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Graphene is the two-dimensional (2d)
building block for graphitic materi-
als of any other dimensionality. It

can be wrapped into zero-dimensional (0d)
fullerenes, rolled into one-dimensional (1d)
nanotubes, or stacked into three-dimen-
sional (3d) graphite.1 The first evidence of
nanotubes dates back to 1952,2 with signif-
icant work performed in the 1970s.3 This
field came of age, with an exponential
increase in publications, after multiwall nano-
tubes (MWNTs) were studied in 1991 with
a high-resolution transmission electron
microscope,4 soon followed by single-wall
nanotubes (SWNTs).5 Depending on their
diameter and chirality, SWNTs can be either
metallic (m) or semiconducting (s). Their
band gaps vary inversely with diameter.6

One of the main goals of current nanotube
research is to grow on-demand tubes of
well-defined chirality. However, to date,
most approaches result in heterogeneous
samples, with only limited success in the
selective growth of s-SWNT, m-SWNT, or
SWNTs with narrow chirality distributions.7

Selection can be achievedby dispersion and
individualization in solution, followed by a

sorting process8 such as electrophoresis,
chromatography, or density gradient ultra-
centrifugation, to cite a few. However, this
typically requires the use of chemicals9 that
may be difficult to remove andmay result in
perturbations of the electronic and optical
properties. Double-wall carbon nanotubes
(DWNTs) are being tested in different
areas,10 including electronics (e.g., field-
effect transistors), photonics (e.g., ultrafast
optical switches), sensors (e.g., mass
sensors), and energy storage and genera-
tion (e.g., supercapacitors and solar cells).
The inner and outer tubes can be either
metallic or semiconducting, with four dif-
ferent combinations (m@m,m@s, s@m, s@s)
with distinct electrical, vibrational, and op-
tical properties, not necessarily given by
simple superpositions of those of the inner
and outer layers.11

Optical techniques are ideal for probing
nanotubes (see Figure 1): The measure-
ments are nondestructive and can usually
be carried out at room temperature, under
ambient pressure, withminimal sample pre-
paration. Variations in the surrounding di-
electric environment due to solvents,
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ABSTRACT Technological progress is determined, to a great extent, by developments in

material science. Breakthroughs can happen when a new type of material or new combinations

of known materials with different dimensionality and functionality are created. Multilayered

structures, being planar or concentric, are now emerging as major players at the forefront of

research. Raman spectroscopy is a well-established characterization technique for carbon

nanomaterials and is being developed for layered materials. In this issue of ACS Nano,

Hirschmann et al. investigate triple-wall carbon nanotubes via resonant Raman spectroscopy,

showing how a wealth of information can be derived about these complex structures. The next

challenge is to tackle hybrid heterostructures, consisting of different planar or concentric

materials, arranged “on demand” to achieve targeted properties.
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dispersants, or bundling (Figure 1a)
cause the electronic properties of
nanotubes to change. Such changes
can be probed by optical absorp-
tion spectroscopy (OAS; Figure 1b),
photoluminescence excitation (PLE)
spectroscopy (Figure 1c), and Raman
spectroscopy. As shown in Figure 1b,c,
after incubation for 2 months for an
as-prepared SWNT dispersion, the
absorption and PL emission of a
specific SWNT red shift because of
aggregation in bundles. Bundling
induces red shift and broadening
of excitonic transitions.12 The red
shift is attributed to modifications
of Coulomb interactions by the di-
electric screeningof adjacent tubes.12

The optical transitions of SWNTs are
also modulated by different dielec-
tric environments (Figure 1d).13

Bundling and dielectric effects can
be detected in OAS and PLE. Exciton
energy transfer (EET) from large gap
tubes to smaller ones is efficient in
bundles.14 The EET signatures in PLE
can identify whether the shift of PL
and OAS is induced by the change

of dielectric environment around a
SWNT.14 Raman spectroscopy is one
of the most used characterization
techniques in carbon science and
technology, being the method of
choice to probe disordered and
amorphous carbons, fullerenes, nano-
tubes, graphene, graphite, diamonds,
carbon chains, and polyconjugated
molecules.15 Resonant Raman
spectroscopy can assign tube dia-
meters through the radial breath-
ing modes (RBMs)16 and G peak
position.17 The resonant Raman
profile is also sensitive to the en-
vironment; for example, Figure 1d
shows that, when compared to
measurements in dry N2, the reso-
nant Raman profile measured in
water red shifts.
SWNTs, and the outer tube in

MWNTs, are in direct contact with
the environment, and their proper-
ties can be affected by it. In this
issue of ACS Nano, Hirschmann
et al.18 perform resonant Raman
spectroscopy on triple-wall nano-
tubes (TWNTs) prepared from

high-temperature treatmentofDWNTs
encapsulating fullerenes. They show
that the inner s-SWNTs are more
affected by intertube interactions
than m-SWNTs. The shifts and
changes in line shapes of both RBMs
and G peaks are used to quantify
the effects of intertube interactions,
as well as how outer concentric
tubes affect the electronic and vi-
brational properties of inner tubes.
Hurschmann et al. find that the
smaller the tubes, the larger the
difference of the environmental ef-
fects on m- and s-tubes, the latter
being more affected by intertube
interactions, especially for smaller
diameters.18

Graphene Multilayers. Environment
also plays a key role in planar

Figure 1. (a) SWNT bundle, (b) absorption spectra of SWNTs dispersed in water with sodium docecylbenzenesulfonate
surfactant. Blue curve, as prepared sample, red curve after 2 months. (c) PLE map of as-prepared sample (top) and after
2months (bottom), where red ellipses show the EET-induced features. (d) Raman intensity of the Gþ band as a function of the
excitation energy for a single SWNTmeasured in dry N2 in an enclosed chamber and immersed in water. Adapted from ref 13.
Copyright 2007 American Chemical Society.

Optical techniques are

ideal for probing

nanotubes.
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structures. For example, mobilities up
to 107 cm2 V�1 s�1 at 25 K were
reported for decoupled single-
layer graphene (SLG) on the surface
of bulk graphite19 and up to 106 cm2

V�1 s�1 on current-annealed sus-
pended SLGs,20 while room tempera-
ture mobilities up to ∼20 000 cm2

V�1 s�1 were measured in SLGs on
Si/SiO2.

21 Mobilities in excess of
105 cm2 V�1 s�1 can be achieved
for SLGs encapsulated between ex-
foliated hexagonal boron nitride
(h-BN) layers.22

The properties of multilayer gra-
phene (e.g., bilayer, BLG, and trilayer,
TLG) vary with stacking order23 and
with relative twist.24 In BLG, a trans-
verse electric field can open a gap
up to 250 meV,25 whereas in TLG
with ABA stacking, there is no gap.26

On the other hand, ABC-TLG can
have a tunable gap via the gate
voltage, up to 120 meV.27 Raman
spectroscopy is ideal for character-
izing graphene flakes.28,29 The 2D
peak changes in shape, width, and
position with the number of layers
(N), reflecting the changes in the
band structure. The 2D peak is a
single band in SLG, whereas it splits
in four in BLG (Figure 2a).30Multilayers
can have 2D peaks resembling that of
SLG if the layers are decoupled, such
as by a random twist.24 The Raman
spectra probe electron�phonon,
magneto�phonon, and electron�

electron interactions and change
with the number and orientation
of layers, electric or magnetic
fields, strain, doping, disorder,
quality, types of edges, and func-
tional groups.29

Few-layer graphene flakes (FLGs)
can also be characterized by the
interlayer shear mode, derived from
the low-energy E2g mode in bulk
graphite31 (see Figure 2a), that is,
the C peak that probes the interlayer
coupling.32 This peak scales from
∼44 cm�1 in bulk graphite to
∼31 cm�1 in BLG (see Figure 2a).32

Its low energy also makes it a probe
of near-Dirac point quasi-particles,
giving a Fano line shape, due to
resonance with electronic transi-
tions. Layer breathing modes (LBMs)
can also be observed in the
Raman spectra of FLGs, via their
resonant overtones in the range
80�300 cm�1.33 Because the funda-
mental LBM in bulk graphite is a
silent B1g mode at ∼128 cm�1,34

the observation of the first-order
LBM is a challenge.

SLG cannot have C or LB modes,
due to the lack of layer coupling.
Upon rolling the sheet into a cylin-
der, the acoustic mode in which
atoms move perpendicular to the
plane will correspond to the RBM of
the cylinder, with atoms vibrating
along the radial direction.35 Its posi-
tion, Pos(RBM), is inversely related

to the SWNT diameter,16,36 d, as
Pos(RBM) = C1/d þ C2. A variety of
C1 and C2 values were proposed for
this relation.15 For few-wall carbon
nanotubes, such as DWNTs and
TWNTs, the interwall distance is
close to the layer distance in bulk
graphite; thus, the wall coupling is
expected to be weak. Indeed, in this
issue of ACS Nano, Hirschmann
et al.18 show that the inner peapod-
derived nanotubes in DWNTs and
TWNTs have similar properties and,
in both cases, the degree of isola-
tion of these inner tubes depends
on them being metallic or semicon-
ducting. It should be noted that
LBMs in FLGs are collective vibra-
tions of all layers, while RBMs in
DWNTs and TWNTs are due to spe-
cific walls.

Inorganic Multilayers. Raman spec-
troscopy also has potential for the
characterization of layered materials
(LMs) other than graphene. There
are several LMs, studied since the
1960s,37 which retain their stability
down to monolayers and whose pro-
perties are complementary to those
of graphene. Transition metal di-
chalcogenides (TMDs) and transi-
tion metal oxides (TMOs) have
layered structures.37 Atoms within
each layer are held together by
covalent bonds, while vanderWaals
interactions hold the layers toge-
ther.37 The pool of 2d crystals is

Figure 2. (a) Raman spectra of SLG (1LG), BLG (2LG), TLG (3LG), and bulk graphite measured at 633 nm. (b) Raman spectra of
1L-MoS2, 2L-MoS2, 3L-MoS2, and bulk MoS2 measured at 532 nm.
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huge and covers a massive range of
properties.37 For example, NiTe2
and VSe2 are semimetals,37 WS2,
WSe2, MoS2, MoSe2, MoTe2, TaS2,
RhTe2, and PdTe2 are semicon-
ductors,37 h-BN and HfS2 are insula-
tors, NbS2, NbSe2, NbTe2, and TaSe2
are superconductors,37 while Bi2Se3
and Bi2Te3 are thermo-
electrics37 and could be topological
insulators.38 All of these can be ex-
foliated as is done for graphene.39

LMs have been used as solid lubri-
cants because of their tribological
properties.40 In addition, the me-
chanical properties of some 2d ma-
terials (e.g., BN and MoS2) make
them attractive as fillers to reinforce
plastics.41 Thin LM films may be
used for thermoelectric devices.42

TMOs, in particular, MnO2 sheets,
are promising for supercapacitors
and batteries.43 They also have
photoelectrochemical properties,44

with photon-to-electron conversion
efficiencies comparable to those of
dye-sensitized solar cells, and are
thus of interest for photovoltaics
(PV).45 Other uses, such as in light-
emitting diodes,46 ion exchangers,47

and photocatalysts,48 etc., have al-
ready been demonstrated. Similar
to graphite and graphene, the LM
properties are a function of N. For
example, bulk MoS2 has an indirect
band gap,49 while a monolayer has
a direct band gap23 that could be
exploited for optoelectronics.50

Raman scattering is also useful
for the study of inorganic LMs, from
bulk to monolayers.51 For example,
the Raman spectrum of bulk MoS2
consists of two main peaks at ∼382
and ∼407 cm�1 (Figure 2b)34 as-
signed to E2g

1 in-plane and A1g out-

of-plane modes, respectively.34 The
former red shifts, while the latter
blue shiftswith the number of layers
(N; see Figure 2b).52 Moreover, they
have opposite trends when going
from bulk MoS2 to 1L-MoS2, so that
their difference can be used to
monitor N.52 However, the trends
are not fully understood, and more
work is needed to clarify the changes
with N. Raman spectroscopy of C
and LBmodes is also a useful tool to
probe thesematerials. Thesemodes
change with N, with different scal-
ing for odd and even N.51 With the
increase of N, the frequency of the
observed C mode of multilayer
MoS2 blue shifts, while that of LBMs
red shifts, as shown in Figure 2b.
The C and LB frequencies, ω(N), of a
LM with N layers depend on N as
follows:ω(N) =ω(2)

√
1( cos(N0π/N)

(N g 2N0, and N0 is an integer: 1, 2,
3, 4...). This formula can be generally
applied to any LM, allowing a diag-
nostic of their thickness.51

Heterostructures and Hybrids. LMs
can be exploited for the realization
of heterostructures. The combina-
tion of 2d crystals in 3d stacks offers
huge opportunities in designing
the functionalities of the resulting
stacks.53,54 One might combine
conductive, insulating, supercon-
ducting, and magnetic 2d materials
in one stack with atomic precision,
fine-tuning the performance of the
resulting material. Furthermore, the
functionality of such stacks is “em-
bedded” in the design of such
heterostructures.53 These hetero-
structures already play crucial roles
in technology, with the develop-
ment of semiconductor lasers55

and high-mobility field-effect tran-
sistors (FETs).56 Most importantly,
the functionality of such hetero-
structures is not simply given by
the combined properties of the in-
dividual layers. By carefully choos-
ing and arranging the individual
components, one could, in princi-
ple, tune the parameters, creating
“materials on demand”53 with prop-
erties tailored for targeted applica-
tions; for example, superstructures
can be used for tunnel devices, such

as diodes, FETs, and light-emitting
devices, or for energy applications,
such as PV cells. The first examples
have already started to appear, such
as vertical tunneling transistors54

showing ON/OFF ratios of ∼106.
Graphene/quantum dot hybrids,
with strong absorption,57 have
been investigated for photodetec-
tors and image sensor arrays.58

The interactions between differ-
ent layers inside heterostructures
and hybrids are 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 individual building blocks. There-
fore, Raman spectroscopy is expected
tobeuseful toprobe thestoichiometry
of heterostructures and hybrids. For
example, the Raman peaks from gra-
phene and FeCl3 can be identified
in FeCl3-intercalated FLGs,59 while
at the same time probing the layer
coupling, stability, charge transfer,
strain, and orientation.59 Surface-
enhanced Raman scattering is ob-
served in hybrids with metal dots,60

while Raman spectroscopy can
also be used to monitor/optimize
growth conditions for heterostruc-
tures and hybrids.61 Considering a
2L-BN/SLG/2L-BN structure on a sub-
strate, one could observe Raman
peaks from upper and lower 2L-BN
as well as from the SLG. The cou-
pling between BN and graphene
would be reflected in modifications
of the spectra with respect to iso-
lated components.

OUTLOOK AND FUTURE CHAL-
LENGES

Intrawall and intralayer optical
modes of FLGs, SWNTs, and MWNTs
mainly appear in the high-frequency
region above 1000 cm�1. The shear
and layer (radial) breathing modes
are usually located in the low-fre-
quency region below 500 cm�1. For
LMs, such as transition metal dichal-
cogenides, the peak position of in-
trawall and intralayer optical modes
is below 500 cm�1, while shear and
layer (radial) breathing modes are
below100cm�1, as shown inFigure3.

Raman spectroscopy

also has potential for

the characterization of

layered materials other

than graphene.
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In multiwall tubular structures, each
layer can produce a RBM, and, in
principle, there also exists a set of
collective wall shear and breath-
ing modes, similar to the case of
planar 2d crystals, as shown in
Figure 3a with lattice structures
and Figure 3b,c with the corre-
sponding modes for FL-MoS2. For
FLGs, the observation of the first-
order LBMs is still a challenge be-
cause of low frequency and Raman
inactivity. In tubular structures, be-
sides the wall breathing modes,
there is also a set of cylindrical
shear modes (telescope and rotary
modes)35 similar to the case of the
shearmodes in planar 2d crystals, as
shown in Figure 3b for FL-MoS2.
How to reveal and use them is a
challenge for future experiments.
Two-dimensional crystals and other
materials could be “combined” to
form various hybrids and hetero-
structures, creating “materials on
demand”53 with properties tailored
for targeted applications. In such
structures, layer coupling, strain,
charge transfer, lattice variations,
and interface diffusion will change
the band structure, Fermi level, and
band offsets. Raman scattering as a
nondestructive measurement at
room temperature under ambient
pressure is ideal to probe the varia-
tions of properties from those of the
constituent materials. Indeed, Raman
scattering was applied in twisted BLG
to reveal changes in band structure,

with appearance of angle-dependent
van Hove singularities.62
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