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ABSTRACT OF THE DISSERTATION

Raman Nanometrology of Graphene

by

Irene Gonzales Calizo

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, June 2009

Dr. Alexander Balandin, Chairperson

Graphene is a two-dimensional honey-comb lattice of carbon atoms with very unusual

electron energy dispersion. Since its recent micromechanical isolation and measurements,

graphene attracted tremendous attention of the physics and engineering communities. In ad-

dition to the wealth of two-dimensional electron gas physics revealed by graphene, it is a very

promising material for the electronic and sensor applications. Graphene manifests extremely

high charge carrier mobility at room temperature, which is far beyond the values achievable in

the materials currently used in transistor designs. For this reason, graphene is considered for

applications in the integrated circuits beyond the conventional silicon complementary metal-

oxide semiconductor electronic technology. Some of the major problems associated with

graphene research and applications are the difficulties of graphene identification, e.g. distin-

guishing it from other carbon materials, and verification of the number of graphene atomic
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layers. In this dissertation research we expand the use of the micro-Raman spectroscopy as

the nanometrology tool for graphene material characterization. Raman spectroscopy is a non-

invasive technique, which is widely used to characterize structural and electronic properties

of carbon-based materials such as carbon nanotubes, diamond, graphite and diamond-like

carbons. Graphenes Raman spectrum has clear signatures, which allow one to identify it and

determine the number of atomic layers with high accuracy. The main results of this disser-

tation are (i) measurement of the temperature coefficients of theG and2D peaks in Raman

spectrum of graphene; (ii) the study of the effects of different substrates on Raman signatures

of graphene; and (iii) the first investigation of the ultraviolet Raman spectrum of graphene.

The obtained results are important for graphene identification and device applications since

electric bias and gate voltages in graphene transistors result in the device self-heating while

device fabrication often requires the use of various substrates with properties different from

those of the standard silicon. In addition, graphene-device characterization is conducted at

different temperatures. The measurements of temperature coefficients of graphene Raman

peaks was also instrumental in the study of heat conduction in graphene and shed light on its

anharmonic properties.
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Chapter 1

Introduction

Graphene, a two-dimensional honey-comb lattice of carbon atoms, exhibits rather unusual

energy dispersion relations - the low-lying electrons in single layer graphene behave like

massless relativistic Dirac fermions with vanishing density of states at the Dirac point. Since

the recent micromechanical isolation and measurements of graphene by Novoselov et al. [1,

2], it has attracted tremendous attention [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,

16]. The Dirac spectrum in graphene is predicted to give rise to a number of phenomena,

such as quantum spin Hall effect [4, 5, 6], enhanced Coulomb interaction [7, 8, 9, 10, 11]

and suppression of the weak localization [12, 13]. It was recently discovered that graphene

has clear signatures in the Raman spectroscopic microscopy [14, 15, 16], which make this

technique suitable for a quick inspection of the number of layers in graphene materials and

identification of single-layer graphene.

Most, if not all, Raman spectroscopy studies of graphene reported to date were limited
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to either graphene layers on Si/SiO2 substrates [14, 15, 17, 18, 16, 19] with a very carefully

selected thickness of the SiO2 layer, or to tiny dispersed flat carbon clusters, which were

also referred to as graphene [20, 21]. The reason for choosing a specific substrate for the

mechanically exfoliated graphene is the observation that it becomes visible in an optical

microscope when placed on top of Si wafer with 300-nm thick oxide layer [1, 2]. Even a

small deviation (by 5%) in the oxide thickness from 300 nm can make SLG invisible. Thus,

it is easier to carry out Raman spectroscopy of graphene layers on the standard Si/SiO2 (300

nm) substrates because one can pin-point the exact location of a graphene sample (which

typically has the lateral dimensions of few micrometers) and carry out an initial identification

of the number of layers under the optical microscope.

Future studies of graphene’s unique properties and its application as an electronic material

call for graphene integration with a variety of different materials and substrates. However,

presently very little is known about the visibility or property of graphene on substrates other

than Si/SiO2, and there is no confirmed experimental tool for determining the number of

layers in few-layer graphites on these substrates. Thus, it is important to expand Raman

spectroscopy as a nanometrology tool for graphene and graphene-based devices to various

substrates. Another important motivation for the study of the substrate influence on graphene

Raman spectrum is a fundamental question of the role played by the graphene . substrate

interface. In this sense, the measurements of Raman spectra from graphene on different

substrates can shed light on the strength of the graphene - substrate coupling for different

phonon modes.
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1.1 Raman Spectroscopy Basics

Micro-Raman spectroscopy is an effective and non-destructive technique for characterizing

semiconductors in a variety of forms such as device, bulk, thin film, or nanostructure. It is

relatively fast, requires no sample preparation, and can measure very small samples. Raman

spectroscopy is based on the inelastic scattering of light by elementary excitations. Although

observed independently by G. Landsberg and L. I. Mandelstam from C. V. Raman [22] in

1928, Raman was credited with and eventually awarded the Nobel Prize in Physics in 1930

for discovering the Raman Effect. He found that a photon from incident light was annihilated

while, simultaneously, a scattered photon is created.

Raman scattering occurs because of an interaction between incident lightωi and a mate-

rial which leads to the annihilation or creation of a phonon. In crystals, atoms vibrate about

their equilibrium positions affecting energy transport in the material. Because of these lattice

vibrations, quantized lattice waves propagate in the crystal. A quantum of this vibrational

energy is the elementary excitation called a phonon whose occupation number obeys Bose-

Einstein statistics. The lattice loses or gains energy~ω where~ is Planck’s constant andω is

the characteristic phonon frequency. Because the lattice is losing or gaining energy, there will

be a corresponding increase or decrease in the frequencyωs of scattered photon,ωs = ωi±ω

. If the frequency of the scattered photon is less than the frequency of the incident photon, a

quantum of energy is added to the sample. This is referred to as a Stokes process. If the fre-

quency of the scattered photon is greater than the frequency of the laser’s photon, a phonon

3



Figure 1.1: Rayleigh, Stokes, and anti-Stokes scattering processes

is annihilated from the sample and it is called an anti-Stokes process.

Rayleigh scattering occurs when the incident photon and the scattered photon are the

same frequency. This relationship between Rayleigh, Stokes, and anti-Stokes process is il-

lustrated in Fig. 1.1.

A Stokes process can also be thought of as the photon shifting to a longer wavelength

(lower energy) and an anti-Stokes process as shifting to a shorter wavelength (higher energy).

In any case, the incident photon excites an electron into a higher virtual energy level followed

by the electron transitioning back down to a lower vibrational energy level (Stokes) or to the

ground state (anti-Stokes) emitting a photon.

At thermal equilibrium, the intensity of the anti-Stokes peak is heavily temperature de-

pendent because an anti-Stokes process only arises when the medium is not in the ground

state. From the Boltzmann distribution, we know that the excited state has fewer electrons

than the ground state. Therefore, the anti-Stokes spectrum can provide a means of monitoring

sample temperature, as increased temperature provides additional energy in which to excite
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the electron into a higher energy. In addition to temperature monitoring, Raman spectroscopy

can be used to assess crystal quality, alloy composition, carrier concentration and scattering

time, ion-damage and annealing effects, and strain in semiconductors.

Analogous to its electronic counterpart, the dispersion relation for phonons relates vibra-

tional frequency (or energy),ω (or ~ω), to the wave vectorq which has values correspond-

ing to the Brillouin zone (BZ). Therefore the wave vector’s maximum value isπ
a
, wherea

is the material’s lattice constant. For a lattice constant of∼ 3Å, a typical value for wave

vector can be 108 cm−1. A phonon mode is represented by a point on a dispersion curve

while the branches represent the various polarizations. Photon wavevectors can be calcu-

lated,qphoton = 2πnk , wheren is the refractive index andk is the wave number. Since the

wave vectors of photons are small, on the order of 105 cm−1, compared to the size of the BZ,

on the order of 108 cm−1, Raman spectroscopy data of bulk crystalline materials gives the

frequency for the phonons close toq = 0 (BZ center) on the phonon dispersion curve. There-

fore each band in a Raman spectrum represents the BZ center energy of an optical phonon

branch in the dispersion relation as shown in Fig. 1.2. On the other hand, in low-dimensional

structures thisq = 0 Raman selection rule is relaxed and Raman scattering away from the BZ

center is allowed.

A Raman spectrum consists of a plot of intensity (count of photons) versus Raman shift

(cm−1). The Raman shift represents the frequency (or energy) difference between the in-

cident photon and the scattered photon. Peaks in the Raman spectra arise due to inelastic

scattering of photons, giving us information on the vibrational modes of the atoms in the unit

5



Figure 1.2: Relation of a Raman spectrum to phonon dispersion

cell i.e. BZ center optical phonon modes. Although optical phonons typically have a small

group velocity they can scatter with acoustic phonons particularly at high temperatures and

decrease thermal conductivity. The optical phonons also affect a material.s electrical conduc-

tivity and optical characteristics. In nanostructures, the phonon mean free path can be larger

than the characteristic length giving rise to boundary scattering.

1.2 Raman Intensity

Bands appear in the Raman spectrum if vibrational modes of the atom induce a net change

in its polarizability which is a measure of how easily an electrical charge can be displaced in

the atom. Loosely held electrons will produce a larger change in polarizability resulting in

a relatively intense Raman band. It results from the fact that when a sinusoidal electromag-

netic field (light) falls on a material, there is an induced sinusoidal polarization. With the

material at a finite temperature, the thermally excited atomic displacements associated with

6



phonons will cause the material.s electric susceptibility to oscillate. The resulting induced

polarization vector will have two sinusoidal components representing the Stokes and anti-

Stokes scattered light. The time-averaged power given off by the induced polarization vector

is used to calculate the intensity of the Raman scattered light. The details of the derivation

for the expression for Raman scattered intensity are quite complex and this relation is simply

stated for Stokes scattered light as [23]

Is ∝ |e1 · (
δχ

δQ
)0Q(ω0) · es|2 (1.1)

wherees is the polarization of the scattered radiation,Q is the vibration amplitude, andω is

the plane wave frequency. The Raman intensity as function of the incoming photon frequency

is given by [24]

Is(ωi) ∝ |ω4
sεsTεi|2

∑
α,β

1

(Eα − ~ωi)(Eβ − ~ωs)
(1.2)

whereωi is the incident photon frequency,ωs is the scattered photon frequency,Eα andEβ

are intermediate state energies,T is the Raman tensor,εi is the incident polarization vector,

andεs is the scattered polarization vector. The summation in (1.2) occurs over all possible

intermediate states i.e. Bloch states forming conduction and valence bands, exciton states,

and impurity states in the bandgap.
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1.3 Raman Spectra Analysis

Frequently the background of Raman spectra will be sloped or increasing. To facilitate spec-

tra comparison, it is common to plot a spectrum.s first derivative which flattens the back-

ground. A second derivative can be taken where the center of a symmetric positive peak will

become the center of a negative peak [25]. This removes the sloping background. Another

method in analyzing Raman spectra is normalization. It adjusts the intensity of different

spectra so they are on similar ranges. This is done by first subtracting the minimum intensity

at every frequency so the baseline is zeroed. Then the intensity of the strongest common

band is taken and all spectra are divided by this intensity. Therefore at that frequency, the

intensity would be 1.0. To compare spectra without a common band, normalization can be

performed by making the area under the spectrum equal to 1.0.
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1.4 Micro-Raman Spectroscopy of Graphene and Graphene

Multi-Layers

Graphene, a single atomic sheet of carbon atoms arranged in a honeycomb lattice, was a

material relegated to theorists over the past 60 years but has since gained huge popularity

after it was first isolated by the micromechanical cleavage of bulk graphite [1, 2]. In addi-

tion to the wealth of the two-dimensional (2D) electron gas physics it reveals, graphene is a

promising material for the electronic applications beyond the conventional complementary

metal-oxide semiconductor (CMOS) technology. Geim and Novoselov [26] suggested that

the band gap∆EG ∼ 0.3 eV can be induced in bilayer graphene and engineered in the single-

layer graphene by spatial confinement or the lateral superlattice-type potential. The energy

dispersion of graphene and large Fermi velocity VF results in the substantial confinement

gaps in the graphene ribbons on the order of∆EG(eV ) ∼ hVF /(4πd) ∼ 1/d (nm), whereh

is the Planck constant andd is the width of the graphene ribbon [26, 27, 28, 29] Another im-

portant feature of graphene, which enhances its chances for being a beyond-CMOS material,

is its extremely high carrier mobility of∼15,000 cm2 V−1 s−1 at room temperature [1, 2, 3].

Graphene has 2 atoms, A and B, per unit cell as shown in Fig. 1.3. Phonon dispersions

are obtained along the lines connecting the high symmetry points,Γ, K, and M. Graphene has

small in-plane nearest-neighbor spacing (1.421Å) creating strong in-plane bonding while a

large interlayer spacing (3.35̊A) results in weak binding between graphene layers. To un-

derstand the Raman spectrum of graphene, one has to look to graphene’s phonon dispersion.
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Figure 1.3: Unit cell and Brillouin zone of graphene in real and reciprocal space

The typical Raman spectrum of graphene exhibits two distinct modes, the G peak and the 2D

band. The G peak located at 1578 cm-1 represents an in-plane vibration (E2g) mode while

the 2D band is arises due to a double resonant Raman process [cite Ferrari’s paper here].

It was recently demonstrated that Raman spectroscopy can serve as a convenient tech-

nique for identifying graphene [14, 15]. Ferrari et al. [14] studied the evolution of the 2D

band Raman signatures with the addition of each extra layer of graphene and explained it

with the double-resonance model. They went on to demonstrate that micro-Raman spec-

troscopy can be used for unambiguous and high-throughput identification of the exact num-

ber of graphene layers with both theG and2D bands being used to monitor the number

of layers [14, 15, 16]. Additionally Gupta et al. [15] have shown that the G peak position

ωG is sensitive to the number of layersn, i.e., ωG ∼ 1/n. Such an ability is essential for

the material characterization and graphene-structure optimization for proposed device appli-

cations. Raman spectroscopy was also instrumental in the investigation, which suggested a

breakdown of the adiabatic Born-Oppenheimer approximation in graphene by demonstrating
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the stiffening of the Raman G peak [30].

In order to expand the use of Raman spectroscopy as a nanometrology tool for the

graphene-based devices, one has to investigate the change in the Raman signatures of graphene

with temperature. This is essential for the graphene-based devices, since the application of

electric bias and gate voltages results in the device self-heating. In addition, the graphene-

device characterization is often carried at low temperature. Thus, one needs to know the

change in theG and2D peak positions and shape with temperature in order to separate them

from the changes due to the variations in the number of graphene layers. Although the ther-

mal conductivity of graphene is expected to be high, there are always thermal resistances as-

sociated with the contacts and interfaces between different materials [31, 32], which may lead

to local temperature increase due to excitation or bias affecting the Raman spectrum [33]. The

nano-ribbons made of graphene for inducing the band gap may also deteriorate the thermal

conductivity via the phonon-boundary scattering and phonon confinement [34, 35]. These

considerations provided an additional motivation for the temperature study of the graphene

Raman signatures.
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Chapter 2

Raman Spectroscopy Instrumentation

In contrast to the instrumentation first used for spectroscopic study of scattered light in 1928

by Landsberg and Mandelstam, a mercury lamp and a quartz spectrograph, the Raman spec-

trometers today now use commercially available lasers and charge-coupled device (CCD)

cameras. Early work in Raman spectroscopy instrumentation focused on improved light

sources. Various forms of mercury lamps were implemented in the 1930s and 1940s. In the

early 1960s came the development of lasers. This marked a significant improvement which

fulfilled the requirement of light source monochromaticity.

The micro-Raman spectroscopy system consists of a spectrograph with three major com-

ponents. They are the excitation source, light detector, and a light collection and delivery

system. With the advent of the laser and more sophisticated photodetection schemes, far

superior Raman spectroscopy systems have been developed. The excitation source is almost

exclusively a laser, CCD camera for detection, and optical microscope for light collection
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Figure 2.1: Diagram of Renishaw Raman Microscope System used for Raman spectroscopy

and delivery. The individual components in the Renishaw Raman microscope used for Ra-

man spectroscopy in this proposal are shown schematically in Fig. 2.1.

2.1 Light Sources

Depending on the system, the average power from the excitation source needed for Raman

spectroscopy can range from about 3-10 mWs [36]. Although increasing the laser power

can increase the Raman scattering intensity, this excessive heat can, in some cases, prove

harmful to the sample. The light source should be monochromatic at least to the point where

its linewidth is much lower than the width of the Raman lines in the Raman spectrum, which

13



is generally around 1 to 10 cm−1 [36].

In selecting an appropriate laser wavelength for non-resonance Raman spectroscopy work,

one important criterion is that there are no absorption bands for the sample. However, for res-

onance Raman spectroscopy work, the laser wavelength is deliberately chosen to be within

the absorption band of the sample.

2.2 Light Detection

The light detection system includes a slit, diffraction grating, mirror, and detector. The slit

limits the light that enters the detection system of the spectrometer so that it experiences

diffraction, which increases as the slit is narrowed, acting as a point source. After passing

through the slit, it travels to a recollimating lens and then onto a diffraction grating. The

diffraction grating consists of many parallel and closely spaced (similar to that of the light’s

wavelength) slits that separates the light into its constituent wavelengths. Selected compo-

nents of the light from the diffraction grating are directed onto a focusing lens based on the

number of and spacing between slits as well as the angle between the diffraction grating and

the incident light. If the grating remains stationary with just one center wavenumber speci-

fied during a measurement, this is a static scan. For an extended scan, the grating is rotated

so different and more center wavenumbers can be selected. From the focusing lens, the re-

maining light falls on the detector. Baffles decrease stray light in the system and a shutter

controls the detector exposure time.
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Considering that the Raman signal is usually relatively weak, generally a micro-Raman

spectroscopy system will use a cooled CCD camera due to its inherent low noise features.

The cooling system can implement something as simple as a fan or as elaborate as a liquid

nitrogen system, depending on the requirements for low noise.

2.3 Rayleigh Filters

An assortment of filters used to reject light of the same frequency as the excitation source

(Rayleigh or elastic) can be found in a Raman spectroscopy system. It is important to remove

this elastically scattered light especially since its intensity is about 107 times greater than the

weak Raman signal. One type of Rayleigh filter is the edge filter. It is a holographic filter

which removes the Rayleigh scattered light while allowing Raman scattered light to pass only

on the Stokes shifted side of the Rayleigh line. The notch filter rejects the Rayleigh scattered

light while allowing the Raman scattered light to pass as close to it as 50 cm−1 on both sides

of the Rayleigh line.

2.4 Objective Lenses

The objective lenses not only aid in locating a specific region in a sample, but they also

affect the volume of the material being sampled. The spot size is the size of the spot on

the sample due to the laser. It describes the smallest distance that can be resolved by the

Raman spectrometer system. This value depends both on the excitation laser’s wavelength
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and the numerical aperture of the objective lens. When light passes uniformly through a small

aperture, it is diffracted and subsequently produces an Airy pattern. The lateral resolution

will then be the radius of the Airy disk. For an objective lens with numerical aperture, NA,

the spot size,s, can be calculated with the following equation

s =
0.61 · λlaser

NA
(2.1)

For high lateral resolution it is desirable to have a small spot size. This can be achieved

by using an objective lens with a high NA and a shorter laser wavelength. The spot sizes

available for the Renishaw Raman Microscope have been calculated using (2.1) and their

values tabulated in Table 1. The axial resolution (Raxial) is determined by the microscope’s

depth of field andRaxial can be approximated by the equation below when the sample is

measured in air [37]

Raxial =
λ

NA2
(2.2)

Table 2.1: Estimated spot sizes.
Objective Type λlaser (nm) NA s (µm)

x5 visible 488 0.12 2.48
x10 visible 488 0.40 0.74
x50 visible 488 0.75 0.40
x40 near UV 325 0.32 0.40
x50 near UV 325 0.50 0.40

x50 LWD visible, LWD 488 0.50 0.60
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2.5 Raman Spectroscopy Techniques

One, two, and three dimensional Raman spectra can be produced. For homogeneous samples

a one-dimensional spectra is usually sufficient. For this simple measurement, one point is

illuminated and a spectrum is taken at that point. To determine the Raman shift, the wave-

length of the scattered light is measured via the spectrograph and the Raman shift (cm−1) is

calculated with the following equation

∆ν = νLaser − νRaman(cm−1) (2.3)

whereν is the wavenumber. We can rewrite this equation in terms of wavelength,λ, as

follows

∆ν =
107

λlaser

− 107

λRaman

(cm−1) (2.4)

For a two-dimensional mapped spectrum, a software-controlled motorized stage moves

the sample with respect to the laser in two directions, providing a two-dimensional map of

the Raman spectra. There are a few methods for obtaining a three-dim–ensional Raman spec-

trum. One method is by incorporating lasers of different wavelengths into the measurement,

with higher wavelengths penetrating deeper into the sample. A three-dimensional Raman

mapped spectrum is produced through a combination of this depth profiling along with the

lateral Raman maps. A second approach uses a confocal microscope so that raising or low-
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ering the stage changes the depth profile. The software-controlled motorized stage of the

Renishaw Raman microscope has this capability. A third technique is to successively remove

a layer from the sample followed by the capture of a Raman spectrum in order to compile

depth profile information.

Another available technique is Raman imaging. The 1-d, 2-d, and 3-d mappings described

above are types of Raman point imaging. Line focus imaging measures Raman spectra from

lines instead of points. The resulting data consists of spectra from individual points on the

line sampled simultaneously. The line can then be moved to a new position and a mapping

produced consisting of lines instead of points. Since this type of Raman measurement tech-

nique results in lower laser powers, it is good to use on samples where laser damage is an

issue.
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Chapter 3

Experimental Results

The Raman spectra were collected at room temperature using a Renishaw RM2000 micro-

Raman spectrometer fitted with an argon ion (Ar+) visible 488 nm laser which was used

with an 1800 lines per mm grating. An optical path through a x50 objective of a Leica

DMLM optical microscope is used for both light collection and delivery (180◦ backscattering

geometry). The settings for each Raman measurement include a spectral scan range of 800-

2000 cm−1, detector time of 10 seconds, and 10 accumulations at 100% power. A fan-cooled

578 x 385 UV deep depletion CCD array provides photodetection.

The curve fitting feature of Thermo Galactic’s GRAMS/32R© software was used for peak

deconvolution. Its algorithm is based on the Levenberg-Marquardt method [38] and includes

the ability to fit Gaussian, Lorentzian, mixed Gaussian-Lorentzian, Log Normal, Pearson

VII, and Voight line shapes. The spectra of these particular measurements were fitted using

a Lorentzian line shape and a linear baseline model.
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3.1 Raman Temperature Dependence of Graphene

The samples investigated have been obtained by the micromechanical cleavage of bulk Kish

graphite, i.e., the same technique that allowed the graphene isolation for the first time [1, 2].

Single- and bi-layer graphene pieces were mechanically exfoliated and transferred to the

silicon wafers, which were covered with 300 nm of thermal oxide. We identified the single

and bi-layer graphenes by the color inference in the optical microscope: the single layer

graphene is nearly transparent, and bi-layer appears as very pale purple. The graphene pieces

were imaged by the atomic force microscopy (AFM) to ensure the uniformity of the layer.

Fig. 3.2 shows a typical AFM image of the graphene layers on a silicon substrate, which were

used for this study. After AFM quality control, the graphene layers on silicon substrates were

transferred to the optical microscope connected to the Raman spectrometer (Fig. 3.1 shows

the actual spots from which the Raman data were collected).

The measurements have been carried out using the Renishaw micro-Raman spectrome-

ter [33, 39]. All spectra were excited by with the visible (488 nm) laser light and collected

in the backscattering configuration. The spectra were recorded with the 1800 lines/mm grat-

ing. We have used a 50x objective to focus the excitation laser light on the right spot of the

graphene samples. The sample temperature was controlled by a Linkam THMS 600 cold-hot

cell operated with a liquid nitrogen source. A special precaution was taken to avoid the local

heating of the samples by the excitation laser. In order to achieve this, all measurements were

carried out at low excitation power. The power on top of the cold-hot cell window was below
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Figure 3.1: Optical image of the graphene layers under the microscope connected to the
Raman spectrometer indicating the spots where the temperature-dependent data were taken.
Reproduced with permission from I. Calizo, A. A. Balandin, W. Bao, F. Miao, and C. N.
Lau. Temperature Dependence of the Raman Spectra of Graphene and Graphene Multilayers.
Nano Letters, 7:2645-2649, 2007. Copyright 2007 American Chemical Society.

4.8 mW and, correspondingly, much smaller on the sample surface. The power density on

the cold-hot cell window or sample surface was measured using an Orion laser power meter.

The estimated accuracy of the cell temperature control was±0.1 ◦C.

Fig. 3.3 shows a typical spectrum from a single graphene layer on silicon over the mea-

sured spectral range. The most notable features of the spectrum areG peak at 1580 cm−1,

which corresponds to theE2g mode, and a relatively wide band around 2700 cm−1, which

we refer to as2D following the terminology introduced by Ferrari et al. [14]. The2D band

(historically referred to asG′.) is an overtone of theD band. The so-called disorder-induced

D band is frequently observed in carbon materials at∼ 1350 cm−1. TheD band has been

attributed to in-planeA1g (LA) zone-edge mode, which is silent for the infinite layer dimen-

sions but becomes Raman active for small layers or layers with substantial number of defects
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Figure 3.2: Atomic force microscopy image of the graphene layer used for device fabrica-
tion. Reproduced with permission from I. Calizo, F. Miao, W. Bao, C. N. Lau, and A. A.
Balandin. Variable temperature Raman microscopy as a nanometrology tool for graphene
layers and graphene-based devices.Applied Physics Letters, 91:071913, 2007. Copyright
2007 American Chemical Society.
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Figure 3.3: Room-temperature Raman spectra from the single- and bilayer graphene on sili-
con excited at 488 cm−1. TheG peak at 1582 cm−1 and2D band at 2700 cm−1 are clearly
seen.

through the relaxation of the phonon wave-vector selection rules [40]. In order to verify

the number of graphene layers in the produced samples we analyzed the variation of2D

band (see Fig. 3.4). The observed spectrum variation is in agreement the previously reported

data [14].

One strategy to improve graphene sample quality has been to suspend the graphene flake.

Ultra-high carrier mobilities exceeding 200,000 cm2V−1s−1 have already been reported in

suspended graphene devices [41]. For our samples, reactive ion etching was used to place

trenches on Si/SiO2 substrates. The subsequent mechanical exfoliation of graphene over

these substrates results in suspended graphene over some trenches. The typical spectrum of

a suspended SLG flake is shown in Fig. 3.5. Spectral features of suspended graphene remain

consistent with that of supported graphene.
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Figure 3.4: Room-temperature Raman spectrum of the graphene flake in the2D band spec-
tral region. Reproduced with permission from I. Calizo, A. A. Balandin, W. Bao, F. Miao,
and C. N. Lau. Temperature dependence of the Raman spectra of graphene and graphene
multilayers.Nano Letters, 7:2645-2649, 2007. Copyright 2007 American Chemical Society.

Figure 3.5: Room-temperature Raman spectrum of a suspended graphene flake.
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Figure 3.6: Optical microscopy image of graphene used to examine effect of edges. The
numbers indicate regions studied.

The edges of graphene heavily influence the electronic structure of graphene smaller than

10 nm. If the atoms are predominately arranged as zigzag at the edges, graphene’s energy

gap will be smaller than one that has mostly armchair edges [42]. The Raman spectrum of

the graphene shown in Fig. 3.6 with side-by-side single, bilayer, and many-layered graphene

was studied. I focused my studies on the top left and bottom left corners. The single layer

graphene portion of the edge state sample top, bottom, middle, left middle, left bottom, and

left top edges were re-examined in detail. Previous work by Pimenta et al. [43] showed that

there is a significant decrease inD-band intensity for zigzag edges in comparison to armchair

edges while the middle of the flakes spectrum should not contain aD-band. However the

sample measured showed similarD-band intensities for both sides of the corner. The middle

of the flake did have the highestD-band intensity. This may indicate a significant number of

defects in the graphene flake measured. The top and bottom locations of the flake had lower

D-band intensities than the left sides of the flake. Fig. 3.7 and 3.8 are plots of theD-band
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Figure 3.7: Raman spectrum of graphene edges’s D-band at the top left edge.

for the top left and bottom left corners.

These samples were prepared in the usual way, mechanical exfoliation on a Si/SiO2 sub-

state. The distinctively different Raman signatures of the single, bi- and multi- layers of

graphene allowed us to accurately monitor the number of layers in our samples and make

sure that the temperature dependence is measured for the single-layer or bi-layer graphene.

The temperature dependence of theG peak position, measured in the range fromT =

−190◦C (-160 ◦C) to T = +100◦C for a single layer and bi-layer graphene, is shown in

Figs. 3.9-3.10. The increasing temperature leads to the red shift of theG peak. The general

trend is clearly observed over the examined temperature range. Some data dispersion for the

G peak position can be attributed to several factors. They include a low excitation power

on the sample surface after the additional attenuation through the cold-hot cell window, and
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Figure 3.8: Raman spectrum of graphene edges’s D-band at the bottom left edge.

the drift of the laser spot along the graphene surface after the temperature change. Although

small, the drift may result in errors due to the high sensitivity of theG peak to the number

of graphene layers and the presence of defects. A similar magnitude data scatter even for

the room-temperatureG peak position was observed and discussed by Gupta et al [15]. The

measurements were repeated several times to verify their reproducibility.

The temperature dependence of the G mode frequency shift in graphene can be repre-

sented by the following relation

ω = ω0 + χT (3.1)

whereω0 is the frequency ofG mode when temperatureT is extrapolated to 0 K and

χ is the first-order temperature coefficient, which defines the slope of the dependence. The

second order term is expected to appear only at the high temperature, which is in line with
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Figure 3.9: Temperature dependence of theG peak frequency for single layer graphene. The
inset shows the shape of theG peak. Reproduced with permission from I. Calizo, A. A.
Balandin, W. Bao, F. Miao, and C. N. Lau. Temperature dependence of the Raman spectra
of graphene and graphene multilayers.Nano Letters, 7:2645-2649, 2007. Copyright 2007
American Chemical Society.

Figure 3.10: Temperature dependence of theG peak frequency for bilayer graphene. The
inset shows the shape of theG peak. Reproduced with permission from I. Calizo, A. A.
Balandin, W. Bao, F. Miao, and C. N. Lau. Temperature dependence of the Raman spectra
of graphene and graphene multilayers.Nano Letters, 7:2645-2649, 2007. Copyright 2007
American Chemical Society.
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the observations made for other carbon materials. The temperature coefficientχ of the G

mode determines the frequency shift of theG mode when the temperature of the sample

increases by 1◦C (or K). The extracted negative value for a single layer graphene isχ =

−(1.62± 0.20)× 10−2 cm−1/K. Similar measurements carried out for the graphene bi-layer

gave the value ofχ = −(1.54± 0.06)× 10−2 cm−1/K. The extrapolatedω0 values are 1584

cm−1 and 1582 cm−1 for the single and bi- layer graphene, correspondingly.

The change of the phonon frequency with temperature is a manifestation of the anhar-

monic terms in the lattice potential energy, which is determined by the anharmonic potential

constants, the phonon occupation number and the thermal expansion of the crystal [44]. The

temperature effects can be roughly divided into the “self-energy” shift due to the anharmonic

coupling of the phonon modes, and the shift contribution due to the thermal expansion of

the crystal. Although the thermal expansion by itself is also a result of the anharmonicity,

its physical mechanism is different and related to the change of the force constants of the

material with volume. Thus, the measured frequency change∆ω = ω−ω0 can be written as

∆ω ≡ (χT + χV )∆T = (
dω

dT
)V ∆T + (

dω

dV
)T ∆V = (

dω

dT
)V ∆T + (

dω

dV
)T (

dω

dT
)P ∆T (3.2)

Here we definedχT to be the “self-energy” shift due to the direct coupling of the phonon

modes (sometimes also referred to as “pure” or “intrinsic” temperature effect) andχV as the

shift due to the thermal expansion induced volume change. Since our measurements have

29



been carried out at constant pressure rather than constant volume, both contributions are

reflected in the extracted values of the temperature coefficient and it has to be interpreted as

the sum of both contributions, i.e.,χ = χT + χV .

It is illustrative to compare the temperature effects in a single-layer graphene with those

in other carbon-based materials such as diamond, CNT and graphite. Table 3.1 presents a

detailed summary and comparison of the temperature dependence of theG peak in different

carbon materials. One should note that in some studies the temperature variation was very

small since the temperature was not externally controlled (when sample is heated or cooled

in the cold cell) but rather changed locally through the variation of the excitation laser power.

Overall, the rate of theG band shift with the temperature,χ, in graphene is somewhat lower

than that for the single wall carbon nanotubes (SWCNT), which was found to be -0.019 to

-0.029 cm−1/K [45, 46, 47, 48]. The temperature coefficient for the highly oriented pyrolytic

graphite (HOPG) was found to beχ=-0.011 cm−1/K [49]. From the known thermal expansion

coefficient for HOPG, the authors argued that the temperature coefficientχ for HOPG is

mostly due to the “self-energy” contribution and not to the thermal expansion, i.e.,χ ≈

χT [50, 49]. The latter was explained by the fact that the thermal expansion of graphite

crystals mainly occurs along thec axis and has a small effect on the frequency of the in-plane

mode.

The carbon (12)C) implantation of HOPG samples at ambient temperature led to notice-

able increase in the absolute value of the thermal coefficient of the resulting CHOPG samples

to χ = −0.028 cm−1/K [50, 49]. The latter value is closer to what has been measured for
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“active” carbon (A-C) [45] and various CNT samples (see Table 3.1). One should remember

that CNT samples of regular purity contain significant portion of other forms of carbon. Our

data suggest that the absolute value of the temperature coefficient for the bi-layer graphene

is smaller than that for the single-layer graphene. This may be an indication of the trend

for the | χ | decrease with the increasing number of layers and the approach to theχ value

for the high-quality HOPG. Further investigation of graphene samples produced by differ-

ent techniques and theoretical analysis of the anharmonic processes are needed for the final

conclusions.

The measured room-temperature full width at half maximum (FWHM) of theG peak

of the single layer and bi-layer graphene is 13.5 cm−1 and 18.2 cm−1, respectively. It is

comparable to the FWHM of 12 cm−1 and 17 cm−1 reported for HOPG and CHOPG by

Tan et al. [49]. Naturally, these values are much larger than those for diamond, which are

in the range from 1.1 cm−1 to 2.9 cm−1 as summarized in Ref. [52]. It is interesting to note

that we did not observe the dependence of FWHM in the single layer or bi-layer graphene

on temperature in the examined range of temperatures beyond the experimental uncertainty.

This is in contrast with the temperature dependence of FWHM for diamond [53, 51, 52] but

in line with the report for theG mode of HOPG [49].

Because the examined graphene layers were supported by the silicon wafers with 300 nm

of thermal oxide (SiO2), one may consider a possible effect of the substrate on the obtained

values ofχ for the grapheneG mode. One cannot exclude the role of the substrate on the

Raman signatures. At the same time, the presence of the substrate does not strongly affect
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conclusions about the thermal coefficientsχ for the following reasons. The measuredG

band at 1582 cm−1 is made up of the optical phonons with the long wavelength. TheG-band

optical phonons in graphene represent the inplane vibrations because theE2g symmetry of

this band restricts the motion of the atoms to the plane of the carbon atoms [54]. The out-of-

plane vibrations (ZO phonons), which were not studied in this paper, have the zone-center

frequency around 861 cm−1 [55, 56]. According to the first-principles calculations [56], the

out-of-plane vibrations in graphene are not coupled to the in-plane motion, which define the

G band spectra position. The out-of-plane vibrations are expected to be more susceptible

to the substrate influence. Thus, it is reasonable to assume that the measured temperature

coefficients for theG band are mostly the characteristics of the graphene layers rather than

the substrate-induced property. This conclusion is supported by the fact that the Raman peaks

in suspended graphene were found to be similar to those on Si/SiO2 substrates [14] and that

the temperature coefficient for the phonon peak in silicon is different (4.7×10−5 ◦C−1) [56]

from the one we determined for graphene. The thermal expansion coefficient for silicon and

SiO2 are low (2.6×10−6 ◦C−1), and the thermal expansion of the substrate over the examined

temperature range of∼290◦C does not induce substantial stress to the graphene layers. The

previous studies of the thermal coefficients for Raman peaks in CNTs (see Table 3.1) tacitly

made similar assumptions about a weak influence of the substrate on the measuredχ value

for CNTs.
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3.2 Raman Spectroscopy Study of Graphene-on-Sapphire

and Graphene-on-Glass

SLG and FLG were obtained by micromechanical cleavage of bulk graphite using the pro-

cess outline in Refs. [1, 2]. An identical procedure was used to place graphene layers on a

reference Si/SiO2 (300 nm) substrate and on a set of distinctively different substrates, which

included n-type (100) GaAs wafer, A-plane (11-20) sapphire (Al2O3) and glass substrates.

The number of layers was determined from the visual inspection of graphene on Si/SiO2

(300 nm), atomic force microscopy (AFM) and analysis of the2D band features using the

approach outlined in Ref. [14]. For GaAs substrate, we only succeeded in transferring five-

layer graphene as confirmed by AFM and Raman spectrum of the2D band. The AFM

inspection of graphene on sapphire and glass substrates revealed spots with thickness less

than 2 nm, indicating the presence of less than 4 layers. Figs. 3.11 shows an AFM image of

graphene on a glass substrate. The following Raman analysis allowed us to conclude that the

transferred graphene samples on sapphire and glass are most likely SLG.

The Raman microscopy was carried out using the same Renishaw instrument used pre-

viously under 488-nm excitation at low power level to avoid the laser heating effects [33].

A Leica optical microscope with a 50x objective was used to collect the backscattered light

from the graphene samples. The Rayleigh light was rejected by the holographic notch filter

with a 160 cm−1 cut off frequency. Since it was important to separate the effect of the sub-

strate from spatial variations in the graphene properties, we took 10-20 spectra in different
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Figure 3.11: Atomic-force microscopy image of graphene layers on a glass substrate. Top
figure courtesy of W. Bao. Bottom figure is reprinted with permission from I. Calizo, W. Bao,
F. Miao, C. N. Lau, and A. A. Balandin, The effect of substrates on the Raman spectrum of
graphene: graphene-on-sapphire and graphene-on-glass,Applied Physics Letters, 91:071913,
(2007). Copyright 2007 American Institute of Physics.
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location for each of the examined samples. A special care has been taken to make sure that

all locations for the Raman scans are selected within the sample region with the same number

of layers. Fig. 3.12(a) presents a close-up of2D bands for graphene as the number of layers

increases from one to five. The observed features are consistent with the previously reported

data [14, 18, 17]. After taking Raman spectra from graphene layers on the standard substrate

we investigated graphene placed on GaAs, sapphire and glass substrates. The adherence of

SLG and FLG to different substrates was similar. Since all the measurements were conducted

at RT under small excitation power the role of the coefficient of thermal expansion on the re-

sults has been eliminated. To avoid the fabrication damage and charge transfer no contacts

were fabricated on the samples subjected to detail Raman study.

Fig. 3.12(b) shows a typical spectrum of FLG on n-type GaAs substrate. Two pronounced

features in the spectrum are the G peak at 1580 cm−1 and the2D band at∼2736 cm−1. The

decomposition and analysis of the2D band features confirm that the number of layers is five.

The measured spectrum features, e.g.G-peak position and shape and2D-band shape, are

very similar to those observed for FLG on the standard Si/SiO2 (300 nm) substrate. Three

curves in Fig. 3.12(b) correspond to the spectra taken from three different locations. Since

there is virtually no variations in the spectra one can conclude that the sample is uniform and

the measured results are reproducible.G peak recorded for graphene on GaAs substrate is

essentially in the same location and of the same shape as the one measured by us [18, 17]

and others [14, 15] for graphene layers on Si/SiO2 (300 nm).

The spectra measured for graphene on the glass and sapphire substrates were much noisier
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Figure 3.12: (a) Raman spectrum of2D band of graphene on Si/SiO2 substrates as the num-
ber of layers changes from one to five. The analysis of the2D band was used to verify the
number of graphene layers. (b) Raman spectrum of graphene layers on a GaAs substrate.
Three spectra are taken from different locations on the sample to demonstrate reproducibility
and sample uniformity. I. Calizo, W. Bao, F. Miao, C. N. Lau, and A. A. Balandin, The effect
of substrates on the Raman spectrum of graphene: graphene-on-sapphire and graphene-on-
glass,Applied Physics Letters, 91:071913, (2007). Copyright 2007 American Institute of
Physics.
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than those for graphene on Si/SiO2 (300 nm) or GaAs substrates. Specifically, the spectra

from graphene on a glass substrate manifested a large number of peaks attributed to the

amorphous nature of the substrate, which resulted in many local vibrational modes. At the

same time, it was always possible to identifyG peak and2D band. Fig. 3.13(a) and (b)

present a close-up ofG peak for a single-layer graphene-on-sapphire (GOS) and graphene-

on-glass (GOG), respectively. One can see in Fig. 3.13(a) that theG peak in the GOS spectra

is red-shifted from its position in the spectra from SLG on a standard substrate by 5 cm−1.

This shift is observed for all locations; a small spot-to-spot variation in the peak position of

about 1 cm−1 is equal to the spectral resolution of the instrument.

An unusual feature in the spectra from GOG in Fig. 3.13(b) is a splitting of theG peak

into an asymmetric doublet for approximately half of the examined locations. When theG

peak is not split, it is located at 1579 cm−1, which is consistent with its position in graphene

on the standard substrate. In the spectra whereG peak is split, its central frequency is 1580

cm−1. Thus, theG-peak position in GOG spectra is close to the one in SLG spectra on

the standard Si/SiO2 (300 nm) substrate. TheG-peak splitting in Raman spectra from some

locations on GOG can be attributed to presence of the randomly distributed impurities or

surface charges. The localized vibrational modes of the impurities can interact with the

extended phonon modes of graphene leading to the observed splitting. TheG-peak positions

and their full width at half maximum (FWHM) for different substrates are summarized in

Table 3.2. One can see that FWHM forG feature from GOG is the largest. The latter is

likely related to the amorphous nature of the glass substrate and inhomogeneous properties
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Figure 3.13: (a) Raman spectra of graphene-on-sapphire (GOS) and (b) Raman spectra of
graphene-on-glass. In both cases theG-peak region is shown. Three spectra for each sub-
strate are taken from different locations. I. Calizo, W. Bao, F. Miao, C. N. Lau, and A. A.
Balandin, The effect of substrates on the Raman spectrum of graphene: graphene-on-sapphire
and graphene-on-glass,Applied Physics Letters, 91:071913, (2007). Copyright 2007 Ameri-
can Institute of Physics.
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of graphene layers on a given substrate.

Table 3.2: RamanG Peak Position for Graphene Layers on Different Substrates
Substrate G Peak Position (cm−1) G Peak FWHM (cm−1)

Si/SiO2 1580 15
GaAs 1580 15

Sapphire 1575 20
Glass 1580* 35

The relatively weak dependence ofG band on the substrate can be explained by that fact

that it is made up of the long-wavelength optical phonons of particular symmetry. TheG-

band optical phonons in graphene represent the in-plane vibrations since theE2g symmetry

of this band restricts the atomic motion to the plane of the carbon atoms [54]. According

to the first-principle calculations, the out-of-plane vibrations in graphene are not coupled to

the in-plane motion [56]. The dependence is stronger for graphene on the A-plane sapphire

substrate, where we observed consistent 5 cm−1 shift of theG mode. The latter can be re-

lated to the specifics of the carbon - sapphire binding similar to the phenomenon reported in

Ref. [57]. Han et al. [57] observed formation of the highly aligned single-wall carbon nan-

otube (SW-CNT) arrays on A-plane and R-plane sapphire substrates with negligible miscut,

i.e., without apparent involvement of the step edges. Such spontaneous self-orientation was

not observed for other types of the substrates. From their AFM studies the authors concluded

that strong CNT - sapphire substrate interaction plays a major role in the CNT alignment.

Similar interaction forces may lead to theG-mode position change in our GOS samples.

Another possibility is a presence of the surfaces charges, which lead to the changes in the

graphene lattice parameter with the corresponding peak shift.
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3.3 Ultraviolet Raman Microscopy of Single and Multi-layer

Graphene

In addition to being a nanometrology tool for graphene, Raman spectroscopy provides a

wealth of information about the physical and chemical properties of the material. It has

been commonly used for the characterization of carbon materials [58, 59] and played a key

role in the study of graphene’s properties such as electron - phonon interactions [30], lattice

inharmonicity [16], defects and phase transitions [60]. To date, the Raman spectroscopy

of graphene has been limited to the visible (VIS) optical frequency range. Conventionally,

the spectra are excited by VIS lasers, commonly with the wavelength 488 nm, 514 nm and

633nm, and detected in the backscattering configuration. This is the first study of the Raman

spectrum of graphene excited by ultraviolet (UV) laser with wavelengthλ=325 nm. It is

found that the UV excited Raman bands of the single-layer graphene (SLG), bilayer graphene

(BLG) and few-layer graphene (FLG) are substantially different from those obtained under

VIS excitation. The obtained UV Raman information can be used as an additional metric in

Raman nanometrology of graphene. It also sheds new light on the resonant electron - phonon

interaction in graphene.

The informative Raman bands of graphene, excited by VIS lasers, are in the range from

1000 cm−1 to 3500 cm−1. The most pronounced features are a distinctive peak in the vicinity

of 1580 cm−1 and a band around 2700 cm−1. The first-orderG peak at 1580 cm−1 corre-

sponds toE2g-symmetry phonons at the BZ center. The second-order band near 2700 cm−1
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has been referred to as the2D band in the context of graphene research (in the former carbon

materials nomenclature it was calledG’ band). The presence of the2D band in the Raman

spectra of graphene and its sensitivity to the number of graphene atomic layers has been

explained on the basis of the double resonance model [14]. The disorder-inducedD peak

appears in graphene’s spectrum at 1360 cm−1 when the sample has a large concentration of

defects.

The shape of the2D band and ratio of the intensity of theG peak and2D band, denoted as

I(G)/I(2D), has been used for identification of the number of atomic graphene layersn from

n=1 to approximatelyn=7. The further increase in the number of layers leads to a Raman

spectrum identical to that of bulk graphite. The double-resonance model, which predicts

the number and position of the elemental peaks within the2D band, helps in determining

the number of atomic planes from the experimentally measured2D band, and explains the

band’s shape sensitivity to the number of graphene atomic layers. The deconvolution of

the2D into elemental peaks has made it possible to determine the number of atomic planes

even when graphene is placed on non-standard (other than Si/SiO2) substrates with many

defects [61, 62]. The change in the ratioI(G)/I(2D) with increasing number of layersn was

determined empirically, and used as an independent metric for the verification of the number

of layers.

It is rather common that due to resonance enhancement and other effects, the UV-excited

Raman spectrum is substantially different from those excited by VIS lasers. The differences

are pronounced for diamond and have also been observed in single-wall carbon nanotubes
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(CNTs) [63]. It was established that VIS Raman spectroscopy is more sensitive to the sp2

carbon sites [64, 65] while UV Raman spectroscopy is more sensitive to the sp3-bonded

sites. The former was attributed to the fact that VIS excitation resonates with theπ states of

the sp2 sites. For some carbon - based materials, UV Raman is the only method of obtaining

informative bands because VIS Raman spectra of such materials are obscured by interference

from fluorescence or scattering from sp2-bonded carbon. TheT peak at 1060 cm−1 observed

in some carbon materials only under UV excitation is due to the C-C bond sp3 vibrations

and as such is not expected in UV spectra of sp2-bonded graphene. The expected differences

in graphene spectrum under UV and VIS excitation and mechanisms behind them made this

UV Raman study of SLG and FLG particularly intriguing.

Graphene samples were prepared by micromechanical cleavage of highly oriented py-

rolytic graphite (HOPG) and transferred onto standard oxidized silicon substrates, i.e. Si/SiO2.

The thickness of the oxide layer on these substrates was verified with spectroscopic ellip-

sometry and determined to be 308 nm. The Raman spectra were measured at RT in the back

scattering configuration with a Renishaw Invia micro-Raman spectrometer fitted with VIS

(488 nm and 633 nm) and UV (325 nm) lasers. The 1800 lines/mm (VIS) and 2400 lines/mm

(UV) gratings were used for recording the spectra. The graphene layers were initially iden-

tified by color under an optical microscope fitted with a 100X objective (NA=0.85) and then

accurately verified with VIS Raman spectroscopy atλ=488 nm through the process outlined

previously [16, 18, 61, 62]. An optical microscopy image of a typical mechanically exfoliated

graphene flake is shown in Figure 3.14.
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Figure 3.14: Optical microscopy image of typical graphene flakes, with different number of
atomic planes, exfoliated mechanically.

The regions with different number of atomic layers, e.g. BLG or three-layer graphene

(TLG), are indicated by arrows. Our samples were subjected to additional inspection though

scanning electron microscopy (SEM) and current - voltage measurements. The samples were

kept in a vacuum box between measurements to minimize surface contamination. The exci-

tation power was kept at minimum to avoid local heating and damage to graphene.

The VIS Raman spectra of SLG and FLG are presented in Figure 3.15. It shows the

evolution of the Raman spectrum of graphene excited by the laser light with the wavelength

λ=488 nm as the number of graphene atomic layers increases fromn=1 ton=5. As one can

see, graphene has a sharp single2D peak, which transforms to broader bands consisting of

several elemental peaks as the number of atomic layersn increases. The spectral position

of the peaks, their evolution with the increasing number of graphene layers and changes

in I(G)/I(2D) ratio are consistent with previous VIS Raman studies of graphene [14, 15,
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Figure 3.15: Evolution of Raman spectrum of graphene under visible laser excitation at
λ=488 nm as the number of atomic planes increases fromn=1 to n=5. Raman spectra of
graphene excited by 488 nm or 514 nm lasers are conventionally used for graphene identifi-
cation and counting the number of graphene layers.
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Figure 3.16: Ultraviolet Raman spectra of graphene shown for single-layer graphene and
few-layer graphene as the number of atomic planes increases fromn=1 to n=5. The UV
Raman spectra were obtained under 325 nm laser excitation. Note a drastic quenching of the
intensity of the2D band.

17, 16, 18]. This confirms that the number of atomic layers was determined correctly and

indicates that our results are easily reproducible. The disorder-inducedD peak is completely

absent in all spectra excited atλ=488 nm. The VIS Raman spectra presented in 3.16 and the

absence of aD peak attests to the high quality of the examined SLG and FLG.

The UV Raman spectra were excited atλ=325 nm using low power density on the surface

to avoid damage to the graphene lattice. In Figure 3.16 we present the UV Raman spectrum

of graphene as the number of atomic layers n changes fromn=1 to n=5. All spectra have

excellent signal-to-noise ratio. Only the spectrum of SLG reveals a weak disorder-related

D peak. The latter is likely related to the UV-laser damage during the measurement and
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suggests that the damage threshold for SLG is lower than that for FLG. TheG peak on

all spectra appears at the same position at 1580 cm−1 and its intensity growth in a similar

way to that in VIS spectrum asn increases. This trend is related to the growing interaction

volume for Raman scattering as the number of layers increases. TheG peak is associated

with BZ center phonons, which explains why its position does not change with the excitation

wavelength. The striking difference between UV Raman spectra of graphene and its VIS

Raman spectra is severe quenching of the2D band intensity in UV Raman spectra for all

number of graphene layersn.

The intensity ratioI(G)/I(2D) for SLG in VIS Raman spectrum is about 0.24 under the

488-nm excitation. This ratio becomesI(G)/I(2D)∼9 for the UV Raman spectrum of SLG

and grows even farther toI(G)/I(2D) ∼23 for bilayer graphene. Table 3.3 summarizes the

I(G)/I(2D) ratios for VIS (λ=488 nm) and UV Raman spectra of graphene as the number of

atomic layers changes fromn=1 ton=5. The different dependence ofI(G)/I(2D) ratio on

the number of layers in UV Raman can be useful for the spectroscopic Raman nanometrology

of graphene by helping to accurately determinen. It provides an additional metric for count-

ing the number of atomic planes to the currently used shape of2D band andI(G)/I(2D) in

VIS Raman.

Table 3.3: MeasuredI(G)/I(2D) ratio for single and few-layered graphene.
Number of layers,n 1 2 3 4 5

VIS (λ=488 nm) 0.24 0.74 1.14 1.49 2.1
UV (λ=325 nm) 8.96 22.9 24.9 22.9 35.5
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Although the2D band in UV Raman is strongly suppressed one can still extract the

spectral position of its maximum through Lorentzian fitting. The position of the2D-band

maximum depends strongly on the excitation wavelength. The2D band under UV excita-

tion shifts to the larger wave numbers and is found near 2825 cm−1. This is a large shift

of about 185 cm−1 as compared to the band position at 2640 cm−1 found under 633-nm

excitation. The quantitative analysis of the excitation energy dependence is given below in

the framework of the resonant Raman scattering model.

We consider the2D band in the framework of the double-resonant or fully resonant pro-

cesses, which take place along theΓ - K - M - K ′ - Γ direction in the first BZ [66, 67, 68, 69,

70, 71]. The electron - phonon coupling is the strongest for transverse optical (TO) phonons

and electrons near the K and K′ points [14, 71]. The schematics for possible resonant in-

teractions are presented in Figure 3.17(a-b). The appearance of the first-orderG peak is

explained in the following way. An electron excited by the laser irradiation with an energy

Eex makes a transition from the initial stateo vertically to the statea in the conduction band.

After emitting a phonon with a close-to-zero momentum, the electron transfers to the virtual

statei. Recombination with a hole in the same point of the BZ results in the emission of a

photon with the energyEex − ~ωph(0).

For the description of the2D peak one can assume the following Stokes scattering

process. An incident photon with the energyEex creates an electron–hole pair with the

quasi-momentumk0 within the intervalΓ – K. The electron scatters to the stateb, char-

acterized by the quasi–momentumkb through the emission of a phonon with momentum
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Figure 3.17: Schematic of the fully resonant (a) and the double resonant (b) scattering mech-
anisms for the second-order2D band in the graphene Raman spectrum.
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q = kb − k0 [14, 71]. From this point, according to Basko [69, 70], the scattering proceeds

either through the fully resonant channel or double resonant channel. In the former process,

the electron and hole can recombine at pointb with the emission of a photon (see Figure [?]

(a)), which contributes to the two–phonon2D Raman peak [69]. In the fully resonant pro-

cess, the scattering involving a hole is similar but with the momentum of−q. In the double

resonant process, an electron, which does not recombine with the hole at pointb, is scattered

to the virtual statei (see Figure 3.17 (b)) through the emission of another phonon with the

opposite quasi-momentum−(kb − k0) and energy~ωph(kb − ko) [71]. It is followed by

the electron–hole recombination with the emission of a photon, which contributes to the2D

Raman band.

For both considered channels (Figure 3.17 (a-b)), the energy conservation condition for

the first transition can be written as

Eex(ko) = [Ec(kb)− Ev(ko)] + ~ω(kb − ko). (3.3)

HereEex is the laser excitation,~ωph is the energy of a phonon emitted during the electron

transition from the stateko to kb. Other notations correspond to those in Figure 3.17 (a-b).

We assume that the electron (hole) energy dispersionEv(ko) andEc(ko) is given by the

50



Slatter–Koster expression [67]

E(k) = ±γ0

√√√√1 + 4 cos2

(√
3

2
ackx

)
+ 4 cos

(√
3

2
ackx

)
cos

(
3

2
acky

)
, (3.4)

where,ac = 1.422Å is the inter-atomic spacing andγ0 = −2.7 eV is the inter-atomic

overlap energy in graphene. We use a conventional linear interpolation for the TO phonon

frequency along the K – M direction in the formωph(qx) = 630
√

3acqx/π+850 cm−1. In this

interval the wave vector components are related asqy = −
√

3qx + 4π/3ac and K and M co-

ordinates, with respect to theΓ point, areK
(
2π/3

√
3ac, 2π/3ac

)
, andM

(
π/
√

3ac, π/3ac

)
.

Solving Eq. 3.3 and Eq. 3.4 jointly through iterations, we find numerically the dependence

of the2D-band position on the excitation energy. The results are the same for both scattering

channels. The calculated shift of the2D band is shown in Figure 3.18. Our experimental

results are also given for comparison. The obtained theoretical dependence for the2D band

dispersion with excitation energyEex are rather close to the measured values. While the

agreement is excellent in VIS range, the discrepancy between the theory and experiment is

larger in UV range. It is interesting to note that the dependence of the2D-peak frequency

with the excitation energy is superlinear, particularly in UV range. We attributed this feature

to contributions from the optical transitions involving electrons with momentum away from

the K-point when the excitation energy is larger than 3 eV. In this region of the BZ the

electron dispersion becomes nonlinear.
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Figure 3.18: Spectral position of the second-order2D band in Raman spectrum of graphene
as a function of the laser excitation energy. The calculated results are shown by the dashed
line; the data points indicate the measured values.

It is illustrative to compare our results for the dependence of the2D band maximum on

the excitation energy with available data for graphene and graphite. The slope of our theo-

retical curve at the higher excitation energy in the UV region isδω/δEexc = 118 cm−1/eV.

The experimental shift, which we determined from the three measured points through VIS-

UV region, isδω/δEexc = 92 − 107 cm−1/eV. Our experimental data compares well with

∼ 95− 85 cm−1/eV extracted by Casiraghi et al [72] for the2D band of graphene using two

VIS excitation wavelengthsλ=514 nm andλ=633 nm. The shift for the first-orderD band

calculated by Thomson and Reich [68] for graphite is around60 cm−1/eV while the measured

one for graphite is∼ 46− 51 cm−1/eV [73, 74]. Taking into account that the dispersion with

the excitation energy of the2D band has to be approximately double of that for theD peak,

our results are in line with the previous studies.
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The intensity of Raman scattering is determined by the magnitude of the square of the

Raman matrix element for a particular transition [75]. For the2D peak the matrix element

can be written as

K2D
2f,10 =MfMbaMibMo·

·
∑
a,b,i

1

(Eex − Ee
ao − i~γ) (Eex − ~ωph − Ee

bo − i~γ) (Eex − 2~ωph − Ee
io − i~γ)

.

(3.5)

Here the third term in the denominator differs from that for theD band,KD
2f,10 , because two

phonons are engaged in the second-order scattering [68, 75]. The notations used in Eq. 3.5

correspond to those in Figure 3.17 (a-b). For theG peak, the matrix element is given by [75]

KG
2f,10 = MfMi′aMo

∑
a,i′

1

(Eex − Ee
ao − i~γ) (Eex − ~ωph − Ee

i′o − i~γ)
. (3.6)

Assuming for simplicity the electron dispersion in graphene near theK point to beEe(k) =

vk, one can writeEe
ao = Ee

io = 2ν |k| andEe
bo = ±νq. The Fermi velocity in graphene is

estimated asν = 3a0γ0/2 = 0.575 eV·nm. Transforming the sum into an integral, we obtain

for the matrix element of the2D band the following expression

K2D
2f,10 =

MfMbaMibMo

(2ν)2 ~ωph

ln b(k2 − ~ωph) /k1c
(k2 − q/2)

. (3.7)
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Analogously, the matrix element for the D peak is written as

KD
2f,10 =

MfMbaMi′bMo

ν2~ωph

ln (k2/k1)

(2k2 − q)
. (3.8)

Comparing Eq. 3.8 and Eq. 3.8, we see that the matrix element for the2D band depends

stronger on the phonon energy than that for theD peak owing to its logarithmic term, which

involves the phonon energy. From Eq. 3.6 one can write theG band matrix element in the

following form

KG
2f,10 =

MfMi′aMo ln
(
kG

2 /k1

)
(2ν)2 ~ωph (q ≈ 0)

. (3.9)

TheG band matrix element depends less on the excitation energy than eitherK2D
2f,10 or KD

2f,10

because of the absence of the term(2k2 − q) in its denominator. In Eqs.??we definedMba =

〈0, f, b |Hel−ph| 0, 0, a〉 , Mib = 〈0, f, i |Hel−ph| 0, f, b〉 , andMi′a = 〈0, f, i′ |Hel−ph| 0, 0, a〉

, where〈0, f, b| denotes the state with no photon, thef state of a phonon and theb state of

an electron. The rest of the〈| and|〉 notations are treated in a similar way. The value of the

phonon momentumq is calculated from Eq. 3.3 for theD mode andk1 = (Eex − i~γ) / (2ν)

, k2 = (Eex − ~ωph − i~γ) / (2ν) , whereγ = 0.025 eV is a broadening parameter [76]. For

the G mode, the phonon frequency isωph (q ≈ 0) = 1580 cm−1 at theΓ-point of the BZ.

Calculating the ratios
∣∣K2D

2f,10/K
G
2f,10

∣∣2 and
∣∣KD

2f,10/K
G
2f,10

∣∣2 in Eqs.?? numerically we can

find the evolution of the intensity ratiosI(2D)/I(G) and I(D)/I(G) with the excitation

energy by taking into account the phonon occupation factor for each mode and using the

Bose-Einstein distribution function [75].
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Figure 3.19: Ratio of the intensitiesI(2D)/I(G) andI(D)/I(G) as a function of the excita-
tion energy. The calculated results are shown by continuous curves; the data points indicate
the measured values.
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Figure 3.19 presents the calculated excitation-energy dependence of the ratiosI(2D)/I(G)

andI(D)/I(G) in graphene. TheI(2D)/I(G) ratio for graphene strongly decreases with the

excitation energy. Since the2D band, as well as theD peak are treated as double (or fully)

resonant effects involving the zone-boundary phonons and two real intermediate electronic

states, the intensity of the resulting2D band depends strongly on the excitation energy. This

is in contrast to theG peak intensity, which leads to the resultingI(2D)/I(G) dependence.

For comparison, we also plotted our experimental results for SLG. In complete agreement

with the theory, we observed a strong decrease inI(2D)/I(G) ratio when UV excitation

is used. At the same time the actual quenching of the2D band is stronger than the the-

ory’s prediction. The origin of this deviation is uncertain at this point. In addition, the data

point obtained for 633-nm excitation seems off the theoretical curve. The latter also calls for

additional investigation.
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Chapter 4

Conclusions

Raman spectroscopy is an invaluable tool for characterization of graphene and graphene mul-

tilayers on the standard Si/SiO2 (300 nm) substrates, which allows one to determine non-

destructively the number of the graphene layers and assess their quality. The Raman phonon

peaks undergo modification when graphene is placed on other substrates due to changes in

the nature and density of the defects, surface charges and different strength of the graphene

substrate bonding. We showed that despite the spectrum variations, the deconvolution of the

double-resonant2D band allows for the identification of the number of graphene layers of

graphene at least up to five layers and for the substrates studied here. We also determined the

temperature coefficients for bilayer and single layer graphene to beχG,BLG =-0.015 cm−1/K

andχG,SLG =-0.016 cm−1/K respectively . Lastly we studied the Raman spectra of single-

layer and multi-layer graphene under ultraviolet laser excitation. It was found that while

graphenesG peak remains pronounced in the UV Raman spectra, the2D-band intensity
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undergoes severe quenching. The results extend the application of Raman spectroscopy as

nanometrology tool for graphene and graphene-based devices.
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