universal conductivicture(Figurel.6) The frequency
dependent conductivity shows an absorption paage tox 18 Q @32] This resonance

can be explained btheband to band transitions near the saddle point singuérityed

point and taking into account the excitonic effects. Although graphene does not have a
bandgap and no stationary bound excitons can exist, the eladci@mterations createx
redistribution of the oscillator strength aresultin a strong excitonic coupling with the

electronic band continuuf33]

16



CHAPTER

2. METHODS

2.1. Introduction

The exciting future of graphene in electronics and optoelectduither highlights the

need for ascalableand large area synthesisgraphenehat could be easily integratedan

the current industryAlthough exfoliated graphene has excellent electronic properties and
mobilities, the translation of this technique which has its limitations in terfns o
reproducibility and large area coverage, into the industry is not quite feasible. Chemical
vapor deposition (CVD) method for graphene growth, can yield uniform, large area
graphene with electronic properties that can come close to that of the exfséiatptes.

In thefirst part of this chapter, we will discudgferentgraphene synthesis techniques and
optimization of the CVDprocess andecipes for high quality, large area single layer

graphene growth.

Theprocess of transferrinGVD graphene onto deed substratecan degrade the desired
properties of graphene by introducing impurities or mechanically degrading tike fra
graphene membrane. Section 4 wdlera fabrication methamlogy, developed and used

throughout this thesis which can yield aegraphene with little polymer residue. The
underlying substrate plays an important rolehe different properties of graphene, in
section 5, we will characterize and discuss the effect of the surface rougimobts

significancein the context of tt thesis.

17



One of the most versatile and tiraaving characterization tools in the field of graphene
researchis Raman spectroscopy. The final section of this chapterdigitiuss different
Raman processemnd our utilization of this technique toharacteee the layer number,

orientation, strain and intrinsic dopinggfaphene samples.

2.2. Graphene synthesis

2.2.1. Mechanicaly exfoliated graphene

The first isolation of mono laygraphendrom highly ordered pyrolytic graphite (HOPG)
occurred m 2004by Geim and Novoselov using a scotch tape mefBédThe bondingf
layers in graphite isf Van der Waalsaturewhich is quite weak ¢'Qd& & 8Hence
small forces around 300 nN/jfrarising from the scotch tape adhesive is enough to separate
these layers. In the micimechanical exfoliation methofulk graphite pieces are placed

on the adhesive part o& Scotch tape and after repeatedlipee flakes of graphene of

different thicknesses are left on the tape. The tape is then pressed on the desired substrate

leaving these flakes behifid4] The quality of exfoliated graphene and the clean nature
of this technique drove researchersofii for this method for studying thieindamental
electrical and optical properties of graphene. Howeee, to the small micrometer size
crystals andhe arbitray and uncontrollable posithing on the desired substratéisis

method is not suitable for technological purposeslamgscale production
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2.2.2. Epitaxial Graphene

Epitaxial graphene is a common growth technique that renders high quality taeege a
graphenen the surface of Silicon Carbide (SiChis technique is based on sublimation

of Si from Siliconcarbideat temperaturésp 1 11 TP @ TIOBAL these high temperatures

Si leaves the surfacef SiC anda subsequergraphitization of the surface oars[35]

Using carborterminated SiC instead of Si terminat&i, one can obtaiabetter graphene
coveragd36] Although epitaxial graphene offers high quality andjéaarea production,

the initial cost of SiC and the high temperatures required for the graphitization, renders this
method incompatible with a wide range of substrates commonly used in the well

established electronic industry.

2.2.3. Chemical Vapor Deposition (CVD) Graphene

The possibility of large area growthhigh degree of controdnd reproducibilityin the
production ofCVD graphengand the inherentelectrical propertiegivaling exfoliated
graphene, has made CVD growth metboé ofthe most vable optios for the transition
of graphene into the industry37][38] After the successful isolatiorof single layer
graphene in 2004many efforts were made to grdarger aregraphene on metals. It has
been shown that most transition metals serve as efficient catalylsé&triansformation of
hydro-carbons into graphitic compoun[&9] However, thdow costand extremely low
carbon solubility otopper hasranked copper, thaost popular metal fadhe synthesisf
CVD grapheneln this caselack of bulk carbon anthe surface catalysjgesults inthe
self-termination of the growthprocess andyields uniform single layer graphene

growth[40]
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2.3. CVD graphene growth

The first step of the CVD graphene growth is to reduce the oxides on the surface of the
copperfoil by annealing ahigh temperatures betweean 1t Tt p 10 TI0RT fbllowed by an
exposure to the hydrocarbon precursor. Althoaghigher temperature is requirese

chose methane as our precursor tludts cleaner and moreonvenientnature The
nucleation of graphene on copper gets larger by feeding o#alcgants from the precursor
which are catalyzed on copper. The Ipvessures of the order of mithrr used in this
processresult inthe depositionof thin membranes of graphem&d uniform single layer

graphene coverage.

a8 . .9
m, § = graphene+H? ;. copper sublimation
:,....‘. ._- — C+4H L]

§ = C+3H °e :
— C+2H & . desorption
ethylene adsorption .
.X‘, dehydrogenatione
== Pt Y e

Figure 2.1.Schematics ofhe CVD graphene growth and tlassociateanechanisms.
Referencd41]

2.3.1. CVD growth kinetics

Graphene growth kinetics habeen the subject @xtensivedebates. It has been proposed
that the growth process in CVD graphene is dominated by crystallization of the surface
where in the early stagethe surfaces supersaturated with carbon-adms ad the

graphene nucleation stagtsa slightly later stage. A different model has been proposed by
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Celebi et al.[41] implying that even after the nucleatigmocess the growth is still
dependent on the continual hydrocarbon adsorption and desorption off of the copper
surface. Copper sublimation is deemed to have a mignifeffect in slowing down the
growth process after nucleatidrgweverwhen the carbon specie-atbms diffuse beneath

the growing crystals of grapheribey are isolated and therefore protected from the copper
sublimation andthe eventual desorptionFigure 2.1showsthe different stages ofthe
graphene growthstarting withthe adsorption of hydrocarbon precursor on copper. The
pool of intermediate hydrocarbon reactants can go under dissociation and dehydrogenation
until they either attach to the gtegne lattice or they are desorbed. As we mentioned
earlier, this desorption is hindered when these reactants diffuse beneath the growing

graphene layer and it is enhanced throtingttopper sublimation.

< ¥ _ s
2 pm* EHT = 5.00 kV Signal A = InLens Date :23 May 2012

WD = 10mm Mag= 529 KX Time :10:54:20 E-ENE

Figure 2.2 SEM images of white particles on the copper foil immediately after

graphene growth process.
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2.32. Copper foil contamination

While charaatrizing our early CVD growths, we came across white scattered particles on
some graphene samples grown on copper {6iigure 2.2)Optimizing the growth
parameters seemed to have little effect on the density of these partidesver, we
noticed thathe older samples seem to have a higher density of these dots and also the
density of these particles seetito be morgoronouncedround thevrinkles in the copper

foil. EDX measurements showed the composition of these dots to be mostly copper oxide
Our results were further confirmed by the work of Celebi ef4l] whereNano Auger
characterizatiormethodsrevealedthe elemental composition of theparticles to be
mainly copper oxide and chlorine agglomerates and mostly due to the oxidization after

exposure to air.

2.3.3. CVD growth recipe

To grow single layer gragme ina high temperaturdow pressure€€VD furnace, we first

treat the coppeioil with acetone formapproximatelylO mirutes followed bya 10 second

IPA rinse to remove any impurities resident on the surface of copper that could contaminate
the growth camber. We then yrge the gas lines with argon, mabhe, and hydrogen
respectively and wait until the pressure gets bglom "Qa & "“POTETOi 0 @f O iis then

flown with the pressure staying abap 1 p 0 € 1 We then start the flow @ 1TYO O af
hydrogen and set the furnace temperature afit and anneal the copper foil for 1 hour.
After 60 minutes, we raise the temperaturedto @ dnd turn off thed iflow and increase

the hydrogen flow tgp 170 0.U0At the same timewe beginthe flow of our carbon

precursorg UYO O of methane 6O 8After 30 minutes, we set the furnace temperature
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to zero and turn off all gas lines except théand move the quartz boat containing the
copper foil out of the furnace. This recipeejis high quality, uniform single layer

graphene with large grain size as confirmed by SEM images and Raman spectroscopy.

2.4. CVD graphene transfer

Chemical vapor deposition can provide great qudlitsge area graphenbowever the

next challengarises from transferring the mono layer of graphene from the copper foil
onto the desired substrate. The most common method for small production graphene is the
0 0 0 dnethodwhere a layer of widely used polymer: Pohethyl methacrylata O 0 P

is spun on top of graphene to act as support. The copper is then etched away leaving the
graphene layer supported byd 0 &hich canthenbe easilymovedonto anysubstrate.

After transfer to the destination substrate,ihé 0 ds eventually removed. Although the

0 0 0 dnethod has many advantages sucBiaplicity and high conformityit also has

its distinct drawbacks. The formation of wrinkles and cracis @specially difficulties
involving the removal of thé O 0 desidue from the surfageall for optimization of the
transfer process suited to specific needdur optimized methadyields very clean
graphene with little) 0 0 desidue. We also uséiZ 9260 Photoresisis a substitute for

0 0 0 &ince it shows higher solubility in Acetone compared to 0 pbut the support

that0 0 O &provides prove to be superior to Photoresist. Therefave, chosed 0 0 6

with different anisole concentratie as our primary support polymer. We spin @oét0 6

on top of cm size copper foil atv 1i ) AFigure 2.4 shows thé 0 0 dilm thickness

versus the spin coating speédthermal release tape is used in the back of the copper foil
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to prevent suace deformation of copper caused by the suction of the vacuum chuck. We
noticed that even small deformatgin the coppefoil, while being spin coatedesults in
an inhomogeneous dispensing of tled O 6and subsequently annferior transfer
especidly for free standing samples. We also noticed that the hot plate bake gtgpat

suggetseddy some research groypg] results in much hardeér O 0 desidue and makes

PMMA etchingmore difficult. (Figure 2.3)

Figure 2.3. Optical images of single layer graphene transferred on/SiGubstrate
using PMMA. Left image shows a clean transfer while the right énsagws an inferioi

transfer with improper removal of PMMA.

2.4.1. Etching copper

To etch awayhe copperfoil underneath the graphene membrame use Ferric Chloride
"OQ® hdue to its slow and controllable etching rate. The other advantage arises from the

fact that unlike etchants such'@0 hwhere the ethingprocesdeads to formation 6D

bubbles and causes tears and cracks and degradation of the cartiunetphing process

with Ferric Chloride,does not generatany bubbleg43] The etching time of 1 hour
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suggested by some groupses not seem sufficient to etch the copper particlesossly
in the edges and folds. &\also observed that if the anisole concentratiod ih 0 Gs
higher, the longer etch tim®f over 24 hourganat timesresult inthe disintegration of
the floatng graphen® 0 0 dnembraneWe found the that fob 0 O &t the optimized

time is between-8 hours.

495PMMA A Resists
Solids: 2% - 6% in Anisole

7000
6000
=4
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o
2 4000
o
£ 3000 \ A8
£
£ 2000 1
1000 —_— v
0

500 1000 1500 2000 2500 3000 3500 4000 4500
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Figure 2.4.PMMA thickness versus spin coating speed for PMMA A2, A4 and
[188]

Another important factor thaelps with the etching rate ibe removal of the graphene
layer that is grown on the bottom of the copper foil inGM® growth process. To remove

the backside graphene, we use reactive ion etching (RIE) oxygen plasma with a power of
o ™ and flow rate ob 1t G cbax 10-20 seconds. We observed that for less solid 0 &

such a® ¢, the anount of time that isequiredto etch graphene on the baaksoprovides

enough time for the fragilgraphene ® 0 0 dayerunderneattto be attacked by plasma
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which candegradehe edges of theéransferred graphene layeks a result, care needs to
be exercised with thd 0 O &oncentration and the timing and power of theplasma
treatment. @erwise the plasma will etch the edges of the protectivé O Olayer

underneathrendering a jagged transfer.

After the copper foil is etched, the floating PMMA + grapdéayer needs to be thoroughly
cleaned and rid of the copper etchant residue. It is common in the field to use a few
Deionized Water (DI) dips for the duration of-60 minutes. Our observations show that
this amount of time is not enoufir a proper claning We also found that using multiple
water baths (80) and a subsequent dip of over 24 hours is superior3p lfaths for the

same amount of time. If the residue of the copper etchant is not thoroughly itircsed

form a layer inbetween graphenand the substrateesuling in an inferior grapbne

transfer and degradation of device performance.

2.4.2 PMMA removal

One of the major drawbacks of tied O 6method is the polymer residue *of¢ &
thicknesswhich remainson the graphensurfa® after the bulk othe 0 0 0 dthas been
removed by organic solvents. It has been shown thab the) Gemnants can actually
induce a weak p doping in graphdrd] The main metho for removingd 0 0 dnvolves
dissolving the polymer in acetone followed &yyisopropanol (IPA) rinse. Although this
method removes the bulk 8f0 O Pthe cleanliness is inferior for our spécifieeds. We
experimented with a few different methods such @avihgthe samples in Acetone for

varying amounts of time up to 48 hours, dissoling 0 on heated acetone bath as well
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as sonicating the samples in Acetone. Although better results were achieved by
longer/heated acetone bathyery thin0 0 0 éresidue 8ll remained on the surface
indicating that Acetone alone is not sufficient to remdve 0 6Another parameter that

we carefully experimented withyas theamount of anisole id 0 O &nd the thickness of

the spin coated layer. Our observationsdat thatalthough the thinner layer afg (40

nm) is easier to remove, it does not provide enough support and protectionnhortipée

steps of the transfeespecially the oxygen plasnigatment For the graphene samples
used in chapted, we usedl80 nm ofd 0 O @t which provides enough support while not

being too thick tde effectively remove.

Thermal annealing in gaseous atmosphénesddition to solvent cleaning is a w&thown
method for removing the residue @fd 0 H6Annealing grapéne ind i, "O and a mixture
of the two has been studied befp48][46][47] In addition to annealing in ultdaigh
vacuum which has baeshown to greatly increase the mobility of CVD graphé¢#4]
annealingin oxygen followed by Hydrogemrgon, is also shown to be effective in

removing most of thé 0 O Gesidud48]

We studied annealing CVD graphene in different gaseous mixtures. Our observations
showedthatthe best results are achieved by first removing the bulk@fd dy solvents
followed by a twestep thermal pross. In this fashion, we will have a lower density of
polymer debris compared ta single step annealingrocess and lesser chance of
contaminating the chambeWwe obtainedur most successful results by firashnealing

0 0 0 @nahot plate in ambient afor o TmMinutes a 1 followed by a hot furnace
annealing in0 O at Tt m3® for 3 hours. Our studies shothat baking at higher

temperatures in gimtroduces defects in the lattio graphenand results in a higher D
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peak inthe Raman sgctrum,most likely dudo the partial oxidation dhegraphendayer.

(Figure 2.5)

2.5. The Substrate

Althoughgraphené s e x c e | | enake it aplesable eandidatefer miniaturization

of electronic andptoelectronicsthe intrinsic propeies of graphene are highly sensitive

to the external environmenéd the substrate on which it resid&s a resultone needs

to pay close attention to and accordingly characterize the substrate related parameters such

asthe roughnesandpassivatiorof theunderlyingsurface.

Figure 2.5. Raman spectrum of graphene on quartz annealed in air at 400°C

prominent D peakndicatesthe degradation afarbonlattice due to posble oxidation

of graphene in air.
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2.5.1. Surface roughness

The morphology and the roughness of the underlying substrateshbstantial impact on

the fundamental properties of graphene and graphene based {49}¢&8] The substrate
induced corrugations igraphene are different from the random intrinsic corrugations
occurring in suspended graphene. This substrate induced change in the morphology of
graphene is shown to be strong enough to overcome the random inherit corrygations.

In an experimental work b¥lantey et al.it is shownthat the morphology of CVD
graphene transferred orlica nanaepillars, can range from complete conformation to
complete suspensipdepending on the density, pitch and sharpness of thepibars [52]

(Figure 2.6)

On the other handheoreti@l studies stipulate that depending on the surface roughness

and interfacial binding energy, grapheamexhibit a sharp transition between two distinct

mor phol ogies: (1) closely conforming to the
points.[53][51] Figure 2.7 (a) shows the schematics of the graphene layer conforming to

the substrate corrugatignghere™Qis the distane between the iadle planes ofraphene

and the substrate,is the groove wavelength and andod are the corrugation amplitudes

for graphene and the substrate respectively. Whith being a good measeiof the surface

roughness, Figure 2.{b) showsthe effect of thesurfaceroughness on the conformity of

graphene. For a given interfacial bonding energy, there exists a thresigithessibove

which, the transferred graphene layer lays flat on top of the substraie f@. ).
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Figure 2.6 Graphene transferregh nanopillars Image in top left shows the AFN
micrograph of graphene on SiGanopillars.The top right schematics show th
depending on the properties of the substrate, a transfeestbrane of graphene ce
either conform or lay flat on top of the pillars. Figufesd) show SEM images o
transferred graphene on surfaces with different densities of nano pillars (Scale
2um). These images display that the conformity of grapherleet substrate, greatl
depends on the roughness and morphology of the surface and can range t
complete conformation (a) to lying flat on top of the highest points, with min
contact with the substrate. Referefis2]
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In the scope ofthis thesiswith the main focus being the substrate induced effects in the
carrier and phonon relaxations in graphene, the adhesion of graphene to the substrate is of
utmost importance. With the graphesgbstrate phonon interactions beingimportant

factor, the roughness of the surface plays a critical role in the conformation of graphene to
the substrate anehhancement dhe graphensubstrate phonon coupling. As a reswi¢

took extra measures to ensure that all studied substratespter 3are finelypolished to

a sub nm surface roughnestr accurate comparison of the dynamics.

~.Snap-through
instability

2 5 10 20 40
MA

Figure 2.7.(a) Schematics of graphene conforming to the underlying substrate

sinusoidal surface grooved2ointA denotesa carbon atom in graphene andé@hotes a
substrate location within distance R of point(B) ShowsAg/As as a function of /As.

The inset displayshe two distinct states of thgraphene morphology on a give
substratg¢51]

To dharacterize the polished samptrighnesswe used a Zygo optical profiler. Optical
profilometry (OP)is an interference microscopy technique thatsed to measure height
variations with up to sub nm resolution. The advantage of an optical pmfdeAFM in

this case is thed aw & scanning range for OP as opposed to the maximum
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p T T {ap TTiiT@ spatial range offered by AFMEig 28. (c) shows the roughness profile

for one of oursingle crystalline diamond samples used in Chapter 3.

2.5.2. Substrate cleaning

To eliminate any contaminatiomghich might reside on the substrgteor to the graphene
transferwe used a Piranha cleaning method fosalhplesexceptdiamond plates where

in addition to the Piranha cleaning, an RCA cleaning method wasTisedRCA cleanig
method was first developed by Werner Kern while working for Radio Corporation of
America, hence the nanRCA. The threestep sequential method involves (stepl) removal
of organic material from the surface (step 2) oxide strip (step 3) ionic clean. Gur XP
measurements show that the R@®thod,effectively removes the Si particles from the
diamond surfaceTo avoid compromising the sub nm polish the quartz and sapphire
samples, we usexPiranha etcimethodwhich involves a mixture of sulfuric acitQ(™ )

and hydrogen peroxidéO 0 ) to effectively remove organmontaminants
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(b)

Figure 2.8.(a) Zygo interferometer image of the etched diamond sample that has
exposed to hydrogen plasma treatment. The smooth seepogsentshe location at
which the diamond surface was peoted from plasma using a magi) The plot of
the etching rate versus inverse of the temperature for (100) face of single crys
diamond.[54] (c) Optical profilometry mapping of the (100) face of single crystall
diamond The mapped area is 2.4 x 2.4 mm and the RMS surfacanessg is ~ 0.4

nm.
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