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Raman Spectroscopy of Graphene
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Abstract Graphene, a monolayer of carbon atoms packed into a two-dimensional crystal structure, attracted intense atten-
tion owing to its unique structure and optical, electronic properties. Raman spectroscopy is a quick and precise method in
material science and has been employed for many years to investigate material properties. It can be used to investigate the
electronic band structure, the phonon energy dispersion and the electron-phonon interaction in graphene systems. In probing
graphene’s properties, Raman spectroscopy is considered to be a reliable method. In this review, we highlight recent progress
of studying graphene structure using Raman spectroscopy. First, on the basis of systematically analyzing the phonon disper-
sion of graphene, the typical Raman scattering features of graphene, such as G band, G' band, and D band, and the basic
physical process are introduced. Using these Raman fingerprints, we can quickly and directly distinguish the layer thickness
of graphene, determine the edge chirality and monitor the type and density of defects in graphene. Second, stacking disorder
will significantly modify the optical properties and interlayer coupling stretch of few-layer graphene so that the Raman fea-
tures of graphene will be strongly influenced not only in the G band intensity but also in the intensity, lineshape and the fre-
quency of G' band. According to the peak position, width, and intensity of the Raman G band and G' band in graphene, we
also discuss the influence of doping, substrate, temperature, and strain on the electronic structure of graphene. Finally, we
introduce the second order overtone and combination Raman modes and the low frequency Raman feature (shear and layer
breathing mode) in graphene, and discuss the dependence of these peaks on the structure of graphene.

Keywords graphene; Raman spectroscopy; layer dependence; stacking effect; overtone and combination mode; low fre-

quency mode
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Figure 1 (a) Phonon dispersion relation in monolayer graphene, (b) typical Raman spectrum for monolayer graphene with 514.5 nm excitation and (c)

Raman processes for the Raman features in graphene®"!
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Figure 2 (a) Raman spectra of graphene with 1, 2, 3, 4 layers!®, (b) Raman G' band of graphene with 1~4 layers®”, (c) Raman G band intensity as a
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function of the number of layers™™ and (d) G band frequency vs 1/n>%.
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Substrate G band G' band

Position/em ' FWHM/cm ' Position/cm ' FWHM/cm ™'

SiC 1591.5 31.3 2710.5 59.0

Si0,/Si 1580.8 14.2 2676.2 31.8

Quartz 1581.9 15.6 2674.6 29.0

Si 1580 16 2672 28.3

PDMS 1581.6 15.6 2673.6 27

Glass 1582.5 16.8 2672.8 30.8

NiFe 1582.5 14.9 2678.6 31.4

GaAs 1580 15 — —

Sapphire (0001)  1590.3 8.0 2678.4 28

Sapphire (11-20)  1586.4 10 2677.6 27

Sapphire (1-102)  1585.8 11 2677.1 29
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Figure 11 (a) Raman spectra in the range of 1640 to 1810 cm™' for AB and ABC stacked FLG, and (b) the energy of the subpeaks in the LOZO' band as a
function of layer thickness™”, (c) the frequency of different Raman peaks as a function of E., in BLG"", (d) Raman spectra between 1650 and 2300 cm

from different graphene samples'*”) and the peak frequencies of different Raman modes as designed in (d) vs (e) 1/n, and (f) laser energy in SLG!*”!
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Table 3 Peak frequencies and energy dispersions for the combination and overtone Raman modes in graphene under 532 nm laser excitation

1

Peak frequency/cm Mode Phonons Dispersion/(cm'/eV)

1655¢ LOZA LO+ZA 38

1730° LOZO' LO+Z0' 29

1750° M 20TO —10
1860° iTALO— iTA+LO 135
1880° iTALO+ oTO+LO 150
1970 iTOLA iTO+LA 204
2030° LOLA LO+LA 223
2220° iTOTA iTO+iTA —56

“The peaks position were taken from graphite. * The peaks position were taken from SLG.
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Figure 12 Raman spectra (a) and fits of the C and G peaks (b) as a function of number of layers™”"'*!, (c) the 2Z0'-mode Raman spectra for FLG with N

=2 to 20 and for the bulk graphite!®, (d) ZO' Raman modes for bilayer graphene with different twisting angles
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