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inset displays the two distinct states of the graphene morphology on a given substrate.[51]
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Figure 2.8. (a)  Zygo interferometer image of the etched diamond sample that has been 

exposed to hydrogen plasma treatment. The smooth section represents the location at which 

the diamond surface was protected from plasma using a mask. (b) The plot of the etching 

rate versus inverse of the temperature for (100) face of single crystalline diamond. [54] (c) 

Optical profilometry mapping of the (100) face of single crystalline diamond. The mapped 

area is 2.4 x 2.4 mm and the RMS surface roughness is ~ 0.4 nm. .................................. 33 

Figure 2.9. (Left) Exfoliated mono and bilayer graphene transferred on SiO2/Si substrate 

and characterized under white light where the optical contrast provides a quick method to 

identify layer number.[189] (Right) Contrast plot of light wavelength versus the thickness 

of the SiO2 layer. As one can see, at 300 nm thickness the visibility of graphene is strongest 

for green wavelength which human eye can detect easily.[55] ........................................ 35 
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Figure 2.15.  Spatial mapping of the 2D Raman peak of graphene transferred on sapphire. 
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Figure 2.16.  Raman spectrum for graphene transferred on single crystal diamond where 

the 2D and G peaks of graphene are dwarfed by the 1333 peak of diamond. The inset shows 
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Figure 3.8. Ultrafast transmission response of graphene on quartz as a function of 
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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 sapphire. 108 
Figure 3.23. Slow relaxation time Ű2 is plotted against pump power 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.
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Figure 4.1.(a) Schematics of the gradual longitudinal unzipping of a carbon nanotube 

resulting in a flat graphene nano ribbon.[164] (b) Top and side view of a carbon nano scroll 

obtained by dynamics simulation.[168] .......................................................................... 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. [171] (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.[172] (c) Simulation results of tight-

binding atomistic calculations done by Ortolani et al. [170] of a 3D renderization of zigzag 

folded graphene membrane. ............................................................................................ 117 
Figure 4.3. Simulation results of twisted ribbon transformation 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 whole structure. Less strain energy is required for 

the coiled morphology. [174] .......................................................................................... 118 
Figure 4.4. SEM images of three different curled graphene ribbons suspended over 

trenches of 5µm width. One can clearly see from the top figure that the most intense curling 

happens in the middle of the ribbon. The images on the right show a more magnified view 

of the curling. .................................................................................................................. 120 

Figure 4.5. (a) MD simulations of CGRs, MD simulation cell with a restoring elastic force 

Ὂ = Ὧὼ at 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 (bottom). (b) View of the 

CGR formation from the top (c) TEM image of a CGR. The scale bar is 200 nm. The inset 

shows a close-up image of the curled area with a scale bar of 50 nm. ........................... 122 

Figure 4.6. (a) SEM image of a CGR structure. The CGR was suspended across a 5 ɛm-

wide and 5 ɛm-deep trench on fused silica. The white arrows specify the spots where 

Raman spectroscopy was performed. The scale bar is 1 ɛm. (b) Raman spectra of six 

different regions along the CGR at 532 nm. The 2D-to-G intensity ratios are greater than 1 

in the regions R1, R2, R5 and R6, indicating the presence of a single layer graphene 

membrane. The broad 2D bands in the regions R3 and R4 may result from the interlayer 

interactions between different 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 graphene-metal junction. Adapted from reference [193] .............................. 127 

Figure 4.8. SEM images and corresponding photo current response of (a) 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 1µm. The bottom image shows the schematics 

of the experimental photocurrent setup. .......................................................................... 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 SLG(B)   and a suspended CGR device (C), respectively. The 

corresponding photocurrent images of the suspended SLG device (D) and the suspended 

CGR device (E), respectively. The scale bars represent 5 ɛm. Blue and black dashed lines 

are the edges of the electrodes. ....................................................................................... 130 
Figure 4.10. Photocurrent responses of a CGR device. (a) SEM image of a CGR device 

projected on the corresponding reflection image. The scale bar is 1 ɛm. (b) The 

corresponding photocurrent image at Vg = 1.9 V and a zero source-drain bias. The scanning 

position of the laser beam is indicated by the green dotted line. (c) The gate-dependent 

scanning photocurrent image as Vg is varied from 1.4 V to 2.0 V. (d) The 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 device as a 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 ñjunctionò areas. The scale bars are 1 ɛm. (b) and (e) the 

corresponding photocurrent images of the CGRs. (c) 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, respectively. Blue 

color represents the negative current in the experimental setup used and red color 

corresponds to the positive current. ................................................................................ 136 
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FOREWORD 

 

Graphene, the two dimensional allotrope of the carbon family, exhibits extremely high 

electron mobility, thermal conductivity and fascinating ultrafast carrier-carrier and carrier-

phonons interactions. However, being merely one atom thick, introducing a substrate or 

altering the morphological form of graphene can affect both its equilibrium and non-

equilibrium dynamics and inevitably influence the performance of graphene-based devices. 

In the first part of this dissertation, we use fluence and energy dependent ultrafast pump-

probe spectroscopy to determine the effect of substrate on the femtosecond transient 

electron and phonon dynamics of single layer graphene transferred on sapphire, quartz and 

single crystalline diamond. 

Using a multi-channel cooling theory involving surface phonons of the substrate, intrinsic 

optical phonons of graphene and the corresponding competing scattering rates, we proceed 

to explain the strong substrate-dependent dynamics of graphene observed in our 

experiments. We stipulate that the sub-nm surface roughness of the studied substrates, 

enable a strong coupling between 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 electron temperature 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 quasi-one dimensional morphology of graphene called curled graphene ribbons 

(CGR). Our gate dependent scanning photocurrent measurements reveal an astounding two 
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orders of magnitude enhancement in the photocurrent response of CGR which we 

attributed to the photothermoelectric effect (PTE). 

Understanding how the equilibrium and non-equilibrium dynamics of carriers and phonons 

in graphene are altered by the interface or morphology and deciphering the various energy 

relaxation pathways, will pave the way towards realization of higher performance graphene 

based electronics and optoelectronics. 
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    CHAPTER 

 

1.     GRAPHENE 

 

 1.1.     Introduction  

Graphene, the 2D allotrope of the carbon family, was deemed unstable at room temperature 

for decades.[1] Half a century ago, Mermin and Wagner stipulated that a 2D material is 

thermodynamically unstable due to the thermal fluctuations of the membrane which, at any 

finite temperature, would lead to a displacement of atoms greater or comparable to the 

distance between the atoms and ultimately lead to dissociation.[2][3] In 1947, P.R Wallace 

calculated the band structure of graphene and identified graphene as a zero bandgap 

semiconductor.[4] Almost 40 years later, DiVincenzo introduced the linear dispersion of 

graphene near the zone edges and predicted the relativistic nature of the electrons as a 

consequence of this linearity.[5] Although some work on graphene was reported in the 

following decades, the breakthrough came about in 2004 when Geim and Novoselov 

reported observation of a single layer graphene made by mechanical exfoliation.[6] It is 

believed that the inherent ripples and height fluctuations in a free standing layer of 

graphene is the underlying reason for its stability in the three dimensional space.[7] The 

extraordinary transport properties of graphene, in addition to the easy fabrication process, 

initiated one of the fastest paced research areas in the history.[8] In the first part of this 

chapter, we will discuss the linear band structure of graphene and its implications on the 

associated density of states (DOS) of graphene. The second part of this chapter will cover 

the optical properties of graphene in the visible and near IR spectral range. We will then 
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discuss the interband and intraband transitions and their contributions to the optical sheet 

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

 

 

1.2.     Band structure of graphene 

Graphene is a sp2 hybridized lattice of carbon atoms in a hexagonal honey comb 

configuration. Figure 1.1. (a) shows the unit cell of single layer graphene consisting of two 

un-equivalent atoms: A and B, defined by the lattice vectors ὥ ὥ ρȾςȟЍσȾς) 

and ὥ  ὥ ρȾςȟЍσȾς, with the lattice constant a0 = 0.2461. The high symmetry 

points of the Brillouin zone (BZ), described by ῲ  πȟπȟ ὑ  ρȾὥ ς“ȾЍσȟς“Ⱦσ 

and ὓ  ρȾὥ ς“ȾЍσȟπ are shown in Figure 1.1. (b).  ὑ and ὑȭ points are particularly 

Figure 1.1. (a) The lattice of single layer pristine graphene, where lattice vectors a1 and 

a2 define the unit cell which is shown in light blue. (b) The first Brillouin zone of 

graphene which is defined by the reciprocal lattice vectors b1 and b2. ῲ πȟπ is in the 

center of the hexagon and ὑ and ὑȭ points are in the corners of the hexagon. M point is 

defined as the middle point of the neighboring high symmetry  ὑ and ὑȭ points. 
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important for resonant processes in graphene and will be discussed in more detail in 

Chapter 2. 

 

 

The two carbon atoms in the unit cell of graphene, each contribute four electrons and 

evidently form grapheneôs unique band structure. Three of these electrons form the sp2 

Figure 1.2 (a) 3D energy dispersion for the two ˊ bands in the first Brillouin zone of a 

hexagonal lattice of single layer graphene. (b) Pseudo-3D near-linear energy dispersion 

for the two ˊ bands near k points (Dirac cones). (c) Constant energy contours for the ˊ 

valence band and the first Brillouin zone of graphene. 
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hybridized orbitals responsible for the extremely strong planar covalent ů bonds that give 

rise to the unusual stiffness of graphene. [9] With a measured Youngôs modulus of up to 

ρ Ὕὖὥ [10], this stiffness is also related to the high thermal conductivity of  ͯυσππ ὡẗ

ά ẗὑ  for suspended graphene.[11] These „ bonds are energetically separated and due 

to the Pauli principle, have a filled shell. As a result, they form valence bands far from the 

Dirac point and are not considered in the scope of this thesis.  

The remaining 2pz electron contributes to the binding and anti-binding “ and “ᶻ bonds that 

are perpendicular to the plane of graphene. Only these electrons can contribute to the 

transport and conductivity phenomena in graphene. Lack of a band gap and the filled 

valence and empty conduction bands at zero temperature, fits graphene into the semi-metal 

category. 

The band structure of graphene was first calculated by Wallace in 1947. [4] Within the 

picture of the tight binding model with the nearest neighbor approximation, the energy 

dispersion can be described as: 

Ὁ ‎ ρ τ ÃÏÓ“Ὧὥ  τÃÏÓ“ὯὥÃÏÓ“ὯЍσὥ                        Eq.1.1 

where ‎ is the nearest neighbor hopping energy and ὥ is the lattice constant. Figure 1.2. 

(a) shows the “ and “z  bands touching at the high symmetry points ὑ and ὑȭ of the BZ. 

The point where the conduction and valance bands come together is called the Dirac point 

(Figure 1.2. (b)) where charge carriers experience a linear dispersion around this crossing. 

Further away in the BZ, one can see the saddle point singularity in the electronic band at 

the ὓ point. In the center of the BZ at ῲ point, the conduction and valence bands are 

separated with an energy gap of ~ 20 eV,[12][13] the equi-energy contour near this point 
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is isotropic in character and follows a parabolic dispersion. (Figure 1.2. (a) and (c)) In the 

vicinity of the Dirac point and in the linear regime, equation 1.1 can be formulated as: 

Ὁ ‡ Ў̯Ὧ ȟ                                                                                               Eq.1.2 

where ̯  is the Plankôs constant, ‡ ρπ άίϳ  is the Fermi velocity and ῳὯ is the 2D 

wave-vector relative to the ὑ-point. Equation 1.3 below, shows the Einsteinôs energy-

momentum relation: 

Ὁ ά ὧ ὴὧ άὧ ρ   ȟ                                                       Eq.1.3 

When ὴ ḻ ά ὧ, this equation can be approximated as: 

Ὁḗὴὧ Ὧ̯ὧ ȟ                                                                                                                      Eq.1.4 

A simple comparison between equations 1.2 and 1.4 highlights the relativistic nature of the 

carriers in graphene. According to the Dirac equations, electrons in graphene behave as 

massless Dirac fermions with a velocity ‡ ὧͯȾσππ .[12]  

The two dimensional DOS per unit area can be formulated as:   

ὈὉ В ▓Ὁ‏ Ὁ ȟ                                                                                             Eq.1.5 

where a factor of two has been added for the spin degeneracy. Integrating over the Brillouin 

zone we get:  

ὈὉ ▓Ὁ‏᷿ ὉὨὯ ȟ                                                                                   Eq.1.6 

With the Dirac approximation  Ὁ▓ ‡̯ή  close to the ὑ and ὑȭ points, an analytical 

solution can be written as:  
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ὈὉ
ρ

“
‏ ‡̯ή ὉὨή

ς

“
‏ ‡̯ή Ὁ ήὨή 

̯
᷿ ό‏ Ὁό Ὠό                                                                                   Eq.1.7 

Consequently, DOS can be approximated as:   

ὈὉ
ȿȿ

̯
                                                                                                     Eq.1.8 

Equation 1.8 implies that pristine graphene has a DOS of zero at the Dirac point. The linear 

increase of DOS with energy, in addition to the linear band structure around the zone edges 

and the zero band gap, lead to the extremely high electron mobility of graphene which can 

reach ςππȟπππ ὧά Ⱦὠί.[14] The room temperature (RT) mobility of graphene 

ρͯυȟπππ ὧά Ⱦὠί [8] greatly exceeds that of silicon ~ ρτππ ὧά Ⱦὠί. [15] Although some 

semi-conductors such as InSb, show RT mobilities of ~ χχȟπππ ὧά Ⱦὠί, these values refer 

to the bulk undoped sample and not the intrinsic material. 

Figure 1.3. Ambipolar electric field effect 

in single layer graphene. The inset shows 

the Dirac cone near K point of the BZ. The 

figure shows the change in the Fermi level 

of graphene as the gating voltage is 

changed and the consequent change in the 

resistivity of graphene. (Reference [8]) 
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Figure 1.3 displays grapheneôs ambipolar field effect, where the charge carrier density in 

graphene can be tuned as high as ρπ ὧά  both below and above the Dirac point. [8] 

Interestingly enough, the mobility of graphene does not vary considerably even at high 

doping levels. The long mean free path of ͯ πȢυ ʈά, fits grapheneôs transport into the 

ballistic regime and makes graphene a desirable candidate for field effect transistor  (FET) 

applications.[16] 

 

1.3.     Optical properties of graphene 

The initial discovery of single layer exfoliated graphene in 2004, was in part due to 

grapheneôs strong optical absorption in the visible spectral range. Even though graphene is 

one atom thick, the absorbance of ͯςȢσ Ϸ made its detection under optical microscope a 

Figure 1.4. Dirac cone of graphene near the K point. Green arrows indicate possible 

direct and indirect intra and inter band transitions. The indirect intraband transitions 

will require a change in the momentum of the carriers. 
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possibility.[6] The coveted broad band absorption, in combination with an extremely high 

electron mobility, makes graphene a strong contender in optoelectronic applications such 

as near IR and THz detectors and saturable absorbers.[17][18] Being a flexible transparent 

conductor, the future of graphene might lie in the transparent touch screens. One of the 

advantages of graphene over current contenders, such as Indium Tin Oxide (ITO), stems 

from the abundancy of carbon as opposed to rare elements.  

The optical absorption in graphene is due to two fundamentally different contributions 

from interband and intraband phenomena. (Figure 1.4) In the far-IR spectral range, free 

carrier absorption or intra-band transitions are dominant. However, in the mid to near IR 

range, the optical response of graphene is mostly due to the inter-band transitions between 

the valence and conduction band.[19][20]  

 

1.3.1.     Interband transitions and universal absorption of graphene   

Inter-band transitions occur when carriers are directly excited from the valence band to the 

conduction band of graphene. (Figure 1.5. (b)) When a photon with an energy above IR 

gets absorbed, an electron-hole pair is created and the optical response of graphene will be 

mainly dominated by this band to band transition. The net loss of the photon energy can be 

linked to the real part of the optical sheet conductivity. The optical sheet conductivity of 

graphene for the inter-band phenomena can be described as: [21] [22] 

„ ‫ ÔÁÎÈ
̯

ÔÁÎÈ
̯

                                        Eq.1.9 

 



11 

 

For pristine graphene at zero temperature and zero doping, the optical conductivity 

response in the linear dispersion regime can be described as: [19] [23] 

„‫ “ὩȾςὬ                                                                                    Eq.1.10 

 

Figure 1.5. (a) Universal absorbance and optical sheet conductivity of graphene in the 

energy range: 0.5-1.2 eV. The absorbance is in units of ˊŬ with Ŭ being the fine structure 

constant of the matter. The black line corresponds to the universal sheet optical 

absorbance of single layer graphene ˊŬ=2.293%. (b) Schematics of interband transitions 

for hole doped graphene where optical transitions or absorption with photon energies 

below |2EF| are blocked. (c) Change in transmission of hole-doped graphene induced by 

gate voltage, curves from left to right correspond to the transmission for values of change 

in Vg from charge neutrality point: -0.75,-1.75,-2.75 and -3.5 Reference [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 fine structure constant of the matter 

‌
̯
ḗρȾρσχ   in pristine graphene for the discussed spectral range. [24] (Figure 

1.5. (a)) In the next section we will discuss how this universal conductivity corresponds to 

a transmittance of ͯωχȢχϷ  or universal absorption of ͯςȢσϷ in graphene.[25]   

 

1.3.2.     Optical transmission in 2D graphene 

When the incident light is perpendicular to the plane of graphene, we can determine the 

associated optical transmission through the amplitude of the electric field:[26] 

Ὁ ὃὩἳȢ ὃὩ  ὃὩ Ὡ                                                     Eq.1.12       

With the complex refractive index being:         ὲ ὲ ὭὯ,                               Eq.1.13 

Then the transmittance Ὕ of a single layer graphene with a thickness Ὠ can be defined as:  

 Ὕ  ,                                                                                                   Eq.1.14 

where Ὅ is the intensity of the incident light after it passes through graphene and Ὅ is the 

intensity of the light before it is incident on graphene. Since the intensity of the light is 

related to square of the electric field  Ὅθ ȿὉȿ ὃὩ , the transmittance can be 

written as: 

Ὕ Ὡ ḗρ ςὯὯὨ ,                                                                 Eq.1.15 

where Ὧ ‫Ⱦὧ. Knowing the relation between the polarization density, the susceptibility 

and the current density in graphene, one can write:[26] 
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Ἔ‫ ‐…‫Ἇ‫ȟ                                                                                     Eq.1.16 

ἔ‫ „ ‫Ἇ‫ȟ                                                                                       Eq.1.17 

ἔὸ
Ἔ
 ȟ                                                                                                   Eq.1.18 

Here the time dependent component of the electric field will be in the form of  Ὡ ȟ      

therefore we obtain : 

ἔ‫ Ὥ‫Ἇ‫ȟ                                                                               Eq.1.19…‐‫ 

The conductivity then could be derived as: 

 …‫ ȟ                                                                                        Eq.1.20 

The three dimensional conductivity approach we adopted, can be related to the two 

dimensional space through:   

„ ‫ Ὠ„ ‫ȟ                                                                                    Eq.1.21 

hence we will have:     …‫
Ὥ„ςὈ‫

Ὠπ‐‫
ȟ                                                           Eq.1.22 

knowing that:    ὲ Ѝ‐  ‘ ȟ                                                                       Eq.1.23 

With ‐ … ρȟ where ‐   is the releative permitivity and ‘, is the relative permeability 

(in case of graphene ~1), we can Taylor expand Eq.1.23 into: 

  ὲḗρ …ȟ                                                                                                          Eq.1.24 

As a result, Eq.1.13 can be written as:  



14 

 

ὲ‫ ḗρ ȟ                                                                                Eq.1.25 

Ὧ‫ ȟ                                                                                  Eq.1.26 

and the transmittance T becomes:     Ὕ‫ ρ ,                              Eq.1.27 

For the spectral regions where the universal absorption is valid, we will have  „ ὩȾτ  ̯

which ultimately yields:           Ὕ‫ ρ ρ “‌ ωχȢχϷ . 

 

1.3.3.     Intraband transitions in graphene 

The intraband contribution to the optical conductivity of mono layer graphene due to 

electron-photon scattering processes can be written as : [27][28][29] 

„ ‫  
̯
᷿ ὨὉ

ȿȿ
 ȟ                                                      Eq.1.28 

where Ὢ is the Fermi Dirac function: 

ὪὉ    ϳ  
 Ȣ                                                                                Eq.1.29 

To take into account the electron-disorder/phonon scattering processes, we can write 

‫ᴼ‫ Ὥ† , where † is the scattering time. Depending on the scattering mechanism, 

†  can be a function of temperature, impurity or carrier density. Integrating over the 

equation above, we will obtain: 

„ ‫
̯   

 ÌÎςὧέίὬ  Ȣ                                              Eq.1.30 
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When ὉὊḻὯὝ, the intraband contribution takes the familiar form of Drude-Boltzman 

expression: 

„ ‫  
̯
 
ȿ ȿ

 Ȣ                                                                               Eq.1.31 

An accurate description of the optical dynamics of graphene in a certain spectral range is 

not possible unless both interband and intraband transitions are considered. We will discuss 

the total optical conductivity response of graphene   „ „ „  in detail in 

chapter 3. 

 

1.3.4.     Effect of doping on the transmission of graphene 

At zero doping density, when there is no shift in the Fermi energy of graphene, the entire 

conduction band is empty. Therefore, all energies are resonant and any incident photon can 

get absorbed through creation of an electron-hole pair with similar energy. This 

phenomena, results in a broadband absorption at a wide range of wavelengths. However, 

Figure 1.6. Experimental optical conductivity in a wide spectral range (0.25-5.5 eV) 

as obtained by reference[95] 

file:///C:/Users/didilon/Dropbox/thesis/thesis/chap1/transmission/PhysRevLett.106.046401.pdf
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when there is a shift in the Fermi energy of graphene, due to the Pauli blocking phenomena, 

the inter-band absorption is suppressed for photon energies below ςȿὉȿȢ (Figure 1.5. (b)) 

It is important to note that due to the fabrication process and the presence of the substrate, 

most graphene samples are unintentionally doped. The Fermi energy in graphene can also 

be shifted by hundreds of meV via electrostatic gating. [30] (Figure 1.5. (c)) The Pauli 

blocking of certain transitions due to the change in the carrier density, provides an easy 

method to measure the Fermi level of graphene without the hassles of microfabrication. 

The energy threshold where the absorption starts to increase, can reveal the value of 

ςȿὉȿ and enables us to accurately extract the carrier density through ὲ ὉȾ“̯ ‡ . [31]  

 

1.3.5.     Optical conductivity of graphene in the UV range 

Further away from the Dirac cone and away from the linear regime, the optical conductivity 

of graphene no longer fits in the universal conductivity picture (Figure1.6). The frequency 

dependent conductivity shows an absorption peak close to ͯ  τȢφ ὩὠȢ[32] This resonance 

can be explained by the band to band transitions near the saddle point singularity at the ὓ 

point and taking into account the excitonic effects. Although graphene does not have a 

bandgap and no stationary bound excitons can exist, the electron-hole interactions create a 

redistribution of the oscillator strength and result in a strong excitonic coupling with the 

electronic band continuum.[33] 
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    CHAPTER 

2.     METHODS 

 

 

2.1.     Introduction  

The exciting future of graphene in electronics and optoelectronics, further highlights the 

need for a scalable and large area synthesis of graphene that could be easily integrated into 

the current industry. Although exfoliated graphene has excellent electronic properties and 

mobilities, the translation of this technique which has its limitations in terms of 

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 exfoliated samples. 

In the first part of this chapter, we will discuss different graphene synthesis techniques and 

optimization of the CVD process and recipes for high quality, large area single layer 

graphene growth.  

The process of transferring CVD graphene onto desired substrates can degrade the desired 

properties of graphene by introducing impurities or mechanically degrading the fragile 

graphene membrane. Section 4 will cover a fabrication methodology, developed and used 

throughout this thesis which can yield clean graphene with little polymer residue. The 

underlying substrate plays an important role in the different properties of graphene, in 

section 5, we will characterize and discuss the effect of the surface roughness and its 

significance in the context of this thesis.  
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One of the most versatile and time-saving characterization tools in the field of graphene 

research is Raman spectroscopy. The final section of this chapter will discuss different 

Raman processes and our utilization of this technique to characterize the layer number, 

orientation, strain and intrinsic doping of graphene samples. 

 

2.2.     Graphene synthesis 

2.2.1.     Mechanically exfoliated graphene 

The first isolation of mono layer graphene from highly ordered pyrolytic graphite (HOPG) 

occurred in 2004 by Geim and Novoselov using a scotch tape method.[34] The bonding of 

layers in graphite is of Van der Waals nature which is quite weak ~ ς ὩὠȾὲά  Ȣ  Hence, 

small forces around 300 nN/µm2 arising from the scotch tape adhesive is enough to separate 

these layers. In the micro-mechanical exfoliation method, bulk graphite pieces are placed 

on the adhesive part of a Scotch tape and after repeated peeling, flakes of graphene of 

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

leaving these flakes behind.[34]  The quality of exfoliated graphene and the clean nature 

of this technique drove researchers to opt for this method for studying the fundamental 

electrical and optical properties of graphene. However, due to the small micrometer size 

crystals and the arbitrary and uncontrollable positioning on the desired substrates, this 

method is not suitable for technological purposes and large scale production. 
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2.2.2.     Epitaxial Graphene 

Epitaxial graphene is a common growth technique that renders high quality large area 

graphene on the surface of Silicon Carbide (SiC). This technique is based on sublimation 

of Si from Silicon carbide at temperaturesͯ ρτππρφππЈὅȢ At these high temperatures 

Si leaves the surface of SiC and a subsequent graphitization of the surface occurs.[35] 

Using carbon terminated SiC instead of Si terminated SiC, one can obtain a better graphene 

coverage.[36] Although epitaxial graphene offers high quality and large area 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 growth, high degree of control and reproducibility in the 

production of CVD graphene, and the inherent electrical properties rivaling exfoliated 

graphene, has made CVD growth method one of the most viable options for the transition 

of graphene into the industry. [37][38] After the successful isolation of single layer 

graphene in 2004, many efforts were made to grow larger area graphene on metals. It has 

been shown that most transition metals serve as efficient catalysts in the transformation of 

hydro-carbons into graphitic compounds.[39] However, the low cost and extremely low 

carbon solubility of copper, has ranked copper, the most popular metal for the synthesis of 

CVD graphene. In this case, lack of bulk carbon and the surface catalysis, results in the 

self-termination of the growth process and yields 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 

copper foil by annealing at high temperatures between ωππρπππЈὅ, followed by an 

exposure to the hydrocarbon precursor. Although a higher temperature is required, we 

chose methane as our precursor due to its cleaner and more convenient nature. The 

nucleation of graphene on copper gets larger by feeding off the reactants from the precursor 

which are catalyzed on copper. The low pressures of the order of millitorr used in this 

process, result in the deposition of thin membranes of graphene and uniform single layer 

graphene coverage. 

2.3.1.     CVD growth kinetics 

Graphene growth kinetics have been the subject of extensive debates. It has been proposed 

that the growth process in CVD graphene is dominated by crystallization of the surface, 

where in the early stages, the surface is supersaturated with carbon ad-atoms and the 

graphene nucleation starts at a slightly later stage. A different model has been proposed by 

Figure 2.1. Schematics of the CVD graphene growth and the associated mechanisms. 

Reference [41] 
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Celebi et al. [41] implying that even after the nucleation process, the growth is still 

dependent on the continual hydrocarbon adsorption and desorption off of the copper 

surface. Copper sublimation is deemed to have a significant effect in slowing down the 

growth process after nucleation, however, when the carbon specie ad-atoms diffuse beneath 

the growing crystals of graphene, they are isolated and therefore protected from the copper 

sublimation and the eventual desorption. Figure 2.1 shows the different stages of the 

graphene growth, starting with the adsorption of hydrocarbon precursor on copper. The 

pool of intermediate hydrocarbon reactants can go under dissociation and dehydrogenation 

until they either attach to the graphene 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 through the copper sublimation.  

 

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

graphene growth process. 
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2.3.2.     Copper foil contamination 

While characterizing our early CVD growths, we came across white scattered particles on 

some graphene samples grown on copper foil. (Figure 2.2) Optimizing the growth 

parameters seemed to have little effect on the density of these particles.  However, we 

noticed that the older samples seem to have a higher density of these dots and also the 

density of these particles seemed to be more pronounced around the wrinkles 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 et al. [41] where Nano Auger 

characterization methods revealed the elemental composition of these particles 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 graphene in a high temperature, low pressure CVD furnace, we first 

treat the copper foil with acetone for approximately 10 minutes, followed by a 10 second 

IPA rinse to remove any impurities resident on the surface of copper that could contaminate 

the growth chamber. We then purge the gas lines with argon, methane, and hydrogen 

respectively and wait until the pressure gets below ρπ άὭὰὰὭὸέὶὶ. ρππ Ὓὅὅὓ of ὃὶ is then 

flown with the pressure staying at ~σὼρπ ρ ὸέὶὶ. We then start the flow of ρπ Ὓὅὅὓ of 

hydrogen and set the furnace temperature at ωππЈὅ and anneal the copper foil for 1 hour. 

After 60 minutes, we raise the temperature to ωυπЈὅ and turn off the ὃὶ flow and increase 

the hydrogen flow to ρππ Ὓὅὅὓ. At the same time, we begin the flow of our carbon 

precursor: συ Ὓὅὅὓ of methane ὅὌ Ȣ After 30 minutes, we set the furnace temperature 
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to zero and turn off all gas lines except the ὃὶ and move the quartz boat containing the 

copper foil out of the furnace. This recipe yields 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 quality, large area graphene, however, the 

next challenge arises 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 

ὖὓὓὃ method, where a layer of widely used polymer: Poly-methyl methacrylate (ὖὓὓὃ) 

is spun on top of graphene to act as support. The copper is then etched away leaving the 

graphene layer supported by ὖὓὓὃ which can then be easily moved onto any substrate. 

After transfer to the destination substrate, the ὖὓὓὃ is eventually removed. Although the 

ὖὓὓὃ method has many advantages such as simplicity and high conformity, it also has 

its distinct drawbacks. The formation of wrinkles and cracks and especially difficulties 

involving the removal of the ὖὓὓὃ residue from the surface, call for optimization of the 

transfer process suited to specific needs.  Our optimized method, yields very clean 

graphene with little ὖὓὓὃ residue. We also used AZ 9260 Photoresist as a substitute for 

ὖὓὓὃ since it shows higher solubility in Acetone compared to ὖὓὓὃ, but the support 

that ὖὓὓὃ provides proved to be superior to Photoresist. Therefore, we chose ὖὓὓὃ 

with different anisole concentrations as our primary support polymer.  We spin coat ὖὓὓὃ 

on top of cm size copper foil at τυππ ὶὴά. Figure 2.4 shows the ὖὓὓὃ film thickness 

versus the spin coating speed. A thermal release tape is used in the back of the copper foil 
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to prevent surface deformation of copper caused by the suction of the vacuum chuck. We 

noticed that even small deformations in the copper foil , while being spin coated, results in 

an inhomogeneous dispensing of the ὖὓὓὃ and subsequently an inferior transfer, 

especially for free standing samples. We also noticed that the hot plate bake step at ρψπ Ξὅ 

suggetsed by some research groups[42] results in much harder ὖὓὓὃ residue and makes 

PMMA etching more difficult. (Figure 2.3) 

 

 

2.4.1.     Etching copper 

To etch away the copper foil underneath the graphene membrane, we use Ferric Chloride 

ὊὩὅὰȟ due to its slow and controllable etching rate. The other advantage arises from the 

fact that unlike etchants such as Ὄὔὕȟ where the etching process leads to formation of Ὄ  

bubbles and causes tears and cracks and degradation of the carbon sp2, the etching process 

with Ferric Chloride, does not generate any bubbles.[43] The etching time of 1 hour 

Figure 2.3. Optical images of single layer graphene transferred on SiO2/Si substrate 

using PMMA. Left image shows a clean transfer while the right image shows an inferior 

transfer with improper removal of PMMA. 
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suggested by some groups does not seem sufficient to etch the copper particles especially 

in the edges and folds. We also observed that if the anisole concentration in ὖὓὓὃ is 

higher, the longer etch times of over 24 hours can at times result in the disintegration of 

the floating graphene-ὖὓὓὃ membrane. We found the that for ὖὓὓὃ ὃτ the optimized 

time is between 6-8 hours. 

Another important factor that helps with the etching rate is the removal of the graphene 

layer that is grown on the bottom of the copper foil in the CVD growth process. To remove 

the backside graphene, we use reactive ion etching (RIE) oxygen plasma with a power of 

σπ ὡ and flow rate of σπ ίὧὧά for 10-20 seconds. We observed that for less solid ὖὓὓὃȭί 

such as ὃς, the amount of time that is required to etch graphene on the back, also provides 

enough time for the fragile graphene + ὖὓὓὃ layer underneath to be attacked by plasma, 

Figure 2.4. PMMA thickness versus spin coating speed for PMMA A2, A4 and A6. 

[188] 
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which can degrade the edges of the transferred graphene layer. As a result, care needs to 

be exercised with the ὖὓὓὃ concentration and the timing and power of the ὕ plasma 

treatment. Otherwise, the plasma will etch the edges of the protective ὖὓὓὃ layer 

underneath, rendering a jagged transfer.  

After the copper foil is etched, the floating PMMA + graphene layer 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 10-60 minutes. Our observations show that 

this amount of time is not enough for a proper cleaning. We also found that using multiple 

water baths (5-10) and a subsequent dip of over 24 hours is superior to (1-3) baths for the 

same amount of time. If the residue of the copper etchant is not thoroughly rinsed, it can 

form a layer in-between graphene and the substrate, resulting in an inferior graphene 

transfer and degradation of device performance. 

 

2.4.2.     PMMA removal 

One of the major drawbacks of the ὖὓὓὃ method is the polymer residue of ͯ ὲά 

thickness which remains on the graphene surface after the bulk of the ὖὓὓὃ has been 

removed by organic solvents. It has been shown that the ὖὓὓὃ remnants can actually 

induce a weak p doping in graphene.[44] The main method for removing ὖὓὓὃ involves 

dissolving the polymer in acetone followed by an isopropanol (IPA) rinse. Although this 

method removes the bulk of ὖὓὓὃ, the cleanliness is inferior for our specific needs. We 

experimented with a few different methods such as: leaving the samples in Acetone for 

varying amounts of time up to 48 hours, dissolving ὖὓὓὃ in heated acetone bath as well 
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as sonicating the samples in Acetone. Although better results were achieved by 

longer/heated acetone bath, a very thin ὖὓὓὃ residue still remained on the surface, 

indicating that Acetone alone is not sufficient to remove ὖὓὓὃ. Another parameter that 

we carefully experimented with, was the amount of anisole in ὖὓὓὃ and the thickness of 

the spin coated layer. Our observations indicate that, although the thinner layer of ὃς (40 

nm) is easier to remove, it does not provide enough support and protection for the multiple 

steps of the transfer, especially the oxygen plasma treatment. For the graphene samples 

used in chapter 3, we used 180 nm of ὖὓὓὃ ὃτ which provides enough support while not 

being too thick to be effectively removed. 

Thermal annealing in gaseous atmospheres, in addition to solvent cleaning is a well-known 

method for removing the residue of ὖὓὓὃ. Annealing graphene in ὃὶ, Ὄ  and a mixture 

of the two has been studied before.[45][46][47] In addition to annealing in ultra-high 

vacuum which has been shown to greatly increase the mobility of CVD graphene, [44] 

annealing in oxygen, followed by Hydrogen/Argon, is also shown to be effective in 

removing most of the ὖὓὓὃ residue.[48] 

We studied annealing CVD graphene in different gaseous mixtures. Our observations 

showed that the best results are achieved by first removing the bulk of ὖὓὓὃ by solvents 

followed by a two-step thermal process. In this fashion, we will have a lower density of 

polymer debris compared to a single step annealing process and lesser chance of 

contaminating the chamber. We obtained our most successful results by first annealing 

ὖὓὓὃ on a hot plate in ambient air for σπ minutes at σππ Ξὅ followed by a hot furnace 

annealing in ὃὶȾ Ὄ  at τππ Ξὅ for 3 hours. Our studies show that baking at higher 

temperatures in air, introduces defects in the lattice of graphene and results in a higher D 
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peak in the Raman spectrum, most likely due to the partial oxidation of the graphene layer. 

(Figure 2.5) 

 

2.5.     The Substrate 

Although grapheneôs excellent properties make it a desirable candidate for miniaturization 

of electronic and optoelectronics, the intrinsic properties of graphene are highly sensitive 

to the external environments and the substrate on which it resides. As a result, one needs 

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

as the roughness and passivation of the underlying surface. 

 

Figure 2.5. Raman spectrum of graphene on quartz annealed in air at 400ºC. The 

prominent D peak indicates the degradation of carbon lattice due to possible oxidation 

of graphene in air. 
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2.5.1.     Surface roughness 

The morphology and the roughness of the underlying substrate has a substantial impact on 

the fundamental properties of graphene and graphene based devices.[49] [50] The substrate 

induced corrugations in graphene 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 corrugations.[51] 

In an experimental work by Plantey et al., it is shown that the morphology of CVD 

graphene transferred on silica nano-pillars, can range from complete conformation to 

complete suspension, depending on the density, pitch and sharpness of the nano-pillars.[52] 

(Figure 2.6) 

On the other hand, theoretical studies stipulate that depending on the surface roughness 

and interfacial binding energy, graphene can exhibit a sharp transition between two distinct 

morphologies: (1) closely conforming to the substrate (2) laying flat on the substrateôs high 

points. [53][51] Figure 2.7. (a) shows the schematics of the graphene layer conforming to 

the substrate corrugations, where Ὤ is the distance between the middle planes of graphene 

and the substrate, ‗ is the groove wavelength and ὃ  and ὃ are the corrugation amplitudes 

for graphene and the substrate respectively. With ‗Ⱦὃ being a good measure of the surface 

roughness, Figure 2.7. (b) shows the effect of the surface roughness on the conformity of 

graphene. For a given interfacial bonding energy, there exists a threshold roughness above 

which, the transferred graphene layer lays flat on top of the substrate (i.e. ὃȾὃ  π). 
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Figure 2.6. Graphene transferred on nanopillars. Image in top left shows the AFM 

micrograph of graphene on SiO2 nanopillars. The top right schematics show that 

depending on the properties of the substrate, a transferred membrane of graphene can 

either conform or lay flat on top of the pillars. Figures (a-d) show SEM images of 

transferred graphene on surfaces with different densities of nano pillars (Scale bar is 

2µm). 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 of the highest points, with minimal 

contact with the substrate. Reference [52] 



31 

 

In the scope of this thesis, with 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 graphene-substrate phonon interactions being an important 

factor, the roughness of the surface plays a critical role in the conformation of graphene to 

the substrate and enhancement of the graphene-substrate phonon coupling. As a result, we 

took extra measures to ensure that all studied substrates in chapter 3 are finely polished to 

a sub nm surface roughness for accurate comparison of the dynamics. 

 

To characterize the polished sample roughness, we used a Zygo optical profiler. Optical 

profilometry (OP) is an interference microscopy technique that is used to measure height 

variations with up to sub nm resolution. The advantage of an optical profiler over AFM in 

this case is the ὧά ὼ ὧά scanning range for OP as opposed to the maximum 

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 location within distance R of point A. (b) Shows Ag/As as a function of /As. 

The inset displays the two distinct states of the graphene morphology on a given 

substrate.[51]  
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ρππʈά ὼρππʈά spatial range offered by AFM. Fig 2.8. (c) shows the roughness profile 

for one of our single crystalline diamond samples used in Chapter 3. 

 

2.5.2.     Substrate cleaning 

To eliminate any contaminations which might reside on the substrate, prior to the graphene 

transfer, we used a Piranha cleaning method for all samples except diamond plates where 

in addition to the Piranha cleaning, an RCA cleaning method was used. The RCA cleaning 

method was first developed by Werner Kern while working for Radio Corporation of 

America, hence the name RCA. The three-step sequential method involves (step1) removal 

of organic material from the surface (step 2) oxide strip (step 3) ionic clean. Our XPS 

measurements show that the RCA method, effectively removes the Si particles from the 

diamond surface. To avoid compromising the sub nm polish on the quartz and sapphire 

samples, we used a Piranha etch method which involves a mixture of sulfuric acid (ὌὛὕ) 

and hydrogen peroxide Ὄὕ) to effectively remove organic contaminants. 
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Figure 2.8. (a)  Zygo interferometer image of the etched diamond sample that has been 

exposed to hydrogen plasma treatment. The smooth section represents the location at 

which the diamond surface was protected from plasma using a mask. (b) The plot of 

the etching rate versus inverse of the temperature for (100) face of single crystalline 

diamond. [54] (c) Optical profilometry mapping of the (100) face of single crystalline 

diamond. The mapped area is 2.4 x 2.4 mm and the RMS surface roughness is ~ 0.4 

nm. 

(a)

(c)
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