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Raman spectroscopy as a versatile tool for
studying the properties of graphene

Andrea C. Ferrari™ and Denis M. Basko?

Raman spectroscopy is an integral part of graphene research. It is used to determine the number and orientation of layers, the
quality and types of edge, and the effects of perturbations, such as electric and magnetic fields, strain, doping, disorder and
functional groups. This, in turn, provides insight into all sp>-bonded carbon allotropes, because graphene is their fundamental
building block. Here we review the state of the art, future directions and open questions in Raman spectroscopy of graphene.
We describe essential physical processes whose importance has only recently been recognized, such as the various types
of resonance at play, and the role of quantum interference. We update all basic concepts and notations, and propose a
terminology that is able to describe any result in literature. We finally highlight the potential of Raman spectroscopy for

layered materials other than graphene.

carbon allotropes of every other dimensionality. It can be

stacked into three-dimensional graphite, rolled into one-
dimensional nanotubes, or wrapped into zero-dimensional fuller-
enes. It is at the centre of an ever-expanding research area'”.
Near-ballistic transport and high mobility make it an ideal mate-
rial for nanoelectronics, especially for high-frequency applica-
tions®. Furthermore, its optical and mechanical properties are
ideal for micro- and nanomechanical systems, thin-film transis-
tors, transparent and conductive composites and electrodes, flex-
ible and printable (opto)electronics, and photonics?*”%.

An ideal characterization tool should be fast and non-destruc-
tive, offer high resolution, give structural and electronic informa-
tion, and be applicable at both laboratory and mass-production
scales. Raman spectroscopy®'® fulfils all these requirements. The
Raman spectrum of graphite was first recorded more than 40 years
ago'! and, by the time the Raman spectrum of graphene was first
measured in 20062, Raman spectroscopy had become one of the
most popular techniques for the characterization of disordered
and amorphous carbons, fullerenes, nanotubes, diamonds, carbon
chains and polyconjugated molecules’®. Raman techniques are
particularly useful for graphene'* because the absence of a band-
gap makes all wavelengths of incident radiation resonant, thus
the Raman spectrum contains information about both atomic
structure and electronic properties. Resonance could also be
reached by ultraviolet excitation'>é, either with the M-point Van
Hove singularity or in the case of bandgap opening, such as in
fluorinated graphene.

The number of graphene layers (N) in a sample can be deter-
mined by elastic light scattering (Rayleigh) spectroscopy'”*, but
this approach only works for exfoliated samples on optimized
substrates and does not provide other structural or electronic
information. Raman spectroscopy, on the other hand, works for
all graphene samples'>'*. Moreover, it is able to identify unwanted
by-products, structural damage, functional groups and chemical
modifications introduced during the preparation, processing or
placement of graphene®. As a result, a Raman spectrum is invalu-
able for quality control, and for comparing samples used by differ-
ent research groups.

G raphene is the two-dimensional building block for sp?

The toll for the simplicity of Raman measurements is paid
when it comes to data interpretation. The spectra of all carbon-
based materials show only a few prominent features, regardless
of the final structure'®. However, the shapes, intensities and posi-
tions of these peaks give a considerable amount of information,
often comparable to that obtained by competing techniques that
are more complicated and destructive. For example, Raman
spectroscopy can distinguish between a hard amorphous carbon,
a metallic nanotube or a doped graphene sample'.

In the past six years, there has been a significant step forward
in the understanding of Raman spectroscopy in graphene, fuelled
by new results on doping’?, edges®*, strain and stress*,
disorder!***#-#3, oxidation*, hydrogenation*’, chemical func-
tionalization*, electrical mobility*”*, thermal conductivity*~,
electron-phonon***-** and electron-electron®**>***7 jinterac-
tions, magnetic field®** and interlayer coupling®®72. As a result,
the understanding of the basic Raman processes has changed.
Raman scattering on phonons is to a large extent determined by
electrons: how they move, interfere and scatter. Thus, any varia-
tion of electronic properties due to defects, edges, doping or mag-
netic fields affects positions, widths and intensities of the Raman
peaks, enabling one to probe electrons via phonons. Quantum
interference effects®®*>”® play a key role, and they can also be
investigated by this technique.

Here we review these new developments, and incorporate
them into a general framework for Raman spectroscopy in gra-
phene based on a unified and self-consistent terminology. We
introduce the basic physics of Raman spectroscopy in graphene,
and discuss the effects of edges, layers, defects and disorder, and
perturbations. We outline the history of the field, interference’”
and surface-enhanced’® Raman scattering in the Supplementary
Information (Sections S4, S2 and S3, respectively), along with
the effects of polarization (Supplementary Section S5), elec-
tric fields and doping (Supplementary Section S6), magnetic
field (Supplementary Section S7), uniaxial and biaxial strain
(Supplementary Section S8), temperature (Supplementary
Section S9), isotopes (Supplementary Section S10) and other
examples (Supplementary Section S11). The key difference
between our framework and those published previously”” is
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Figure 1| Electrons, phonons and Raman spectrum of graphene. a, Electronic Brillouin zones of graphene (black hexagons), the first-phonon Brillouin
zone (red rhombus) and schematic of electronic dispersion (Dirac cones). The phonon wave vectors connecting electronic states in different valleys
are labelled in red. b, T'-point phonon-displacement pattern for graphene and graphite. Empty and filled circles represent inequivalent carbon atoms.
Red arrows show atom displacements. Grey arrows show how each phonon mode in graphene gives rise to two phonon modes of graphite. Their
labelling shows Raman-active (R), infrared-active (IR) and inactive (unlabelled) modes. ¢, Atom displacements (red arrows) for the A,, mode at K.

d, The black curves represent the dispersion of in-plane phonon modes in graphene in the energy and frequency range relevant for Raman scattering.
The red lines represent Kohn anomalies®®. The symbols are data taken from refs 54,84. e, Raman spectra of pristine (top) and defected (bottom)
graphene. The main peaks are labelled. f, C peak as a function of number of layers (left). Fitted C- and G-peak position as a function of inverse
number of layers (right). The line passing through the C-peak data is from equation (1). Flakes with N layers are indicated by NLG. Thus, for example,
2LG is BLG (bilayer graphene), and 8LG is 8-layer graphene. g, D-peak position as a function of excitation energy, data from ref. 87.

that we start from the general picture of the Raman process, and
show how the numerous observed effects naturally arise from it.
This approach creates a unified view of Raman scattering, thereby
enabling the observed effects to be better understood and, hope-
fully, to anticipate new ones.

The Raman spectrum of graphene

To understand the state of the art in Raman spectroscopy of
graphene it is important to know the historical development of
the main ideas, nomenclature and peak assignments starting
from graphite. We give a detailed overview in Supplementary
Section S4, where we also introduce some background concepts,
such as Kohn anomalies®. Here we summarize the nomenclature
and current understanding of the main peaks.

Throughout this Review we will use the notation I for peak
height, A for peak area, Pos for peak position, FWHM for the
full-width at half-maximum and Disp for peak dispersion (that is,
the rate of shift in peak position with changing excitation energy).
So, for example, I(G) is the height of the G peak, A(G) its area,
FWHM(G) the full-width at half-maximum, Pos(G) its position
and Disp(G) its dispersion.

The phonon dispersions of single-layer graphene (SLG) com-
prise three acoustic (A) and three optical (O) branches. The
modes with out-of-plane (Z) motion are considerably softer than
the in-plane longitudinal (L) and transverse (T) ones. Figure 1la
plots the electronic Brillouin zone of graphene, the first-phonon
Brillouin zone and shows a schematic of the electronic dispersion
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(Dirac cones). Graphene has two atoms per unit cell, thus six nor-
mal modes (two being doubly degenerate) at the Brillouin zone
centre I' (ref. 81): A,, + B,, + E,, + E,, (Fig. 1b) (ref. 82). There is
one degenerate in-plane optical mode, E,,, and one out-of-plane
optical mode B,, (ref. 81). The E,, phonons are Raman active,
whereas the B,, phonon is neither Raman nor infrared active®.
Graphite has four atoms per unit cell. Indeed, only half the car-
bons have fourth neighbours that lie directly above or below in
adjacent layers. Therefore, the two atoms of the unit cell in each
layer are now inequivalent. This doubles the number of optical
modes, and is responsible for the infrared activity of graphite®'.
All the optical modes become Davydov-doublets: The E,, phonon
generates an infrared-active E,, phonon and a Raman-active E,,
phonon, the B,, phonon goes into an infrared-active A,, phonon
and an inactive B,, phonon. The antisymmetric combinations of
the acoustic modes are the optically inactive B,, phonons and
the Raman active E,, modes. The symmetric combinations of the
acoustic modes remain A,, and E,, (ref. 81). Thus, for graphite®'-*}
['=2(A,, + By, + E,, + E,,) (Fig. 1b). There are now two Raman
active E,,modes, each doubly degenerate.

The Raman spectrum of SLG consists of distinct bands'™
(Fig. 1e). Figure 1d plots the optical phonon dispersions of SLG,
relevant for the interpretation of the Raman spectra®®#. The G
peak corresponds to the high-frequency E,, phonon at I'. The D
peak is due to the breathing modes of six-atom rings (Fig. 1¢) and
requires a defect for its activation'"'>%. It comes from TO phon-
ons around the Brillouin zone corner K (refs 11,15), it is active by
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double resonance®*®, and is strongly dispersive with excitation
energy® (Fig. 1g), due to a Kohn anomaly at K (ref. 80). Double
resonance can also happen as an intravalley process, that is, con-
necting two points belonging to the same cone around K (or K').
This gives the so-called D’ peak. The 2D peak is the D-peak over-
tone, and the 2D’ peak is the D’ overtone. Because the 2D and 2D’
peaks originate from a process where momentum conservation is
satisfied by two phonons with opposite wave vectors, no defects
are required for their activation, and are thus always present!>%.

The band at ~2,450 cm™ in Fig. 1e was first reported in graph-
ite by Nemanich and Solin®. Its interpretation was subject to
debate, as discussed in Supplementary Section S4. It is assigned
a combination of a D phonon and a phonon belonging to the
LA branch, seen at ~1,100 cm™ in defected samples when meas-
ured with visible light, and called D" peak®*~, it is indicated as
D + D" in Fig. 1e.

The Raman spectrum of graphite and multilayer graphene
consists of two fundamentally different sets of peaks. Those, such
as D, G, 2D and so on, present also in SLG, and due to in-plane
vibrations'?%, and others, such as the shear (C) modes® and the
layer-breathing modes (LBMs)®"!, due to relative motions of the
planes themselves, either perpendicular or parallel to their nor-
mal. The low-frequency E,, mode in graphite was first measured
by Nemanich ef al. in 1975** at ~42 cm™'. We called this mode C,
because it is sensitive to the interlayer coupling®® (Fig. 1f). The
absence of the C peak would, in principle, be the most direct evi-
dence of SLG. However, it is not warranted to use the absence of a
peak as a characterization tool, because one can never be sure why
something is absent. On the other hand, this mode scales with the
number of layers, going to ~31 cm™ for bilayer graphene® (BLG)
(Fig. 1f). The C-peak frequency is below the notch and edge filter
cut-off of many spectrometers, particularly those used for pro-
duction-line monitoring. This problem was overcome recently by
combining a BragGrate filter with a single monochromator®® and,
for the first time, Pos(C) was measured for an arbitrary number
of graphene layers®®. This method allows the detection of similar
modes in any other layered material®®. For Bernal stacked sam-
ples, Pos(C) varies with N as®:

Pos(C)y = \/2_0( \/1 + cos [E] (1)
u N

where a = 12.8 x 10" N m™ is the interlayer coupling, and
4 =7.6 x 10 kg A2 is the graphene mass per unit area®®. Layer-
breathing modes can also be observed in the Raman spectra of
FLGs, through their resonant overtones and combination modes
in the range 80-300 cm™ (refs 69-71). Note that, although being
an in-plane mode, the 2D peak is sensitive to N because the reso-
nant Raman mechanism that gives rise to it is closely linked to
the details of the electronic band structure'?', the latter changing
with N, and the layers relative orientation®. On the other hand, the
C peak and LBMs are a direct probe of N (refs 55,68-72), as the
vibrations themselves are out of plane, thus directly sensitive to N.
Because the fundamental LBM in bulk graphite is a silent B,, mode
at ~128 cm™, the observation of the first-order LBM is a challenge.

Raman spectroscopy can also probe the scattering of photons
by electronic excitations. In pristine graphene, these have a con-
tinuous structureless spectrum?, not leading to any sharp fea-
ture. However, it was realized that in a strong magnetic field, B,
when the electronic spectrum consists of discrete Landau levels,
the electronic inter-Landau-level excitations give rise to sharp
B-dependent peaks in the Raman spectrum®-629%,

Raman processes in graphene
The understanding of Raman processes in graphite and related
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materials has challenged researchers for decades. The reason is
the richness of phenomena combined with the wealth of experi-
mental information that must be consistently arranged to solve
the jigsaw. An introduction to Raman scattering is presented in
Supplementary Section S1, whereas surface-enhanced and inter-
ference-enhanced Raman spectroscopy in graphene are discussed
in Supplementary Sections S2 and S3.

In graphene, graphite and nanotubes, Raman processes involv-
ing up to six phonons can be easily measured®-*>'?1%!. However,
most literature reports spectra up to ~3,300 cm™'. This restricts
our attention to one- and two-phonon peaks. We can also dis-
tinguish between spectra measured on pristine samples (that is,
ideally defect-free, undoped, unstrained and so on) and those
measured on samples subject to external perturbations (such
as electric and magnetic fields, strains and so on) or those with
defects. We will cover external perturbations below, as well as
in Supplementary Sections S6-S9. Defect-activated peaks will
be discussed now together with those not requiring defects for
their activation.

In general, Raman scattering can be described by perturbation
theory'®. An n-phonon process involves n + 1 intermediate states,
and is described by an (n + 2)-order matrix element, as given by
equation (S-3) in the Supplementary Information. Figure 2 plots
the possible elementary steps of the Raman processes contribut-
ing to each peak of graphene. According to the number of factors
in the denominator of equation (S3) that vanish, the processes
can be classified as double resonant (Fig. 2b-g,j,k) or triple reso-
nant (Fig. 2h,1,1). Higher orders are also possible in multiphonon
processes. Note that this classification is useful, but approximate
(valid when the electron-hole asymmetry and the difference in
energies of the two phonons are neglected). The process in Fig. 2a
is not resonant.

One-phonon modes in defect-free samples can be Raman
active only if their symmetry is correct and their wave vector is
zero (that is, they obey the fundamental Raman selection rule, see
Supplementary Section S1). In graphene, only the C and G peaks
satisfy these requirements. The energies of the intermediate states
are given by the difference in energies of electrons in the empty
7% and filled 7 bands, e[ — ¢f (where k is the electronic wave
vector), with or without the phonon energy 4Q__, at the phonon
wave vector q = 0 (where # is Planck’s constant). The decay rate
of the intermediate states is given by the sum of the scattering
rates of the electron in the 7* band, 2y /A, and of the hole in the
7 band, 2y{/h. The contribution from the phonon decay is typi-
cally smaller.

Counterintuitively, the electronic wave vectors k mostly con-
tributing to the matrix element for the G peak are not only those
for which the excitation energies ¢ — ¢ lie within an interval
~y from hw, or hw,~hQ,_, where hw, is the incident laser pho-
ton energy. Instead, they are such that [ef"— ef — hw;| can be of
the order of Aw, itself, and there are strong cancellations in the
sum over k (ref. 52). These cancellations correspond to destruc-
tive quantum interference. In fact, this interference can be con-
trolled externally. Indeed, occupations of electronic states can be
changed by doping and, because transitions from an empty state
or to a filled state are impossible due to Pauli blocking, doping
can effectively exclude some regions of k from contributing to
the matrix element (Fig. 2a). Owing to suppression of destructive
interference, this leads to an increase of the G-peak intensity at
high doping levels, as was predicted by Basko®, and observed by
Kalbac et al.”” and Chen et al.?’.

For two-phonon processes, the fundamental selection rule can
be obeyed by any pair of phonons with opposite wave vectors,
q,—q. The matrix element has four contributions corresponding
to processes when (i) both phonons are emitted by the electron
(ee), (ii) both phonons are emitted by the hole (hh), and (iii) one
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Figure 2 | Raman processes. Electron dispersion (solid black lines), occupied states (shaded areas), interband transitions neglecting the photon
momentum, accompanied by photon absorption (blue arrows) and emission (red arrows), intraband transitions accompanied by phonon emission
(dashed arrows), electron scattering on a defect (horizontal dotted arrows). a, One-phonon processes responsible for the G peak, which interfere
destructively. Some processes can be eliminated by doping, such as the one that is crossed out. b-g, In the presence of defects, the phonon wave
vector need not be zero, producing the D’ peak for intravalley scattering (b,c), and D peak for intervalley scattering (d-g). Besides the eh or he
processes, where the electron and the hole participate in one act of scattering each (b-e), there are contributions (ee, hh) where only the electron
(f) or the hole (g) are scattered. h-k, For two-phonon scattering, momentum can be conserved by emitting two phonons with opposite wave vectors,
producing the 2D’ peak for intravalley scattering (h) and the 2D, D + D" peaks for intervalley scattering (i-k). The ee and hh processes are shown in
j.k. I, With defects, one intravalley and one intervalley phonon can be emitted, producing the D + D' peak. The processes (f,g,j,k) give a small

contribution, as indicated by the orange peak labels.

phonon is emitted by the electron, and the other by the hole (eh
and he). In principle, it would be expected that the two-phonon
Raman spectrum be a broad band, as determined by the sum of
the phonon frequencies Q¢ + Q_§ from branches a, p for all g,
with possible features from Van Hove singularities in the joint
phonon density of states. However, resonance conditions favour
phonon states with q coupling electronic states k, k — q, either
in the same valley (that is, with q near I'), or in different valleys
(q near K). But, it turns out that, even among these q, very few
are selected by subtle effects of resonance and quantum interfer-
ence*"™. These effects are captured by the direct integration over
the electron momentum, where they appear as cancellations in
the sum over k, but they are more easily understood by consider-
ing the Raman process in real space.

Raman scattering in the real space was first studied in 1974'%,
and the spatial separation between the photoexcited electron and
the hole in cascade multiphonon Raman scattering was analysed
in 1983'*. However, in the context of graphene this approach was
proposed only recently??*"*. The real-space picture is especially
useful when translational invariance is lacking due to defects or
edges. It arises because of separation of two energy scales: the
electronic energy ¢ =~ fiw /2 (~1 eV for visible Raman), and the
energy uncertainty de << e. For the triple-resonant processes in
Fig. 2h,i], e is of the order of the broadening y (a few tens of meV;
refs 41,63,88). For double-resonant processes in Fig. 2b-g,j,k, 8¢
is of the order of the phonon energy, that is, 0.17 or 0.20 eV for
phonons near I' or K,K' (ref. 80). From the uncertainty principle,
O¢ determines the typical lifetime of the intermediate state, ~/J¢,
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be it real or virtual. This gives the process duration, whereas
¢ = hv, /8¢ gives its spatial extent (v =~ 105cm s = 7 eV A h'is the
Fermi velocity). For triple-resonant processes with y = 20 meV,
we have ¢ ~ hvy/y = 35 nm; for double-resonant processes,
¢ ~ v/Q = 3.5 nm (for hQ = 0.2 eV). As ¢ is much bigger than
the electron wavelength, X, = hivp/e = 0.7 nm for fiw; = 2 eV, the
electron and hole motion can be viewed in a quasi-classical man-
ner, as shown in Fig. 3 for two-phonon processes. This is analo-
gous to the geometrical optics approximation for electromagnetic
waves, with electronic trajectories corresponding to light rays.
The quasi-classical picture arises when calculating the Raman
matrix elements in the coordinate representation®. It does not
require real e,h populations, as it is a property of wavefunctions.

From the real-space picture it is seen that those q that cor-
respond to e and h scattered backwards (otherwise e and h will
not meet in the same point) contribute the most to two-phonon
processes. The backscattering condition, corresponding to rever-
sal of the group velocity direction, agrees with the nesting condi-
tion described by Venezuela et al.*!, and was mentioned as early
as 1974, In particular, this eliminates the contribution from
two phonons with q = 0, which would correspond, for example,
to the G-peak overtone, explaining why the 2G peak is not seen
in the Raman spectrum (unfortunately many works still mistak-
enly name the 2D’ peak as 2G). Also, the ee and hh processes,
where one of the carriers has to travel for longer than the other,
are in conflict with the requirement that they travel for the same
time (this would not be the case if e and h had strongly differ-
ent velocities). Strictly speaking, such processes, prohibited in
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Figure 3 | Real-space Raman processes. The excitation photon promotes an electron with momentum p = hk from 7 to 7*, thereby creating a hole in
the 7 band with momentum —p, and energy —¢[*, shown by the lightning. This process is assumed to take place in a given point in space. e and h then
move along classical trajectories, in directions determined by their group velocities, v§ = def*/a(hk), v = def/a(hk), as shown by the black arrows. At
some point, they emit phonons (green wavy lines) or scatter on defects (black dots) or edges (hatched zones). To recombine radiatively and produce
the scattered photon (flash), e and h must meet with opposite momenta k’,~k’ at the same point in space, after having travelled for the same amount
of time. a, Trajectories for two-phonon processes. (i) Trajectory for which radiative recombination is impossible, even though momentum is conserved,
because e and h cannot meet at the same point to recombine. (ii) Trajectory corresponding to an ee process, incompatible with the requirement

that e and h travel for the same amount of time. (iii) Trajectory corresponding to 2D, 2D’. On phonon emission, e and h must be back-scattered. (iv)
Trajectory corresponding to D + D'. b, Scattering at edges. (i) Zigzag edge. (ii) Armchair edge. (iii) Equi-energy contours for electronic states involved
in the D peak. n; and n, indicate directions normal to zigzag and armchair edges, respectively. (iv) Trajectory not contributing to D, as e and h cannot

meet after scattering.

the classical picture (corresponding to de/e > 0), are allowed
in the full quantum picture, but are weaker than the dominant
contribution. Note that the G peak is also classically forbidden
(e and h cannot meet at the same point). Thus, one may wonder
why it produces a noticeable feature, while classically forbidden
processes in two-phonon scattering are not seen. One reason is
that two-phonon processes contain a higher power of the small
electron-phonon coupling (EPC); another is that the G peak is
narrow (a few cm™), whereas the two-phonon bands are spread
over hundreds of cm™.

In samples with defects the overall momentum conservation
can be satisfied by adding an electron-defect scattering event to
the process. We can thus have (i) one-phonon defect-assisted pro-
cesses, producing the D, D’, D”” and other smaller peaks, and (ii)
two-phonon defect-assisted processes, such as those leading to the
D + D’ peak. For one-phonon defect-assisted processes the matrix
element has the same form as two-phonon defect-free processes.
It is sufficient to replace the electron-phonon Hamiltonian by the
electron-defect Hamiltonian, and set the frequency of the second
phonon to zero. For the two-phonon defect-assisted processes
the situation is quite different. The explicit formula for the matrix
element contains 48 terms, each having five matrix elements in
the numerator and a product of four factors in the denominator.
Figure 3a(iv) shows that for the D + D’ peak there is no backscat-
tering restriction, so the phonon momenta (counted from K and
I') can be between 0 and w;/(2vg). Thus, the D + D’ peak is much
broader than the 2D or 2D’ peaks, because in the latter the mag-
nitude of the phonon momentum is fixed by the backscattering
condition, and Pos(D + D’) # Pos(D) + Pos(D’). Unfortunately,
the D + D’ peak is often labelled as D + G in literature, due to the
lack of understanding of this activation mechanism.

These simple considerations can explain the peaks’ disper-
sions. For example, in the 2D process (Fig. 2i) the photon creates
e and h with momenta p and —p, counted from the Dirac points.
These then emit phonons with momenta iq = p — p’ and —hq
(counted from the K point). In the Dirac approximation for the
electronic dispersion, €%, ,; = —€k,,n = Ve|p|> and assuming iso-
tropic phonon dispersions around K, the magnitudes of p and
p’ before and after phonon emission are fixed by the resonance
condition: 2vgp = hw,, 2vip’ = hw, — 2hQ]°. The backscattering
condition (Fig. 3a) fixes the relative orientation of p,p’ (that is,
opposite directions), thus the magnitude of q:

p+p wy, w, ~ ZQqTO

= = —+ 2
1 h 2vy 2vyg @
Neglecting 27°, we estimate Disp(2D) as:
TO TO
Disp(2D) = dPos2D) _, dO° dq _,v;° 3)

dw, dqg dow, Vi

where v;° = dQ;°/dg is the TO phonon group velocity. As
dPos(2D)/dw; = 100 cm™ eV (ref. 106), we obtain v;° = 0.006v;.
A similar argument holds for the D + D"’ peak, whose experimen-
tally observed Disp(D + D”) = —20 cm™ eV}, is determined as
v;9/vg + v;i*/vg (the LA phonon has a negative slope as the wave
vector moves away from the K point)*>'%”,

An understanding of the main contributions to the widths of
the Raman peaks in the spectra of graphene has recently been
achieved. Besides the anharmonic and EPC contributions, which
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dominate the width of the G peak®?**, other factors can contrib-
ute to the widths of higher-order peaks. One is the e,h disper-
sion anisotropy, as phonons emitted by electrons with different
p directions have different frequencies*'. Another is electronic
momentum uncertainty due to the electronic scattering rate™*.
When all these mechanisms are taken into account (note that they
are not simply additive), the experimental width of the peaks,
such as D and 2D, is reproduced*'.

The intensities of the two-phonon peaks are suppressed by
electronic scattering®-*. Anisotropy of the latter'®'®, together
with the EPC anisotropy®', makes the electronic states close to
the K—M line (the so-called inner resonance) dominate the two-
phonon Raman process, which explains recent experimental
observations* =110,

For the D and D’ peaks, the electron and hole momenta can
have different magnitudes, depending on which of the intermedi-
ate states is virtual''!, as shown in Fig. 2d,e. Arguments analogous
to those presented above give two possibilities for the emitted
phonon momentum: q = w;/v; and q = (w, — Q})/v;. This means
that the D peak could, in principle, have two components'!! sepa-
rated by (v°/ve)Q;° = 8 cm™ (not to be confused with the two
D-peak components in graphite®, which reflect the three-dimen-
sional electron branches' (see below), or with the broadening
and splitting expected for ultraviolet excitation). Such splitting,
if present, should be seen in the Raman spectrum. However even
in SLG with very few defects, FWHM(D) is ~20 cm™, thus larger
than this splitting. This also means that Pos(D) can be slightly
higher than (1/2)Pos(2D), as the latter is uniquely determined by
G = (0, = Q7°)/v. For D', (vi°/vp)Q1° ~2cm™, thus the differ-
ence between Pos(2D’) and 2 Pos(D’) is barely detectable.

The intensities of different peaks were reported to depend dif-
ferently on the excitation frequency w, (ref. 112): whereas A(D),
A(D’), A(2D) show no w; dependence, A(G) was found to be « w{.
The independence of A(2D) on w, agrees with the theoretical pre-
diction® if one assumes that the electronic scattering rate is pro-
portional to the energy. For the G peak, ref. 52 predicts A(G) o w?
at low wy, and strong enhancement of A(G) as w, approaches the
Van Hove singularity corresponding to the electronic excitation
at the M point, reported to be as low as 4.6 eV (refs 113,114). It
cannot be excluded that the w{ dependence, established empiri-
cally from measurements in the range w, = 1.6-2.7 eV, corre-
sponds to the crossover between w? and the enhancement at the
Van Hove singularity. For the D peak, ref. 28 gives A(D) o« w,.
The reason for the discrepancy with experiments remains unclear.
Note, however, that a fully quantitative theory for A(D) and its
excitation energy dependence is not trivial because, in general,
A(D) depends not only on the concentration of defects, but on
their type as well (for example, only defects able to scatter elec-
trons between the two valleys can contribute). Different defects
can also produce different frequency and polarization depend-
ence of A(D). Thus a wealth of information still remains to be
uncovered from the D peak.

So far, we only considered Stokes processes. For anti-Stokes
processes the resonance conditions are modified. For the 2D
peak, the momentum of the absorbed phonons is determined by
an equation similar to equation (2), but with a ‘+’ sign in front
of 207°. Thus, the phonon momenta in the anti-Stokes process
are greater than Stokes processes by 202;°/v;. This explains the
Stokes/anti-Stokes processes difference®*>!!:

VTO
Pos(2D), ~ Pos(2D) =~ 40Q1° 4 ~ 34 cm’ (4)

Vg

where AS is the anti-Stokes and S is the Stokes process.
As discussed above the D, D’ peaks could, in principle, have
two components. In this case, one of them would have the same
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frequency in the Stokes and anti-Stokes scattering, while the
other would correspond to a lower frequency in Stokes, and a
higher one in anti-Stokes (ref. 111).

It is important to consider the Stokes/anti-Stokes differ-
ence when determining the temperature (T) from the Stokes/
anti-Stokes ratio, both in nanotubes and graphene, as the pho-
nons involved in Stokes and anti-Stokes are not the same, unlike
what generally happens in other materials, and contrary to what
is required for determining T from this ratio. Accurate calibra-
tions are thus needed. It should come as no surprise if a mismatch
between expected and measured T arises.

Edges

Edges are preferred sites to attach functional groups'®, and
their electronic and magnetic properties are different from the
bulk!'**. Figure 3b(i,ii) shows zigzag and armchair edges schemati-
cally. There is evidence that such ideal edges can be produced by
chemical® or thermal treatments'”. However, most exfoliated
samples, even if with macroscopically smooth edges oriented at
well-defined angles, are in fact not necessarily microscopically
ordered, with disordered edges, often consisting of zigzag and
armchair segments''”"'8,

Edges can be viewed as extended defects, breaking the transla-
tional symmetry, even though a perfect zigzag or armchair edge
still preserves the translation symmetry along the edge. An imme-
diate consequence of symmetry breaking is the D,D’ peak activa-
tion. However, a closer look at the Raman process shows that a
perfect zigzag edge cannot produce a D peak?*"'**. Indeed, due to
translational invariance along the edge, a perfect zigzag edge can-
not scatter electrons between the K and K’ valleys (Fig. 3b(iii)).
This does not apply to the D’ peak. This peak, not involving inter-
valley scattering, can be activated both by armchair and zigzag
edges, as the normal vectors to both edges n,, n, are compat-
ible with the required intravalley scattering. This is not enough
to determine whether one type of edge is more efficient than the
other for D’-peak activation.

In the real space, a perfect armchair edge requires the elec-
tronic momentum to be perpendicular to it, to contribute to
D, otherwise e and h cannot meet and recombine radiatively
(Fig. 3b(iv)). Thus, k needs to be along I'-K-M to contribute to D.
This, in combination with the [e x k] dependence for the dipole
transition matrix element (e being the polarization vector), dis-
cussed in Supplementary Section S5, results in a strong polariza-
tion dependence: I(D) o« cos?®6, if the excitation is performed with
linearly polarized light, oriented at an angle 6 with respect to the
edge, and all polarizations are detected for the scattered light, or
I(D) o« cos*6 if an analyser, parallel to the polarizer, is used. For
the D’ peak the real-space picture is analogous to that for the D
peak. For regular edges this leads to the same I(D’) « cos?0 or
cos’0 dependence, as observed in refs 29-31,119.

For a disordered edge, I(D) and I(D’) do not vanish even for
0 = 1/2 (polarization e perpendicular to the edge). Indeed, the
polarization dependence for a disordered edge is determined by
contributions from armchair and zigzag segments with different
orientations. The ratio I(D),,,/I(D),,.. can be used as a measure of
edge imperfection®.

The G peak, even though present in the bulk, can be modi-
fied near an edge. The edge changes the electronic states, which
affects (i) the EPC correction to the phonon frequency, and (ii)
electron-phonon and electron-photon matrix elements, respon-
sible for the Raman process itself'?. The correction to the phonon
frequency vanishes for displacements perpendicular to the zig-
zag or armchair edge. The electron-phonon and electron-photon
matrix elements vanish when displacements or light polarization
are parallel (perpendicular) to the zigzag (armchair) edge. Thus,
one of the two modes (depending on edge type) does not show
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Figure 4 | Dependence of the Raman spectra on number of layers and disorder. a, 2D peak as a function of N for 514 nm excitation. Flakes are
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mode), respectively’®’2, Panels a-d reproduced from ref. 12, © 2006 APS.

a Kohn anomaly, and does not contribute to the Raman spec-
trum. This produces (i) a dependence of Pos(G) on the laser spot
location'; (ii) strong polarization dependence of I(G) near the
edge: I(G) x cos?0 for a perfect armchair and I(G) o sin?0 for
a perfect zigzag edge, allowing the edge type to be probed* and
even controlled'.

Number and relative orientation of layers

There is a significant change in the shape and intensity of the 2D
peak when moving from SLG to graphite'? (Fig. 4a). The same
holds true for the D peak, as shown in Fig. 4b, where the D peak at
an SLG edge is compared to that at a graphite edge. The 2D peak in
graphite has two components 2D, and 2D, (refs 89,106), roughly
1/4 and 1/2 of I(G). Figure 4a plots the evolution of the 2D peak as
a function of N for 514.5-nm and 633-nm excitations'?. Figure 4c
shows that BLG has a different 2D peak compared with both SLG
and graphite'. It has four components, 2D;;, 2D,,, 2D,,, 2D,
two of which, 2D, and 2D,,, have higher intensities. For N > 5
the spectrum is hardly distinguishable from graphite. We note
that Faugeras et al.** used the evolution of the G peak in a strong
magentic field to identify a four-layer sample.

The evolution of the electronic bands with N explains the 2D
peak change'. In BLG, the interaction of the graphene planes
causes the 7 and 7* bands to divide in four, with a different split-
ting for e and h (Fig. 4d). The incident light couples only two
pairs of the four bands (Fig. 4d). On the contrary, the two almost
degenerate TO phonons can couple all bands. The resulting
four processes involve phonons with momenta q; q;4 Qo0 s

(Fig. 4d). q,,, Q. link bands of the same type and are associated
with processes more intense than q;, q,;, because the portion of
the phase space where triple resonance is satisfied is larger. These
correspond to different frequencies, due to the phonon disper-
sion around K (Fig. 1d) (ref. 80). This gives four peaks in BLG
(ref. 12). Their excitation-energy dependence is determined by
both electron and phonon dispersions. Measuring it probes the
interlayer coupling for both'*'22,

We now examine bulk graphite'>'?. In this case the electronic
energy depends on the wave vector along the (001) direction,
k,. For a fixed k,, the in-plane dispersion is similar to that of
BLG, with the splitting between the branches depending on k.
In principle, the excited phonons can have any perpendicular
wave vector q,, however, the main contribution comes from the
one-dimensional Van Hove singularity at q, = 0. The resulting
in-plane phonon momenta q,5, q; Q4> q-; depend on k, of the
excited electron and hole. Summation over all possible k, gives a
distribution of allowed s, in turn associated with a Raman fre-
quency distribution. The lower branch of the graphite electronic
dispersion has weaker dependence on k, than the upper one.
Thus, also q,g, corresponding to the only process not involving
the upper branch, has weaker dependence on k, than q5, q;, Qa-
As a result, 2D, appears as a sharp peak, whereas others merge
into a low-frequency shoulder.

Not all multilayers are Bernal stacked. In fact, it is possible to
observe more complex 2D peak shapes than those described thus
far, for example, in samples grown by carbon segregation or chem-
ical vapour deposition, as well as sometimes in bulk or exfoliated
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samples®'?%. In principle, any relative orientation and stacking of
the graphene layers could be possible, and this would be reflected
in a significant change of the band structure®. Indeed, some ori-
entations and stackings do result in a Dirac-like spectrum®, thus
giving a SLG-like 2D peak, even in few-layer graphene (FLG). It
was noted in early studies that turbostratic graphite has a single
2D peak'®, but with FWHM(2D) almost double than SLG, and
Pos(2D) upshifted by ~20 cm™. Turbostratic graphite often hasa D
peak'®, thus defect-induced broadening. It is possible to prepare
multilayers with any relative orientation*®. Figure 4e compares
the spectra of two SLGs and a BLG formed by their juxtaposition.
The SLG 2D peak shape is preserved in the twisted BLG. Thus,
a detailed study of the 2D peak shape can bear important infor-
mation on the multilayer interactions, and the presence of Dirac
electrons in FLG*'"*. On the other hand, especially when char-
acterizing grown samples, care should be taken in asserting that
a single Lorentzian 2D peak is proof of SLG. This could also be
consistent with turbostratic or twisted FLG, especially if broader
than in exfoliated SLG. By carefully studying the shape and width
of the 2D band, it is then possible to distinguish between differ-
ent stackings'? and relative orientations'?’. Another signature of
twisted BLGs is the appearance of two one-phonon peaks, one
in the region 1,350-1,550 cm™, and the other around 1,620 cm™.
These peaks, non-dispersive with w;, are due to phonons whose
wave vectors are determined by the period of the superlattice that
is formed by the superposition of the two SLGs and that relaxes
the fundamental selection rule q = 0 (refs 128,129).

It is also interesting to note that single-walled nanotubes show
a sharp 2D peak, similar to SLG (ref. 130), whereas double or
multiple peaks can be observed in multi-walled tubes''. Their
shape and position bears information on the interaction and rela-
tive orientation of each tube, and their diameters.

As discussed earlier, another method to probe N and stacking
order in multilayer graphene is based on Raman signatures of out-
of-plane vibrations®-". In SLG, the two out-of-plane modes A,, and
B,, (Fig. 1b) are not Raman active. Figure 4h shows that close to
the G peak there are other features scaling in position with N. Of
interest is the peak between 1,700 and 1,750 cm™ assigned to the
Stokes combination of the E,, LO phonon and the B,, ZO’ phonon
LBMs®72, This corresponds to a double resonant process and its fre-
quency depends on the laser excitation energy E,. Its anti-Stokes
combination can also be seen in Fig. 4h below the G peak. Moreover,
in FLG this splits into several components, as the number of LBMs
and their frequencies depend on N and on the stacking order. The
C peak also bears direct information on interlayer coupling, scal-
ing with N (Fig. 1f) (ref. 68). Note that, even though the 2D shape
reflects the change in the band structure with N (and this very
change is what allows N to be determined), the phonons involved
are always in-plane, whereas the C and LBM phonons involve the
relative motion of the planes, thus are a direct probe of layering.

Defects and disorder

Quantifying defects in graphene related systems, which include
a large family of sp? carbon structures, is crucial both to gain
insight in their fundamental properties, and for applications.
In graphene, this is a key step towards the understanding of the
limits to its ultimate mobility*”#5132,

Ferrari and Robertson'® introduced a three stage classification
of disorder that, leading from graphite to amorphous carbons,
allows all Raman spectra of carbons to be assessed simply: (1)
Graphite to nanocrystalline graphite; (2) nanocrystalline graph-
ite to low sp® amorphous carbon; (3) low sp* amorphous carbon
to high sp® amorphous carbon. In the study of graphene, stages
1 and 2 are the most relevant and summarized here.

In stage 1 the spectrum evolves as follows': (a) a D peak
appears and I(D)/I(G) increases; (b) a D’ peak appears; (c) all
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peaks broaden, so that the D and 2D peaks lose their doublet
structure in graphite; (d) the D + D’ peak appears; (e) at the end
of stage 1, the G and D’ peaks are so wide that it is sometimes
more convenient to consider them as a single, upshifted, wide G
band at ~1,600 cm™.

In their seminal work, Tuinstra and Koenig noted that I(D)/
I(G) varied inversely with the crystal size, L: I(D)/I(G) = C(\)/
L,, where the coefficient C(514 nm) ~4.4 nm (refs 11,133,134)
(A = 2nc/w, is the excitation wavelength). Initially, this was
understood in terms of phonon confinement: the intensity of
the forbidden process would be ruled by the ‘amount of lifting’
of the selection rule', Aq « 1/Ax, where the coordinate uncer-
tainty Ax = L. Now, it is understood theoretically and estab-
lished experimentally, that the D peak is produced only in a
small region of the crystal (size ~v;/Q"°~3—-4 nm) near a defect
or an edge??*"*2!% For a nanocrystallite, I(G) is proportional to
the sample area, o L2, whereas I(D) is proportional to the overall
length of the edge, which scales as L,. Thus, I(D)/I(G) « 1/L,. For
a sample with rare defects, I(D) is proportional to the total num-
ber of defects probed by the laser spot. Thus, for an average inter-
defect distance Ly, and laser spot size L, there are on average (L,/
Lp,)? defects in the area probed by the laser, thus I(D) o« (L;/Ly)>.
On the other hand, I(G) is proportional to the total area probed
by the laser o« L7, thus I(D)/I(G) = C""(A)/L3. For very small Ly,
one must have C”"(1)/L3 = I(D)/I(G) = C(A)/L,. This condition
gives an estimate of C"” (514 nm) ~90 nm. Lucchese et al.*> meas-
ured I(D)/I(G) for irradiated SLG with known L, derived from
scanning tunnelling microscopy, obtaining I(D)/I(G) =~ 145/Lj at
514 nm excitation, in excellent agreement with this simple esti-
mate (Fig. 4g).

For an increasing number of defects, the Tuinstra and Koenig
relation, in either form, must eventually fail>. The ‘molecular’ pic-
ture outlined in Supplementary Section S4 helps us understand
what happens'. For high disorder, sp? clusters become smaller
and the rings become fewer and more distorted, until they open
up. As the G peak is just related to the relative motion of sp? car-
bons, we can assume I(G) to be roughly constant as a function of
disorder. Thus, with the loss of sp? rings, I(D) will now decrease
with respect to I(G) and the Tuinstra and Koenig relation will no
longer hold. For very small L, or L, the D mode strength is pro-
portional to the number of 6-fold rings in the laser spot’. Thus,
in amorphous carbons the development of a D peak indicates
ordering, exactly the opposite to graphene. The proportional-
ity of I(D)/I(G) to the number of rings leads to a new relation
for stage 2: I(D)/I(G) = C'(A)L3. Imposing continuity with the
Tuinstra and Koenig relation at L, = 3 nm gives C' (514 nm) ~0.55
(ref. 15) (Fig. 4g).

The spectrum in stage 2 evolves as follows': (a) Pos(G)
decreases from ~1,600 cm™ towards ~1,510 cm™; (b) the Tuinstra
and Koenig relation fails; I(D)/I(G) > 0; (c) Pos(G) acquires a
dispersion as a function of excitation energy, the bigger the
stronger the disorder; (d) there are no more well-defined second-
order peaks, but a small modulated bump between 2,300 and
~3,200 cm™! (Fig. 4f).

In disordered carbons Pos(G) increases as the excita-
tion wavelength decreases, from the infrared to ultraviolet'.
Disp(G) increases with disorder. This separates the materials
into two types. In those with only sp? rings, Disp(G) saturates at
~1,600cm™, that is Pos(G) at the end of stage 1. In contrast, for
those containing sp? chains (such as in amorphous and diamond-
like carbons), Pos(G) continues to rise past 1,600 cm™ and can
reach 1,690 cm™ for 229 nm excitation'.

The D peak always disperses with excitation energy, how-
ever, the higher the disorder, the lower Disp(D), opposite to G
(ref. 16). Finally, FWHM(G) always increases with disorder'*.
Thus, combining I(D)/I(G) and FWHM(G) allows stages 1 or 2 to
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be discriminated between, because samples in stage 1 and 2 could
have the same I(D)/I(G), but not the same FWHM(G), being this
much bigger in stage 2 (refs 136,43).

It is important to understand what the maximum in Fig. 4g
means. I(D) increases as long as the contributions from differ-
ent defects add up independently. However, if two defects are
closer than the average distance an electron-hole pair travels
before scattering with a phonon, then their contributions will not
sum anymore. Above we estimated it as v; /w, ~3.5 nm. This is in
agreement with the predictions of Ferrari and Robertson'® and,
measurements of Lucchese et al.** and Cangado ef al..

The excitation-energy dependence of the peaks areas and inten-
sities, discussed above, can be exploited to generalize the amor-
phisation trajectory for any visible excitation energy. Figure 4g
plots Ef [I(D)/I(G)] as a function of Ly, as measured in ref. 43,
where E; = hiw, is the laser excitation energy in eV. The data with
Ly, > 10 nm, obtained with different laser energies, collapse in the
same curve. In this regime the D-band scattering is proportional
to the number of point defects, giving rise to I(D)/I(G) « 1/L3, as
discussed above. A fit to the experimental data gives*:

4.3 x 10°
Ef (eV?)

)"

L} (nm?) = m

In terms of defect density n3 = 1/(nt L3), or nj, (cm™) = 10"*/(n LY) :
n} (cm?) = 7.3 x 10 Ef (eV?) @ (6)
1(G)

For the high defect density regime (stage 2, with L, < 3 nm), I(D)
decreases with respect to I(G) as Lj, decreases, leading to I(D)/
I(G) o Lj (ref. 15). The red line in Fig. 4g is the fit to the data with
L, < 3 nm giving:
L2 (nm?) = 5.4 x 102E} (eV4) 1D) (7)
1(G)

(®)

a2 (cm) = 5.9 x 10 [I(D)}

Ef (eVY) LI(G)
The proportionality factor in equation (7) at 2.41 eV is ~(0.55)"
!, in excellent agreement with that proposed by Ferrari and
Robertson'.

Note that these relations are of course limited to Raman
active defects in undoped samples. For example, perfect zigzag
edges'?®*!, charged impurities®?, intercalants®, uniaxial and
biaxial strain®*® do not generate a D peak. For these types of
‘silent’ defects, other Raman signatures can be used. A perfect zig-
zag edge does change the G-peak shape'?"*, whereas strain, inter-
calants and charged impurities have a strong influence on the G
and 2D peaks**¥. In this case, the combination of Raman spec-
troscopy with other independent probes of the number of defects
can provide a wealth of information on the nature of such defects.

Effect of perturbations

The Raman spectrum of graphene is quite sensitive to changes in
many external parameters, such as strain, gate voltage, magnetic
field and so on, making it a powerful and useful characteriza-
tion tool. These can modify (i) the phonon properties (that is,
their energies and decay rates), or (ii) the Raman process itself.
Effects of the first type can only change positions and widths, not
frequency-integrated intensities, because the total spectral weight
of each phonon state is conserved under perturbations. Thus, by
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studying peak areas and their dependence on various parameters
one can extract detailed information on the Raman process, in
particular on the electronic excitations, which are intermediate
states. This is especially true for triple-resonant processes, among
which the 2D process is the most convenient to analyse. The 2D’
process will be analogous to the 2D process in most situations,
but the 2D peak is more intense due to Coulomb-induced EPC
enhancement®***. Supplementary Sections S6-S10 overview
the effect of various types of perturbation on the Raman spec-
tra: electric field and doping (Supplementary Section S6), mag-
netic field (Supplementary Section S7), uniaxial and biaxial
strain (Supplementary Section S8), temperature (Supplementary
Section S9), isotopic composition (Supplementary Section S10).

Beyond graphene

The quest to understand the Raman spectrum of graphite started
over 40 years ago'’. This may be the longest any Raman spec-
trum has been studied for, and is bound to continue for years
to come. The availability of monolayer graphene widened even
more, if at all possible, the appeal of this technique. The study of
Raman scattering in other layered materials has just begun. We
note that the seminal work of Novoselov et al.’*” not only indi-
cated how to produce graphene by micromechanical cleavage, but
also reported layers of other materials, such as MoS,. The Raman
spectra of the bulk counterparts of these materials were studied
many years ago, often by the same authors interested in graphite,
such as Nemanich et al. for boron nitride (ref. 138). Now that
individual monolayers and multilayers are available, there is a
resurgence of Raman studies on them. Many of these are polar
materials, thus will behave differently from graphene as a func-
tion of N, as indicated in ref. 139 for boron nitride. Also, some
of them have a wide bandgap and would benefit from ultraviolet
Raman measurements to reach resonance'®. The current inter-
est in topological insulators, especially based on materials like
BiSe, BiTe, finds in Raman spectroscopy'*! an obvious means
to probe phonon and electron interactions in these materi-
als down to their individual units (for example, a quintuplet in
the case of BiSe). Thus far, MoS, is one of the most studied by
Raman spectroscopy among the above-mentioned materials.
The Raman spectrum of bulk MoS, consists of two main peaks
at~382 and ~407 cm™ assigned to the E}, in-plane and A, out-
of-plane modes, respectively'*:. The former redshifts, whereas the
latter blueshifts with N (ref. 143). Moreover, they have opposite
trends when going from bulk MoS, to single-layer MoS,, so that
their difference can be used to monitor N (ref. 143). However,
the trends are not fully understood and more work is needed to
clarify the changes with N. Raman spectroscopy of C and LBMs
is also a useful tool to probe these materials. These modes change
with N, with different scaling for odd and even N (ref. 95). The
combinations of two-dimensional crystals in three-dimensional
stacks could offer huge opportunities in designing the function-
alities of such heterostructures>**. One could combine conduc-
tive, insulating, superconducting and magnetic two-dimensional
crystals, tuning the performance of the resulting material'*, the
functionality being embedded in the design of such heterostruc-
tures'*. Layered materials can be exploited for the realization of
heterostructures. The interactions between different layers inside
heterostructures and hybrids is expected to be weak if van der
Waals forces hold them together. In this case, the vibrations of
heterostructures and hybrids will consist of those from the indi-
vidual building blocks. Therefore, Raman spectroscopy will be
a useful tool for probing the stoichiometry of heterostructures
and hybrids.
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