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ABSTRACT 

 

This chapter is a review of the application of Raman spectroscopy in 

characterizing the properties of graphene, both exfoliated and synthesized, 

and graphene-based materials such as graphene-oxide. Graphene is a 2-

dimensional honeycomb lattice of sp2-bonded carbon atoms and has received 

enormous interest because of its host of interesting material properties and 

technological potentials. Raman spectroscopy (and Raman imaging) has 

become a powerful, noninvasive method to characterize graphene and related 

materials. A large amount of information such as disorder, edge and grain 

boundaries, thickness, doping, strain and thermal conductivity of graphene 

can be learned from the Raman spectrum and its behavior under varying 

physical conditions. In particular, this chapter will discuss Raman 

characterization of graphene with artificial disorder generated by irradiations 

                                                           

* E-mail address: ichildre@purdue.edu 



Isaac Childres, Luis A. Jauregui, Wonjun Park, et al. 2

such as electron-beam exposure and oxygen plasma, focusing on the defect-

activated Raman D peak. 

 

 

1. INTRODUCTION 

 

Graphene is a 2-dimensional (2-D) hexagonal lattice of carbon atoms [Fig. 

1(a)]. Its 2-D nature leads to a linear dispersion relation at the K points of the 

Brilluion zone [Fig. 1(b)], also known as a “Dirac” cone, and this linear dispersion 

necessarily implies that charge carriers in the graphene have no rest mass, leading 

to a host of interesting electronic properties including high room-temperature 

mobility [1]. 

 

 

Figure 1. (Color online) (a) Carbon hexagonal lattice structure of graphene. (b) Graphene 

is a zero-gap semiconductor. Its 2-D nature leads to a linear dispersion relation at the 

unequivalent K and K´ points of the Brilluion zone, also known as a “Dirac” cone. 
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Graphene has received much attention recently in the scientific community 

because of its distinct properties and potentials in nanoelectronic applications [2]. 

Many reports have been made not only on graphene's very high electrical 

conductivity at room temperature [1, 3] but also its potential use as next-

generation transistors [4], nano-sensors [5], transparent electrodes [6] and many 

other applications. 

In this review, we will focus on the application of Raman spectroscopy in 

characterizing the properties of graphene, both exfoliated and synthesized, and 

graphene-based materials such as graphene-oxide. Raman spectroscopy uses a 

monochromatic laser to interact with molecular vibrational modes and phonons in 

a sample, shifting the laser energy down (Stokes) or up (anti-Stokes) through 

inelastic scattering [7]. Identifying vibrational modes using only laser excitation, 

Raman spectroscopy has become a powerful, noninvasive method to characterize 

graphene and related materials [8]. We will discuss how characteristics such as 

disorder, edge and grain boundaries, thickness, doping, strain and thermal 

conductivity of graphene can be learned from Raman spectroscopy. 

 

 

2. RAMAN SPECTROSCOPY OF GRAPHENE 

 

In graphene, the Stokes phonon energy shift caused by laser excitation creates 

two main peaks in the Raman spectrum: G (1580 cm
-1

), a primary in-plane 

vibrational mode, and 2D (2690 cm
-1

), a second-order overtone of a different in-

plane vibration, D (1350 cm
-1

) [8]. D and 2D peak positions are dispersive 

(dependent on the laser excitation energy) [9]. The positions cited are from a 532 

nm excitation laser. 

Because of added forces from the interactions between layers of AB-stacked 

graphene, as the number of graphene layers increases, the spectrum will change 

from that of single-layer graphene, namely a splitting of the 2D peak into an 

increasing number of modes that can combine to give a wider, shorter, higher 

frequency peak [10]. The G peak also experiences a smaller red shift from 

increased number of layers [11]. Thus, for AB-stacked graphene, the number of 

layers can be derived from the ratio of peak intensities, I2D/IG, as well as the 

position and shape of these peaks [10]. Rotationally disordered (decoupled) 

multilayer graphene, however, can still have a single intense 2D peak regardless 

of thickness [12], though its position and FWHM can depend on the number of 

layers [10, 13]. A comparison of the Raman spectra of single-layer graphene and 

bulk graphite (A-B stacked) can be seen in Fig. 2(a).  
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Figure 2. (Color online) (a) Typical Raman spectra for a single-layer graphene sample and 

bulk graphite using a 532 nm excitation laser. The spectra are offset vertically for clarity. 

Graphene can be identified by the position and shape of its G (1580 cm
-1

) and 2D (2690 

cm
-1

) peaks. (b) Graphical representations of examples of phonon scattering processes 

responsible for the significant graphene Raman peaks. The D (intervalley phonon and 

defect scattering) and D´ (intravalley phonon and defect scattering) peaks appear in 

disordered graphene. The 2D peak involves double phonon scattering (either both on a 

single electron/hole or on an electron-hole pair [16, 17]). 

The first-order D peak itself is not visible in pristine graphene because of 

crystal symmetries [14]. In order for a D peak to occur, a charge carrier must be 

excited and inelastically scattered by a phonon, then a second elastic scattering by 

a defect or zone boundary must occur to result in recombination [15]. The second-

order overtone, 2D, is always allowed because the second scattering (either on the 

initially scattered electron/hole or its complementary hole/electron) in the process 

is also an inelastic scattering from a second phonon [see Fig. 2(b)] [16, 17]. 

As the amount of disorder in graphene increases, the Raman intensity 

increases for the three separate disorder peaks: D (1350 cm
-1

), which scatters from 

K to K´ (intervalley); D´ (1620 cm
-1

), which scatters from K to K (intravalley); 

and D+G (2940 cm
-1

), a combination scattering peak [8, 18]. These peaks can be 
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seen in Fig. 3(a), with an illustration of the electron-phonon scattering mechanism 

for all major peaks seen in Fig. 2(b). 

 

 

Figure 3. (Color online) (a) Raman spectrum of graphene irradiated by electron beam, 

showing significant D, D´ and D+G disorder peaks. The concentration of disorder can be 

extracted from the intensity ratio ID/IG. ID/IG ~ 3 for this spectrum. (b) (From [19]) ID/IG 

directly related to the average distance between defects (LD) measured by STM, showing a 

well-behaved trend.  

Using the ratio of peak intensities ID/IG, one can use Raman spectra to 

characterize the level of disorder in graphene. As disorder in graphene increases, 

ID/IG displays 2 different behaviors. There is a regime of “low” defect density 

where ID/IG will increase as a higher defect density creates more elastic scattering. 

This occurs up to a regime of “high” defect density, at which point ID/IG will 

begin to decrease as an increasing defect density results in a more amorphous 

carbon structure, attenuating all Raman peaks [19]. These two regimes are 



Isaac Childres, Luis A. Jauregui, Wonjun Park, et al. 6

referred to as “nanocrystalline graphite” and “mainly sp
2
 amorphous carbon” 

phases, respectively [8, 19-23]. 

These two separate regimes are caused by two separate areas of influence 

around specific defect sites: an area within a radius, rs, which has structural 

disorder and enhances the D peak weakly; and an area within a larger radius, ra, 

which is still close enough to the defect site to be activated, enhancing the D peak 

strongly [19]. Graphene is considered to be in the nanocrystalline graphite regime 

for the average distance between defects, LD > 2ra. Reference [19] proposes using 

the following equation to describe the enhancement of the D peak in both regimes, 

relating LD to the ratio of Raman peak intensities, ID/IG: 
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Here Ca and Cs are parameters describing the strength of the influence the 

corresponding region has on the intensity of the D peak. It is possible that Ca and 

Cs may be dependent on the type of defect created, whether it is a dopant atom or 

a structural anomaly. This fitting can be seen in Fig. 3(b). Note that Eq. (1) may 

not hold for when LD becomes so small for some types of disorder that cause a 

breakdown of the graphene lattice (and no more discernible Raman D-peak).  

It has also been proposed that the relation between ID/IG and LD can be 

approximated by two empirical formulas for the two separate regimes. In the low-

defect-density regime [19]: 

 

( )
2
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D

L

C

I

I λ
= , (2) 

 

where λ is the Raman excitation wavelength and C(λ) = 102 nm
2
 for λ = 514 nm 

[19]. This equation is different from the Tuinstra-Koenig relation [14] 
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where C´(λ) = (2.4·10
-10

 nm
-3

)·λ4
 [24]. Equation (3) is valid for edge defects 

rather than point defects [19]. 

In the high-defect-density regime, approaching a full breakdown of the 

carbon lattice, ID/IG versus LD has been fitted to the equation [8, 23, 24] 
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( ) 2

D

G

D LD
I

I
×= λ  (4) 

 

where the constant D(�) is obtained by imposing continuity between the two 

regimes. 

 

 

3. GRAPHENE-BASED MATERIALS 

 

Graphene can be fabricated using a variety of methods. In our experimental 

work, two main methods are used: exfoliation and chemical vapor deposition 

(CVD). A common method for graphene exfoliation is the Scotch tape method 

[1], where thin sheets of graphite are peeled from a bulk graphite sample using 

adhesive tape, then thinned further with subsequent tape-to-tape peelings. 

Eventually the graphene is ready to peel onto the SiO2/Si substrate when it 

becomes semi-transparent and dispersed onto the tape in many smaller crystals, 

some of which are single-layer. 

This peeling process works because the carbon layers of graphite are weakly 

bonded and the van der Waals force between them is not as strong as the force 

between the graphite/graphene and the SiO2. So, once the graphite pieces on the 

tape are applied to the substrate, it is likely that when the tape is lifted the 

interlayer bonds will break, leaving some amount of graphite/graphene on the 

substrate [25]. Newly peeled single-layer graphene will show prominent G and 2D 

peaks in its Raman spectra. 

CVD synthesized graphene is made by depositing or segregating carbon 

decomposed from precursor gases containing hydrocarbons such as CH4 onto 

metal catalyst foils (commonly Ni or Cu) at high temperatures, followed by a cool 

down [26-31]. 

Early films grown on Ni with this technique resulted in slightly disordered 

graphene films of non-uniform thickness, as characterized by Raman spectroscopy 

[29]. Figure 4(a) [29] shows Raman spectra from various spots of a CVD 

graphene film grown on Ni. Each spectra is different because of varying layer 

thickness (size, shape and position of 2D peak) and disorder (size of D peak). 

Currently Cu is widely regarded as a superior metal on which to grow CVD 

graphene films [30, 31]. Figure 4(b) [31] shows Raman spectra from various spots 

of a film grown on Cu. The spectra are more uniform, showing a low-disorder 

single-layer film. 
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Another method of creating graphene-like materials is through the exfoliation 

and reduction of graphene oxide [32]. Graphene oxide is produced through an 

oxygen-producing chemical reaction within the layers of a graphite crystal. This 

graphene oxide is then exfoliated in situ via sonication and then reduced with 

hydrazine hydrate, producing a material with some electrical properties 

approximating graphene. Raman spectra of the materials, as seen in Fig. 5 [33], 

show strong D and G peaks, suggesting very small crystal sizes. 

Graphitic composite materials can also be made by adding polymers to the 

reduced graphene oxide in solution. These materials retain some of the electrical 

properties of graphene while also retaining the physical properties of a polymer 

[32, 34]. 

 

 

Figure 4. (Color online) (a) (From [29]) Representative Raman spectra (excitation 

wavelength 532 nm) measured from 4 spots on a CVD graphene film grown on a Ni 

substrate and transferred to SiO2/Si. (b) (From [31]) Representative Raman spectra 

measured from 3 spots on a CVD graphene film grown on a Cu substrate and transferred to 

SiO2/Si. 

 

4. CHARACTERIZATION OF GRAPHENE PROPERTIES 

THROUGH RAMAN SEPCTROSCOPY 

 

In addition to characterizing disorder and LD, Raman spectroscopy can also be 

used to characterize many other properties in graphene, including the edges and 

grain boundaries of graphene crystals [35-39]. Due to the hexagonal structure of 

the graphene lattice, ordered crystal edges can have two main structures: zigzag 

and armchair (Fig. 6 [39]). Only armchair edges, however, are capable of 

elastically scattering charge carriers that give rise to the D peak [37, 39]. 
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Reference [39] showed that a strong D peak will appear near armchair edges using 

an excitation laser polarized in a direction parallel to the line of the edge. This 

effect is significantly smaller for zigzag edges, where some amount of D intensity 

is still seen in real samples because of non-uniformity and roughness in edge 

structure. 

In has also been theorized and supported by experiment that only the 

longitudinal optical phonon mode is active near an armchair edge, and the 

transverse optical phonon mode is active near a zigzag edge, so that the intensity 

of the G peak is enhanced when the polarization of the excitation laser is parallel 

to an armchair edge and perpendicular to a zigzag edge [40-42]. 

 

 

Figure 5. (Color online) (From [33]) The Raman spectra of SP-1 grade graphite (top), 

graphene oxide (middle), and reduced graphene oxide (bottom). 
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Characterization of edges is not only useful in differentiating between zigzag 

and armchair, but also in characterizing the grain boundaries of CVD graphene 

crystals. Where grains from two separate seed points grow together, a boundary 

forms that is identifiable through an increased D peak, providing insight into the 

crystal growth process. The nucleation center of these crystals is also 

characterized by a higher D peak [43]. 

Doping in graphene, which shifts the Fermi level away from the Dirac point, 

decreases the probability of excited charge carrier recombination [44]. This causes 

photon perturbations to be non-adiabatic, removing the Kohn anomaly and 

increasing the phonon energy for the G peak, increasing its frequency [45]. This 

reduced recombination also sharpens the G peak, decreasing its FWHM. Das et al 

also theorize increased electron concentration (decreased hole concentration) 

expands the crystal lattice, decreasing the energy of the Raman phonons, resulting 

in a decreased 2D peak position with increased electron concentration and an 

asymmetry in the doping effect of the G peak position. Doping graphene also 

decreases the intensity of the 2D peak. 

 

 

Figure 6. (Color online) (From [39]) Illustration of the relationship between corner angles 

and the structure of adjacent graphene edges. 

In addition to doping, this expansion and contraction of the crystal lattice can 

also be achieved through physical strain on the graphene, often caused by a lattice 

mismatch with the underlying substrate [46-51]. As with doping effects, a 
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stretching of the lattice would decrease the phonon energies, causing a red shift of 

the Raman spectrum. If this strain is uniaxial, as in the case of bending, it will also 

split the G peak into two separate features corresponding to the splitting of the 

vibrational mode into one along an axis parallel to the curvature and one 

perpendicular. 

These varied effects give many tools to characterize the electron 

concentration and lattice strain in a graphene sample. 

Changes in the temperature also cause a change in the peak positions of the 

Raman spectra. As temperature increases, there is a linear red shift in the 2D and 

G peaks due to increased anharmonic coupling of phonons and increased thermal 

expansion in the lattice, [52] such that Raman spectroscopy can be used to derive 

the temperature of graphene [53, 54]. The ability to use Raman as a thermometer 

opens up the possibility of using Raman to measure such quantities as thermal 

conductivity in a local, noninvasive way [55, 56]. 

 

 

5. STUDY OF GRAPHENE DISORDER THROUGH  

RAMAN SPECTROSCOPY 

 

Now we will focus on the characterization of disorder in graphene caused by 

electron-beam irradiation and oxygen plasma exposure [57, 58]. The effect of 

electron-beam irradiation on graphene and graphene devices is of particular 

importance because of the prevalence of electron beams in both imaging of 

graphene, e.g. scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM), and fabrication of graphene devices using electron-beam 

lithography (EBL). In addition, such studies are important to develop radiation-

hard graphene-based electronics that can stand up to extreme conditions such as 

charged particle irradiation in space [59]. Many studies have used energetic 

electrons to study disorder in graphene [57, 60-64]. 

Plasma etching is also a common tool used to pattern graphene 

nanostructures, such as Hall bars [2] and nanoribbons [65]. In addition, plasma 

etching is used to study how graphene's properties are affected by etching-induced 

disorder [58, 66-70]. Other techniques that have been used to create artificial 

defects in graphene include ozone exposure [71], high-temperature oxidation [72] 

and energetic irradiation by positive ions [19, 73-78] and protons [79]. 

First, to study the effect of electron-beam irradiation [57], a graphene sample 

is placed in a scanning electron microscope (SEM), and a 25 µm by 25 µm area is 

continuously scanned by the electron beam. The beam’s kinetic energy is 30 keV, 
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and the beam current is 0.133 nA. The accumulated time exposed to the electron-

beam (Te) determines the accumulated irradiation dosage (De) (e.g. Te = 60 s gives 

De = 100 e
-
/nm

2
). In comparison, the typical exposure used in a lithography 

process is around 1 e
-
/nm

2
. SEM imaging typically exposes samples to at least 

100 e
-
/nm

2
. 

 

 

Figure 7. (Color online) (a) Raman spectra (excitation wavelength 532 nm) for a 

progression of accumulated electron-beam exposures on graphene sample “A.” The spectra 

are offset vertically for clarity. (b) The full progression of the ratios of Raman peak 

intensities ID/IG and I2D/IG plotted against the accumulated dosage of energetic electrons 

(De). The inset of (b) shows the log of ID/IG plotted against the log of De. The dotted 

lines are linear fits for the low (left, slope = 0.6) and high (right, slope = -0.9) defect 

regimes. 
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Figure 8. (Color online) ID/IG of electron-beam irradiated graphene plotted 

against eDA / , a quantity approximating LD for A = 57. The dashed line is a fitting 

derived from Eq. (1), which fits well with the data. 

After each successive exposure, the graphene device is removed from the 

scanning electron microscope, and room condition measurements are promptly 

performed with a 532 nm excitation laser. 

Prior to exposure, the Raman spectrum of device “A” shows the signature for 

pristine single-layer graphene, with a G peak at ~1580 cm
-1

 and a 2D peak at 

~2690 cm
-1

, with a ratio of the intensities of the 2D and G peaks, I2D/IG, of 3.4. 

Figure 7 shows how the Raman spectra evolve with increased electron-beam 

irradiation. Representative spectra are shown in Fig. 7(a), demonstrating the 

increase of the D peak, as well as the emergence of the D´ and D+G peaks. After 

higher exposures, these peaks attenuate. 

This can be seen more clearly in Fig. 7(b), which shows the progression of the 

peak intensity ratios (ID/IG and I2D/IG) as functions of De. ID/IG behaves as 

expected, increasing in the low disorder regime (De < 800 e
-
/nm

2
) and decreasing 

in the high disorder regime (De > 800 e
-
/nm

2
). ID/IG begins at ~0 before the 

exposure and then increases with increasing De in the low-defect-density regime 

to ~3 after 800 e
-
/nm

2
, and ID/IG then decreases with further increasing De in the 

high-defect-density regime to ~1 for De = 4000 e
-
/nm

2
. 
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In our experiment, we assume the total electron beam dosage per unit area to 

be proportional to the defect concentration, 1/LD
2
, therefore eD DL /1∝ . We 

can plot ID/IG with respect to eDA / , where A = 57 is a proportionality constant 

chosen such that the peak of the ID/IG curve appears at eDA /  = 2 nm [21]. We 

can add a fitting line based on Eq. (1) to calculate ra (1.8 nm), rs (1 nm), Ca (5) 

and Cs (0.8) seen in Fig. 8. We note that we find similar values as for the argon 

ion study by Lucchese et al [19]. 

 

 

Figure 9. (Color online) (From [58]) (a) Raman spectra (excitation wavelength 532 nm) of 

single layer graphene sample “B” after various numbers of accumulated oxygen plasma 

pulses, Np. The spectra are offset vertically for clarity. The inset shows log(ID/IG) plotted 

against log(Np), with the dashed lines representing linear fits to the low-defect (left side, 

slope = 1.1) and high-defect (right side, slope = -1.2) regimes. (b) Ratios of Raman peak 

intensities, ID/IG and I2D/IG plotted against Np. The dashed line is a fitting for ID/IG = C/LD
2
 

(low-defect-density regime), and the dot-dashed line is a fitting for ID/IG = D·LD
2
 (high-

defect-density regime), where LD is proportional to Np
-0.5

. The inset of (a) shows log(ID/IG) 

plotted against log(Np). (c) The FWHM of the 2D, G and D peaks are plotted as functions 

of Np. 

We also studied the Raman spectra of graphene exposed to various amounts 

of oxygen plasma [58]. Our graphene samples are exposed cumulatively to short 

pulses (~ ½ seconds) of oxygen plasma in a microwave plasma system (Plasma-
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Preen II-382) operating at 100 W. A constant flow of O2 is pumped through the 

sample space, and the gas is excited by microwaves (manually pulsed on and off). 

The microwaves generate ionized oxygen plasma, which has an etching effect on 

graphene and thus creates defects in graphene. Raman measurements are 

performed in room conditions after each pulse. 

Figure 9 shows the progression of the Raman spectrum as a function of the 

number (Np) of plasma-etching pulses. The dependence of ID/IG on Np shows 2 

different behaviors in the low and high defect regimes, much like for electron-

beam exposure. ID/IG begins at ~0 before the plasma exposure. ID/IG increases 

with increasing Np to ~4 after 14 plasma exposures, and then decreases with 

further increasing Np in the high-defect-density regime to ~1.9 for Np = 25. On the 

other hand, the ratio of the intensities of the “2D” and “G” peaks, I2D/IG, 

continuously decreases with increasing Np from ~3 for Np = 0 down to ~ 0.3 for 

Np = 25. 

While we find the plasma etching data does not fit well to Eq. (1), they still 

can be fitted to Eqs. (2) and (4) if we assume the total exposure time to be 

proportional to the defect concentration, 1/LD
2
 such that pD NL /1∝ . In Fig. 

9(b), the data in the low-defect-density regime are fitted to  

 

p

G

D NC
I

I
×=

 (dashed line), (5) 

 

and those in the high-defect-density regime are fitted to 

 

pG

D

N

C

I

I
=  (dot-dashed line). (6) 

 

where Eq. (5) corresponds to Eq. (2) and Eq. (6) corresponds to Eq. (4). 

The inset of Fig. 9(a) shows log(ID/IG) versus log(Np). A line fit of the data in 

the low-defect-density regime gives a slope of ~1.1, confirming the approximate 

linear relationship between ID/IG and Np in that regime, agreeing well with Eq. (2). 

A line fit in the high-defect-density regime gives a slope ~-1.2, again consistent 

with Eq. (6) or Eq. (4). 

C(λ) is given to be 102 nm
2
 for λ�= 514 nm [19]. Assuming comparable 

C(λ) for our slightly different λ (532 nm), we estimate LD ≈ 5 nm at the peak of 

ID/IG (~4), a value similar to other reported values [19, 78]. 
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The gradual decrease of the 2D peak is also consistent with previous work 

[66, 68, 72]. The decreasing I2D/IG versus Np is likely mainly due to the defect-

induced suppression of the lattice vibration mode corresponding to the 2D peak. 

Figure 9(c) shows the FWHM of the 2D, G and D peaks as functions of Np. 

The peaks widen with increasing Np, especially at higher exposures. Defects in the 

crystal lattice decrease the phonon lifetime, which in turn widens the Raman 

peaks [80]. 

 

 

6. CONCLUSION 

 

The applications of Raman spectroscopy to characterizing graphitic materials 

has become increasingly widespread. The sensitivity of the positions, widths and 

intensities of the D, G and 2D peaks has made it possible to probe a variety of 

attributes. The effects of edge states, strain, doping, temperature, thickness and 

disorder are all discernible in the Raman spectrum of graphene and other graphitic 

materials given the proper conditions. This has given us a powerful, noninvasive 

tool for graphene characterization. 
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