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Abstract

Raman spectroscopy is one of the main characterization techniques for graphene and related materials. It is a non-destructive
technique that can give insight in the material’s quality, the number of layers, and is sensitive to any changes in electric or
magnetic fields, band structure and temperature, making it ideal to probe layered materials.

Key points

@ Brief introduction to Raman scattering

e Explanation of the Raman spectrum of graphene/graphene layers and how it changes as function of doping, defects, and
strain

e Summary of the capabilities of Raman spectroscopy of graphene

® Overview of the current challenges and general outlook

Introduction

A single layer of graphene (SLG) (Novoselov et al., 2004) can be seen by using a microscope if placed over a Si+SiO, thickness
~100 nm or ~ 300 nm (Casiraghi et al., 2007a). The SiO, layer acts as a cavity for the light and results in either constructive or
destructive interference depending on its thickness (Casiraghi et al., 2007a). Fig. 1 shows the calculated optical contrast as function
of laser wavelength and SiO, thickness with contrast maxima at ~100 and ~ 300 nm thickness for commonly used laser
wavelengths between ~450 and ~ 600 nm. While imaging by optical contrast can give an idea of its thickness, it is not enough
to get more quantitative information, such as doping, disorder, strain, etc.

Raman spectroscopy is a powerful characterization technique for carbons in general, ranging from fullerenes, nanotubes,
graphitic carbons to amorphous and diamond-like carbons (Ferrari and Robertson, 2000; Tuinstra and Koenig, 1970; Dresselhaus
et al., 2005; Dresselhaus et al., 1996). In graphene, Raman spectroscopy can now be routinely used to extract the number of layers,
N, to estimate the type and amount of doping and strain, as well as to check the quality of graphene as it this spectroscopic
technique is also sensitive to defects (Ferrari and Basko, 2013).

Brief overview of light scattering processes

Light scattering can be either elastic, i.e. the incident and scattered light have the same frequency, or inelastic, where the scattered
light has a different frequency with respect to the incident light. In classical electrodynamics, when light impinges on a medium,
electrons within that medium start to oscillate at the same frequency as the incident electromagnetic wave. This periodic
perturbation of the electron cloud results in the creation of an oscillating dipole moment leading to the emission of light with
the same frequency as the incident light, i.e. elastic scattering of light. Examples are Mie scattering (Mie, 1908) and Rayleigh
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Fig. 1 Calculated optical contrast of graphene on Si/SIO, as a function of wavelength and SiO, thickness. Reprinted with permission from Casiraghi C, Hartschuh
A, Lidorikis E, Qian H, Harutyunyan H, Gokus T, Novoselov KS, and Ferrari AC (2007a) Rayleigh imaging of graphene and graphene layers. Nano Letters 7:
2711-2717. Copyright 2007 American Chemical Society.

scattering (Strutt, 1871), depending on the particle size in the medium. Light scattering off particles larger than the wavelength and
having a refractive index different from that of the continuous medium in which they are embedded is referred to as Mie scattering,
which can be observed when sun light scatters from the water droplets within clouds. If the particle size is smaller than the
wavelength of light, such as is the case for atoms or molecules, the process is called Rayleigh scattering. An example is the color of the
sky, either blue during the day or red at sun rise or sunset, where light is scattered off the molecules in the atmosphere.

In the case of inelastic light scattering, the scattered light has a different frequency or energy with respect to the incident light. This
process can be more conveniently described by quantum theory, whereas an electron absorbs a photon, leaving behind an empty
space (a hole), and as a result is promoted to an energetically higher level. The electron can then either fall directly back to a lower
level, while emitting a photon with energy corresponding to the energy level difference, or scatter with the lattice, i.e. create or
annihilate/absorb a phonon, before recombining radiatively with a hole. Examples for inelastic light scattering are Brillouin and
Raman scattering. While Brillouin scattering involves low frequency lattice vibrations, i.e. acoustic phonons, Raman scattering
involves optical phonons in first order scattering processes (Brilesch, 1986).

The Raman scattering process was first theoretically predicted in 1923 by Austrian physicist Smekal (Smekal, 1923). The
experimental proof was delivered in 1928 by Landsberg and Mandelstam (Landsberg and Mandelstam, 1928) in crystals and by
Raman and Krishnan (Raman and Krishnan, 1928) in liquids. For his findings Raman was awarded the Nobel Prize in physics in
1930 (Nobel-Prize). Since then - and even more so after the invention of the laser in 1960 (Schawlow and Townes, 1958; Maiman,
1960) - Raman spectroscopy has become a standard materials characterization tool as it is non-destructive, fast and easy to use
(Ferrari and Basko, 2013).

Raman scattering process

Raman scattering is the inelastic scattering between light, i.e. a photon, and matter. It involves the exchange of rotational or
vibrational quanta of energy in molecules or the creation and annihilation of phonons with frequency Q in solids (Cardona and
Guntherodt, 1982). If light of frequency . is incident on a material, most of the light is elastically scattered. This Rayleigh scattering
process is shown in Fig. 2. From a classical point of view, light can be described as a propagating electromagnetic wave with E(t) =

Ey cos (o, t) with amplitude E, and frequency w;. The electron cloud responds to the fast changing electric field and this will induce
a dipole moment p(t) proportional to the electric field of the incoming light (Yu and Cardona, 1996):

u(t) =a E(t) = 09 Eg cos(wy t) (1)

where the proportionality constant « is the polarizability. This describes the ability of, e.g., molecules to be polarized, and depends
on the relative position of the individual atoms. Atomic vibrations are confined to certain energetic levels and are quantized
into phonons. The physical displacement of the atoms dQ about their equilibrium position associated with a phonon can be
described as: dQ = Q cos (Qt), where Q is the phonon frequency and Q, is the displacement about the equilibrium position. A
material’s response to electromagnetic radiation depends on the atomic positions. The atomic displacements change the suscep-
tibility, thus its polarization, depending on the phonon involved. At room temperature (RT) the atomic displacement is small
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Fig. 2 Energy level diagram showing Rayleigh and Raman scattering (Stokes and anti-Stokes) processes. Blue lines depict absorption of a photon, while red lines
depict emission of a photon. Non-resonant processes involve virtual states, while resonant scattering processes involve real states.

compared to the lattice constant. Therefore, the polarizability o can be approximated by a Taylor series expansion around the lattice
displacement. Considering only first order terms we get:

OC—OC0+

dQ+ ...—oc0+aQ’ Q, cos(Q) (2)

Inserting Eq. (2) in (1) gives:

u(t) = apEq cos(wy, t) ‘ EoQ, cos(Qt) cos(wpt)

ToQ

Using a trigonometric identity for the product of the cosine terms leads to

u(t) = apEq cos(wy t) + EoQo{cos[(Q —op)t] + cos[(Q + w)t]} 3)

The intensity of the scattered light I, is proportional to |ji|, where ji is the second derivative of u with respect to time, ¢:
Iscoc cos?(wy) + cos?[(wp + Q)t] + cos?[(wy - Q)t ] + cross terms (4)

The first term corresponds to the elastically scattered light, i.e. Rayleigh scattering, since it only depends on w;,while the other two
terms describe the inelastically scattered light, i.e. Raman scattering. Here we distinguish between Stokes (S) and anti-Stokes (AS)
scattering, both named after Sir G. G. Stokes (Larmor, 1907). In S-scattering a phonon is created by energy transfer from the electron
to the lattice resulting in the (@, — Q) term, meaning the scattered light has a lower frequency with respect to the incident light, while
in AS-scattering a phonon is annihilated (or absorbed), giving the (w; + Q) term. The S and AS Raman scattering processes are
depicted in Fig. 2. AS Raman scattering involves the absorption of a phonon. Consequently, the scattering process starts directly
from a vibrational state as shown in Fig. 2.

At RT the AS-Raman peaks have lower intensity compared to S, but their intensity increases with rising temperature (T). This can
be explained by considering the Bose-Einstein distribution, whereby the number of phonons in a certain energy state strongly
depends on T, and increases with T (Kittel, 2005). If n; is the phonon occupation number, then the S-Raman scattering intensity will
be proportional to n, + 1, since a phonon is created during the scattering process. For AS, we start at an excited (vibrational) state
and a phonon is annihilated, giving rise to intensity proportional to n,. Thus, the S/AS intensity ratio can be expressed as (Placzek,

1934; Krishnan and Narayanan, 1950):
4
Isokes o -Q 7Q
= €X] — |, 5
Tanti —Stokes (wL +Q P kgT ( )

where kg is the Boltzmann constant, ; is the frequency of the laser light, Q is the phonon frequency, 7 is the reduced Planck
constant. By re-arranging Eq. (5) for T, the sample T can be determined by fitting the peak intensity of a peak on S and AS side of the
Raman spectrum.

The intensity of the scattered light also strongly depends on whether we have a resonant or non-resonant process (Loudon,
1965). In a resonant process, real electronic states are involved, while in non-resonant Raman scattering virtual states are used to
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describe the process. The intensity of the Raman scattered light depends on the polarization of the incident and scattered light as
well as on the phonon involved in the scattering process. The symmetry of the phonon mode is incorporated in the so-called Raman
tensor fR. Introducing a unit vector in direction of the lattice displacement Q this term can be expressed as (Yu and Cardona, 1996)

oJo| ~
. 6
R Q OQ (6)
Assuming ¢; and ég, to be unit vectors of the polarization of the incoming and scattered light, the Raman intensity is proportional to
Ioc|é; R es.|> (Yu and Cardona, 1996). Thus, for Raman scattering to occur, the term (% has to be non-zero, meaning the
0

polarizability has to change. By doing polarization dependent measurements, the symmetry of the Raman tensor, thus that of
the corresponding phonon, can be obtained (Cardona and Giintherodt, 1982). This is very useful for correct assignment of the
Raman peaks.

During the scattering process, energy and momentum conservation have to hold: /o, = /ws. + 7#Q and k; = ks, £ q, where 7 is
the reduced Planck constant, w;, ws,, Q are the frequency of the incident light, the scattered light and the phonon, respectively, and
Iy, ks, q are the corresponding wave vectors and the phonon momentum. The wavevectors can be expressed in terms of wavelength
Jviak = 2r/7". The lattice constant of a material is of the order of a few A, thus much smaller than A (in the order of a few hundreds
of nm), giving k;, ks, < ma™", which is the size of the first Brillouin zone (BZ), where a is the lattice constant. Combining this with
the equations for energy and momentum conservation we can deduct that ¢ < na™' meaning ¢ ~ 0. This is called the fundamental
Raman selection rule, and tells us that the phonons contributing to first order Raman scattering stem from the BZ center. For higher
order scattering processes, i.e. processes involving multiple phonons, the selection rule becomes ) g = 0. So, in a second order
Raman process, two phonons with equal but opposite momentum are contributing since g + (-q) = 0.

Raman spectroscopy of graphene and graphene layers

In real space, single layer graphene (SLG) has a hexagonal structure resulting in a hexagonal structure in reciprocal space as well,
where I marks the BZ center and the high symmetry points at the corner are labelled as K and K/, Fig. 3A. At these so-called Dirac
points, SLG has a unique linear dispersion relation (Dirac cones).

In SLG there are two atoms per unit cell giving rise to six normal modes (two being doubly degenerate) at I" with irreducible
representation: A,, + Byg + Eq, + E»g (Nemanich et al.,, 1977). The E,, and B,; modes are both doubly degenerate, whereas the E,,
mode is Raman active and the B,, is silent, i.e. neither Raman nor IR active (Nemanich et al., 1977). The A, and E;,, modes are both
IR active modes (Ferrari and Basko, 2013).

The Raman spectrum of graphite and multilayer graphene consists of two different sets of peaks: those at higher wavenumbers,
such as the D, G, 2D and 2D’ modes due to in-plane vibrations, and those at low frequency, such as the shear (C) and layer breathing
modes (LBMs), due to the relative movement of the whole atomic planes, either parallel or perpendicular (Ferrari and Basko, 2013;
Tan et al., 2012), Fig. 4. In SLG only the first set of peaks is visible (Ferrari et al., 2006).
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Fig. 3 (A) SLG structure in reciprocal space (BZ). The high symmetry points and a schematic of the electronic dispersion at K and K’ (Dirac cones) are indicated.
(B) Doubly degenerate Eq mode and Aqq breathing mode giving rise to the G and D peak in SLG. (C) SLG Phonon dispersion. The red lines indicate the positions
of Kohn anomalies. (C) Reprinted with permission from Piscanec S, Lazzeri M, Mauri F, Ferrari AC, and Robertson J (2004) Kohn anomalies and electron-phonon
interactions in graphite. Physical Review Letters 93: 185503. Copyright (2004) by the American Physical Society.
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Fig. 4 Comparison of Raman spectra of pristine graphene, defective graphene and graphite.

The G peak ~1580 cm ™" arises from an E,, phonon stemming from the I'-point, Fig. 3B and C. The D peak, corresponding to an
A, phonon (Fig. 3B), is due to the breathing mode of six-atom rings and requires a defect for its activation (Ferrari and Robertson,
2000; Thomsen and Reich, 2000; Tuinstra and Koenig, 1970) to fulfill the fundamental Raman selection rule. This peak is activated
by an intervalley double resonance process (Thomsen and Reich, 2000), connecting K and K/, and comes from a transverse optical
(TO) phonon at the K point, Fig. 3C. Due to the presence of a Kohn anomaly (Piscanec et al., 2004), i.e. a damping of the phonon
dispersion (red lines in Fig. 3C), it is also highly dispersive with excitation energy shifting by ~50 cm™" eV™' (Pocsik et al., 1998).
Similarly, an intravalley double resonance scattering process at K or K’ gives rise to another defect-activated peak, the D’ peak.
In defective graphene also the combination mode D + D’ starts to appear. The 2D and 2D’ peaks are the second order modes of
the D and D’ peak, where the momentum conservation is fulfilled by scattering of two phonons with opposite wave vectors. Thus,
these peaks do not require defects for their activation and are always present in the Raman spectrum of graphene (Ferrari et al., 2006;
Basko et al., 2009). This means that only the G peak in the Raman spectrum of graphene fulfills the fundamental Raman selection
rule directly as its origin is at the center of the Brillouin zone where g = 0. All scattering processes are depicted in Fig. 5.

Counting graphene layers: 2D peak and ultra-low frequency modes

The Raman peaks of graphene can be fitted with a Lorentzian line shape, which arises from a finite, homogeneous lifetime
broadening. Here we use the following notation (Ferrari and Basko, 2013) to refer to the peak fitting parameters: ‘I' for peak height
(intensity), ‘A" for peak area, ‘Pos’ for peak position and ‘FWHM’ for the full-width at half-maximum of the peak.

The Raman scattering process in SLG is always resonant due to its linear band structure. The band structure of SLG and multilayer
graphene (MLG) is reflected in the shape of the 2D peak (Ferrari et al., 2006). In SLG, the 2D peak is one sharp peak that can be
fitted with a single Lorentzian line, while in Bernal stacked bilayer graphene (BLG) it splits into four components following the
evolution of the band structure, Fig. 6A and B. Thus, the 2D peak shape can be used to estimate N. However, beyond ~5-10 layers,
the 2D peak will start looking like that of graphite, Fig. 6A, and the 2D peak shape cannot be used, alone, to estimate N correctly.
Low frequency modes are far more sensitive to N, even beyond N = 5, Fig. 6C. For accuracy the resulting peak positions of C and/or
LBMs can be calculated as the mean value of the fitted S/AS peak positions.

The C peak changes its position with N, Fig. 6D. Following a linear chain model where each layer is estimated as one mass
coupled by a spring to the next mass (layer), the relation between the position of the C peak (in cm™') and N can be written as (Tan

etal, 2012):
Pos(C)y = ﬁ \/%, /1+ cos (%) (7)

where the pre-factor (1/ nc)\/oc/_,u corresponds to Pos(C)., in graphite with N — oo, a~12.8 x 10'® Nm™ is the interlayer coupling
constant, it = 7.6 x 107>’kgA~2 is the SLG mass per unit area and c is the speed of light in cm s™".

Thus, by knowing Pos(C) in bulk graphite one can extract the interlayer coupling constant, thus get fundamental information
about the interaction between the layers. This model can be applied to all layered materials (LMs), see e.g. refs. (Pizzi et al., 2021;
Zhang et al., 2013).
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Fig. 5 Raman scattering processes in SLG. The red shaded area within the linear dispersion relation shows the occupied states. The G peak arises from one
phonon scattering. Depending on doping, some processes will no longer be allowed. The D’ (intravalley scattering), D (intervalley scattering) and D + D’ peak require
defects for their activation. The two different processes for the D and D’ peak depicted here give the largest contribution. The two-phonon (second order) modes, 2D
and 2D’ peak, do not require a defect. Schematics from Ref. Ferrari AC and Basko DM (2013) Raman spectroscopy as a versatile tool for studying the properties of
graphene. Nature Nanotechnology 8: 235-246. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature
Nanotechnology, COPYRIGHT (2013).

The Raman spectrum of strained graphene

SLG can be stretched up to at least ~20% without breaking (Bunch et al., 2007; Lee et al., 2008). Strain in graphene has not only a
major effect on its structure but also on its Raman spectrum. Strain can occur in different forms: Uniaxial (Mohiuddin et al., 2009;
Yoon etal., 2011; Mohr et al.,, 2010; Huang et al., 2010), i.e. strain along one direction, and biaxial strain, i.e. isotropic strain (Ding
et al., 2010; Zabel et al., 2012; Metzger et al., 2010). Both types can either be applied as tensile or compressive.
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Fig. 6 (A) 2D peak as function N. (B) For BLG, the 2D peak splits into 4 components. (C) Ultra-low frequency and G peak region of graphene layers. (D) Fitted C
and G peak positions. (A and B) Reprinted figure with permission from Ferrari AC, Meyer JC, Scardaci V, Casiraghi C, Lazzeri M, Mauri F, Piscanec S, Jiang D,
Novoselov KS, Roth S, and Geim AK (2006) Raman spectrum of graphene and graphene layers. Physical Review Letters 97: 187401. Copyright (2006) by the
American Physical Society. (C and D) From Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Materials, Tan PH, Han WP, Zhao WJ, Wu ZH,
Chang K, Wang H, Wang YF, Bonini N, Marzari N, Pugno N, Savini G, Lombardo A, and Ferrari AC (2012) The shear mode of multilayer graphene. Nature Materials 11:
294-300, COPYRIGHT (2012).

In general, compressive strain results in an upshift of all Raman peaks, arising from the shortening of the interatomic bond
lengths, while tensile causes a downshift, due to the elongation of the bond lengths resulting in a weakening of the vibrational
modes. Biaxial strain preserves the hexagonal symmetry in SLG, i.e. it only leads to an isotropic expansion or compression of
the hexagonal lattice, resulting in a linear peak shift. The linear change in peak position or frequency do is dwg/de ~ -57 cm™'/%
for the G peak and dw,p/de ~ -140 cm™'/% for the 2D peak (Zabel et al., 2012; Mohiuddin et al.,, 2009). Unless induced
intentionally it is very unlikely to find biaxial strain in graphene samples. Uniaxial strain also results in linear peak shifts (Fig. 7),
however it will break the hexagonal symmetry, which has an effect on the Raman peak shape. The G peak is a doubly degenerate
mode and uniaxial strain makes both components visible: The peak splits into two components G* and G~, one parallel and one
perpendicular to the direction of applied strain (Mohiuddin et al., 2009), Fig. 7A-C. The rate of change is (Mohiuddin et al., 2009):
00¢./de ~ - 10.8 cm /% and dw-/de ~ - 31.7 cm™/% for the G peak and dw,p/de ~ — 64 cm™'/% for the 2D peak. A similar
splitting of the 2D peak has been reported when the uniaxial strain exceeds ~0.5% and is applied along a high-symmetry axis
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Fig. 7 Effect of uniaxial strain on the SLG Raman spectrum. (A) Splitting of the G peak and a linear peak shift for increasing uniaxial stain. (B) Fitted peak positions
as function of strain. (C) Schematic showing the origin of the G peak splitting. Eigenvectors of G* and G~ modes, perpendicular and parallel to the strain direction.
(D) Evolution of the 2D peak as function of strain. A splitting of the 2D peak can be observed. (E) Fitted peak positions as function of strain. (F) Schematics showing
strain induced distortions of SLG and resulting change in distance between K and R (strained K') points. (A, B, C) Reprinted figures with permission from Mohiuddin
TMG, Lombardo A, Nair RR, Bonetti A, Savini G, Jalil R, Bonini N, Basko DM, Galiotis C, Marzari N, Novoselov KS, Geim AK, and Ferrari AC (2009) Uniaxial strain in
graphene by Raman spectroscopy: G peak splitting, Gruneisen parameters, and sample orientation. Physical Review B 79: 205433. Copyright (2009) by the
American Physical Society. (D, E, F) Reprinted figures with permission from Yoon D, Son Y-W, and Cheong H (2011) Strain-dependent splitting of the
double-resonance Raman scattering band in graphene. Physical Review Letters 106: 155502. Copyright (2011) by the American Physical Society.

(Huang et al., 2010; Mohr et al., 2010; Yoon et al., 2011), Fig. 7D and E. The 2D peak arises from an intervalley scattering process
connecting K and K’ points. Considering the structure of graphene, each K point has three neighboring K’ points, leading to three
contributions to the scattering process. Fig.7F shows a schematic depicting the possible scattering processes for the 2D peak in
strained graphene. The relative position of the Dirac points has been disturbed such that the three scattering mechanisms connecting
K and K’ are no longer identical (Huang et al., 2010; Yoon et al., 2011). In the example shown in Fig. 7F two of the three possible
scattering mechanism lead to one 2D peak component, while the remaining one gives rise to the second 2D peak component (red
and blue arrows in Fig. 7F), depending on the direction of strain either parallel or perpendicular to the armchair edge in graphene.
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The Raman spectrum of doped graphene

Most graphene samples produced by either micromechanical cleavage (MC), chemical vapor deposition (CVD), liquid phase
exfoliation (LPE) or carbon segregation from SiC or metal substrates are doped due to the sensitivity of graphene to adsorbates,
e.g. moisture, and/or due to the interaction with the underlying substrate (Bonaccorso et al., 2012; Backes et al., 2020). Doping can
also be applied on purpose either electrically or chemically and has a marked effect on the Raman spectrum of (Basko et al., 2009;
Das et al., 2008; Bruna et al., 2014; Kalbac et al,, 2010; Casiraghi et al., 2007b): In doped SLG Pos(G) increases, while
FWHM(G) decreases for both electron (e) and hole (h) doping, see Fig. 8A and C. The increase in Pos(G) is due to a
non-adiabatic removal of the Kohn anomaly at T, while the decrease of FWHM(G) is due to Pauli blocking of the phonon decay
channel into e-h pairs when the e-h gap is higher than the phonon energy, and saturates when the Fermi energy, Ef, is bigger than
half the phonon energy (Basko et al., 2009; Das et al., 2008). The 2D peak, allows distinguishing between e and h doping, as
Pos(2D) increases for h doping and decreases for e doping (Das et al., 2008), Fig. 8B. This can be explained by taking the change of
the equilibrium lattice parameter into account with a consequent stiffening/softening of the phonon modes, as a result of h and e
doping, respectively. Both, intensity and area ratios, I[(2D)/I(G) and A(2D)/A(G) depend on E;. The ratios are maximum for Ez = 0,
and decrease with increasing Ep (Basko et al., 2009; Das et al., 2008), Fig. 8D. Using the fitting parameters Pos(G), FWHM(G),
Pos(2D), I(2D)/I(G) and A(2D)/A(G) with the corresponding graphs as function of E presented in refs. (Basko et al., 2009, Das
et al,, 2008), Er can be extracted from the Raman spectrum.

Additional effects occur for high doping levels ~0.9 eV. In this case an enhancement of the G peak intensity I(G) can be observed
(Zhao et al., 2011). Doping changes the occupation of electronic states and since transitions from an empty state or to a filled state
are impossible (Pauli exclusion principle), this can exclude some of the BZ regions from contributing to the Raman matrix element
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(Zhao etal., 2011). Because of suppression of destructive interference this leads to an enhancement of the G peak when |Ey| matches
half of the laser excitation energy 7w;/2 (Zhao et al., 2011). At high doping the 2D peak is suppressed when the conduction band
becomes filled at the energy probed by the laser (Zhao et al., 2011), Fig. 9A. There are 3 cases that can occur in highly doped samples
(Ferrari and Basko, 2013): (i) the energy of the scattered (subscript ‘Sc’) and incoming photon (subscript ‘L’) are larger than twice Ef,
ie wp, ws > 2. in this case the 2D peak scattering mechanism is allowed, Fig. 9B; (ii) ws, < 2|Ef|/% < @, the photon absorption
is allowed but the phonon emission is excluded by Pauli blocking; (iii) w;, ws: < 2|Eg|/% both photon absorption and phonon
emission are blocked.

The Raman spectrum of defected graphene

There are many production methods for graphene, such as MC, CVD, LPE, etc. (Bonaccorso et al., 2012; Backes et al., 2020) and the
quality may vary depending on the production technique. E.g. MC SLG is still thought to give the most intrinsic, defect-free and
clean samples (Purdie et al., 2018). High quality samples with RT mobility~70,000 cm?V~"' 5! in single crystal CVD and 30,000
cm?V~! 57! in polycrystalline CVD can be achieved by using optimized transfer processes (De Fazio et al., 2019). A measure for
quality is the number of defects. Anything that breaks the hexagonal symmetry in graphene can be called a defect. Defects in
graphene can occur as chemical adsorbates, edges or structural defects, such as vacancies. Perfect zig-zag edges in graphene cannot
produce a D peak (Casiraghi et al., 2009; Cancado et al., 2004).

Raman spectroscopy in SLG is sensitive to defects and additional peaks appear. Ref. (Ferrari and Robertson, 2000) introduced a
three-stage model of amorphisation going from stage 1: perfect SLG/graphite to nanocrystalline graphene, stage 2: nanocrystalline
graphene to low-sp® amorphous carbon and stage 3: low-sp> amorphous carbon to highly disordered carbon, i.e. tetrahedral
amorphous carbon. Here we will focus on stage 1, where the Raman spectrum evolves as follows:

. The D peak appears and the ratio of D to G peak intensities, I(D)/I(G), increases

. The D' peak appears

. All peaks broaden

. The D + D' peak appears

. At the end of stage 1 the G and D’ peak are so wide that it is sometimes more convenient to consider them as a single, upshifted,
wide G peak at 1600 cm™'

U W N =

Fig. 10 plots the evolution of the Raman spectrum of defected SLG within stage 1. A correlation between the intensity ratio I(D)/
I(G) and the average crystal size L, was first suggested by Tuinstra and Koenig (1970):
1(D)

1G)

c(n)
L,

(8)

where C is a proportionality constant depending on the laser wavelength 4, and C(514 nm) ~4.4 nm (Tuinstra and Koenig, 1970;
Knight and White, 1989).

Initially this was interpreted in terms of phonon confinement: the intensity of the forbidden process would be ruled by the
‘amount of lifting’ of the selection rule (Tuinstra and Koenig, 1970). Now we known that the D peak is produced only in a small
region of the crystal near a defect or an edge (Casiraghi et al., 2009). For a nanocrystallite, I(G) is proportional to the sample area,
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Fig. 10 Evolution of SLG Raman spectrum for increasing amount of defects (stage 1) introduced by Ar* bombardment. Reprinted with permission from Cangado
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ocL2, while (D) is proportional to the overall length of an edge, which scales as ocL, (Ferrari and Basko, 2013) and thus
I(D)/I(G) o< 1/L,. In stage 1, for a sample with defects, I(D) is proportional to the total number of defects probed by the laser
spot. Therefore for an average interdefect distance Ly, and laser spot size L; there are on average (L;/Lp)? defects in the area probed by
the laser spot and I(D) o< (L;/Lp)?* (Ferrari and Basko, 2013). On the other hand, I(G) is proportional to the total area probed by the
laser spot ocL, thus I(D)/I(G) = C"()/Lb. This gives C'(1)/L5 = I(D)/I(G) = C(1)/L, (Ferrari and Basko, 2013). However, for an
increasing amount of defects the Tuinstra-Koenig relation will no longer hold (Ferrari and Robertson, 2000), as in this case I(D)
starts to decrease. The D peak is due to a breathing mode in 6-atoms rings (Ferrari and Robertson, 2000). With increasing amount of
defects these rings will start to break and, as a result, I(D) will decrease, which is the onset of stage 2.

Taking the excitation energy dependence (Ef) of the Raman peak intensities into account, the following relation for the
interdefect distance has been extracted (Cangado et al., 2011):

st (4341.3)x10° (I(D)\
Ly [nm ] _—E}f [eV4] (m) 9)

with the relation np[cm™] = 10'*/(znL3), the defect concentration 1y, can be related to I(D)/I(G) (Cancado et al., 2011):

nplem 7] = (7.3 £2.2) x 10°E} [eV*] (%) (10)
Egs. (9) and (10) can then be used directly to estimate the interdefect distance and corresponding defect concentration in SLG by
calculating I(D)/I(G) from the fitted D and G peaks. These relations are limited to Raman active defects. Perfect zig-zag edges
(Beams et al., 2011; Casiraghi et al., 2009), charged impurities (Casiraghi et al., 2007b; Das et al., 2008), intercalants (Zhao et al.,
2011) and uniaxial or biaxial strain (Mohiuddin et al., 2009; Lee et al., 2008; Proctor et al., 2009; Zabel et al., 2012) do not generate
a D peak. Other Raman signatures can be used for these ‘silent” defects.

Egs. (8) and (9) are valid for undoped SLG. However, most samples are not intrinsic and show Er ~ 200-500 meV (Bruna et al.,
2014). In the combined case of defects and doping a modified formula has to be used to correctly estimate the defect concentration
and interdefect distance, due to the Er dependence of (D). (Bruna et al., 2014). Ref. Bruna et al. (2014) showed that I(D) decreases
as Ep increases, Fig. 11, which would result in an underestimation of defects in doped SLG. By including the correction for the
doping dependence of I(D), Egs. (9) and (10) become (Bruna et al., 2014):

L} [nm?] = % (%) (Eplev]} 0542009 (1)

and

npfem 2] = (2.7 £0.8) x 10'°E} [eV*] (%) {Eglev]}0542004) (12)
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Fig. 11 (A) I(D)/I(G) as function of Fermi level Er and charge carrier concentration. (B) Contour plot of the intensity of the Raman signal as function of Er. Reprinted
with permission from Bruna M, Ott AK, ljds M, Yoon D, Sassi U, and Ferrari AC (2014) Doping dependence of the Raman spectrum of defected graphene. ACS Nano 8:
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The doping dependence of the D peak intensity can be explained by taking the scattering rate or line broadening energy y = 4t~" into
account, where 7 is the lifetime of an electronic state (Basko et al., 2009). In the presence of defects and doping the total scattering
rate y,,, is governed by electron-phonon interactions as well as scattering due to defects and e-e interactions, which in turn strongly
depends on the Ey. It is given by (Bruna et al., 2014): 10, = Yo—pn + ¥ + Vee( Er), where y..(Er) = 0.06|Eg| (Basko et al., 2009). Thus,
for increasing Ep, 7., will increase, and so will y,,. A higher scattering rate indicates a shorter lifetime, which, in turn, results in an
increase in peak width and decrease in peak intensity. Egs. (11) and (12) are valid for defects within stage 1 and for Er < E;/2 in
order to avoid Pauli blocking (Bruna et al., 2014).

Magnetic fields

Magnetic fields have also an effect on the Raman spectrum of graphene. In the presence of a magnetic field, electronic trajectories
will become circular, thus the backscattering condition of the Raman scattering process will be modified, such that the emitted
phonons have smaller momenta (Ando, 2007; Goerbig et al., 2007). Ref. (Faugeras et al., 2010) observed a shift toward lower
wavenumbers and a broadening of the 2D peak in SLG when applying a perpendicular magnetic field up to 30 T. In the presence of
such a strong magnetic field the electronic states are quantized into discrete levels, called Landau levels (Kittel, 2005). Raman
spectroscopy can also be used to probe those Landau levels and extract the Fermi velocity (Ferrari and Basko, 2013). Without
magnetic field, electronic excitations in SLG have a continuous spectrum (Wallace, 1947). In the presence of a magnetic field, as
result of this electronic quantization, inelastic scattering of photons occurs due to inter-Landau level transitions (Faugeras et al.,
2011) resulting in sharp B-field dependent peaks where, instead of a phonon, an e-h pair is emitted (Kashuba and Fal'ko, 2012;
Kashuba and Fal'ko, 2009; Mucha-Kruczynski et al., 2010). Applying magnetic fields can also be used to estimate the e-phonon
coupling and probe the electronic Landau levels (Faugeras et al., 2011; Kim et al., 2012; Kossacki et al., 2011).

Key issues

While acquiring Raman spectra is not particularly difficult, the data analysis needs to be done considering the contribution of
different influences, such as strain, doping, defects, etc. Instead of taking single point spectra, Raman measurements are often
performed as mapping, where spectra are recorded in a grid pattern across areas of several ~um?. Having a high spatial resolution is
important for Raman mapping. The laser spot size, thus the spatial resolution, in conventional Raman spectroscopy is dictated
by the diffraction limit of light, in turn proportional to the laser wavelength, thus of the order of ~1 um (Cardona and
Giintherodt, 1982).

To analyze small flakes (<1 pm) with weak Raman signals, enhanced Raman scattering techniques, such as surface enhanced
Raman scattering (SERS) (Kneipp et al., 2006) or tip-enhanced Raman scattering (TERS) can be used (Stockle et al., 2000; Cao and
Sun, 2022; Hartschuh et al., 2003). Both techniques exploit surface plasmons excited in metallic nanostructures by the incident
radiation field of the laser, whereas in TERS the metallic nanostructure is provided by the apex of an atomic force microscopy tip
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coated with a noble metal such as Au or Ag (Cao and Sun, 2022). With TERS, samples can be raster scanned with very high spatial
resolution around tens of nm or less. Information can be derived combining topography with Raman at each raster point (Cao and
Sun, 2022). SLG is ideal to study SERS effects of differently shaped and sized plasmonic nanostructures (Schedin et al., 2010; Lee
et al., 2011). TERS has also been used to study twisted BLG (Gadelha et al., 2021), extracting the moiré wavelength and imaging
different stacking regions (Gadelha et al., 2021). TERS can used for LMs in general, to identify local inhomogeneities, such as local
strain, doping or defects (Malard et al., 2021; Rabelo et al., 2020).

Conclusion

We have given an overview of Raman scattering in graphene. We have discussed how Raman spectroscopy is sensitive to the number
of layers and structural defects as well as external influences such as doping, strain and magnetic fields. Raman spectroscopy is a
powerful technique to extract quantitative information about the quality of graphene, its doping, and type and amount of strain,
crucial for further processing graphene for any kind of device (Backes et al., 2020). It is key for quality control when moving toward
industrial scale production of graphene (Backes et al., 2020). Raman spectroscopy has also been employed to study device
performances and to understand their working principle. E.g. it was used to shed light on the charge-discharge process of
graphene-based energy storage devices (Share et al., 2016). Raman spectroscopy continues to be used for fundamental material
studies (Cong et al., 2020).

Raman spectroscopy is a prime characterization techniques for all types of carbons and contributed significantly to the
understanding of graphene and LMs. However, there are over 1800 exfoliable or potentially exfoliable LMs (Mounet et al.,
2018), of which only a small fraction has been studied so far. Raman spectroscopy is already being used to characterize LMs
beyond graphene and to study the interaction between different LMs in heterostructures in the high and low frequency range. E.g.
Raman spectroscopy has been used to study magnetic ordering in magnetic LMs (Kim et al., 2019).

Other advanced Raman techniques such as coherent anti-Stokes Raman scattering (CARS) are emerging for the characterization
of LMs (Virga et al., 2019). CARS is a non-linear optical process that exploits the interaction between two laser pulses and is used for
imaging samples. As for conventional Raman scattering, the first laser beam ‘pump’, ®p, will cause S-Raman scattering, wg, creating a
phonon, Fig. 12. This phonon can then be used directly for an AS-Raman process under the condition that the correlated photon
energies (®p,) match (Virga et al., 2019), Fig. 12. During this process the interaction of laser pulses and sample results in the
generation of vibrational coherences, i.e. the atoms oscillate with the same phase, which in turn can lead to a signal enhancement of
several orders of magnitude (Virga et al., 2019). CARS is particularly interesting for biological research due to its marker free imaging
and ability to suppress fluorescence that would otherwise overshadow the Raman signal of the sample (Begley et al., 1974).
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