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Micro-Raman and Tip-Enhanced Raman Spectroscopy

of Carbon Allotropes

Günter G. Hoffmann,*1,2 Gijsbertus de With,1 Joachim Loos*1,3

Summary: Raman spectroscopic data are obtained on various carbon allotropes like

diamond, amorphous carbon, graphite, graphene and single wall carbon nanotubes

by micro-Raman spectroscopy, tip-enhanced Raman spectroscopy and tip-enhanced

Raman spectroscopy imaging, and the potentials of these techniques for advanced

analysis of carbon structures are discussed. Depending on the local organisation of

carbon the characteristic Raman bands can be found at different wavenumber

positions, and e.g. quality or dimensions of structures of the samples quantitatively

can be calculated. In particular tip-enhanced Raman spectroscopy allows the

investigation of individual single wall carbon nanotubes and graphene sheets and

imaging of e.g. local defects with nanometer lateral resolution. Raman spectra of all

carbon allotropes are presented and discussed.
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Introduction

Carbon is known to exist in a number of

allotropes, which range from the hardest of

all known material, the pure and single

crystalline diamond, to the soft, mainly

amorphous, and very impure carbon in the

form of soot or glassy carbon. Three of

those, diamond, graphite, and of course

soot are known since ancient times, while

the monomolecular forms of carbon, car-

bon nanotubes and the Buckminsterfullere-

nes have been discovered only some years

ago.[1,2] These forms can be classified as

three-dimensional (diamond and graphite,

Figure 1a and b), one-dimensional (single

wall carbon nanotubes, Figure 1d), and

zero-dimensional (Buckminsterfullerene, C60,

Figure 1e). Only recently, in 2004, Gaim and

Novoselov[3] produced the two-dimensional
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form of carbon, graphene by ‘‘simply’’ remov-

ing sheet after sheet from graphite to gain a

single graphene layer (Figure 1c); and atten-

tion is paid to this form of carbon because

of its extraordinary functional properties,

and potential low production costs.[4]

Since it is possible to produce the

allotropes of carbon in large quantities,

making it feasible to use them for numerous

applications,[5] it has becomemore andmore

important to analyze these materials being

able to establish, ultimately, structure-

property relations at the nanometer length

scale. Raman spectroscopy, and in particular

micro-Raman,[6] surface enhanced Raman

spectroscopy (SERS)[7] or tip-enhanced

Raman spectroscopy (TERS) recently intro-

duced[8,9] are characterisation techniques

that are able to provide chemical as well as

functional information on these materials.

The latter one, TERS, is a characterisa-

tion technique combining the power of

Raman spectroscopy to reveal chemical

composition and molecular structure with

the ultra-high spatial resolution of scanning

probe microscopy (SPM). Theoretically,

TERS allows spectroscopic analysis of

any kind of macromolecular material (as
, Weinheim



Figure 1.

(a) Diamond lattice and (b) graphite, both three-dimensional structures, (c) graphene (two-dimensional),

d) single wall carbon nanotube (one-dimensional), and (e) Buckminsterfullerene (zero-dimensional).
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well as inorganic materials like Si) with

nanometer resolution, merely depending

on probe quality. Only recently TERS

imaging was demonstrated with lateral

resolution far better than 50 nm and made

it possible to identify local defects along

one individual single wall carbon nanotube.

The group of Novotny and Hartschuh[9–13]

realized a resolution of 15 nm while

reaching an enhancement of 4, whereas

our group resolved about 30 nm while

enhancing the Gþ-line 256 times.[14]
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
The potential of TERS is enormous:

TERS on biological macromolecules such

as proteins and ribonucleic acid (RNA) as

well as on various organic dyes has been

demonstrated and resulted in spectra that

are enhanced compared to conventional

confocal Raman spectroscopy by factors

106 to 1014, as claimed by the authors; on the

other hand, from theoretical considerations

even sub-nanometer spatial resolution,

resolution below the curvature size of the

actual SPM tip, should be possible to be
, Weinheim www.ms-journal.de
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realised by tuning the interaction between

tip and sample.

It is the purpose of our study to

introduce recent results obtained on var-

ious carbon allotropes by micro-Raman

spectroscopy and TERS. Main focus is to

demonstrate that all carbon allotropes show

variations in their Raman characteristics,

which allows us, ultimately, to locally

identify lateral variations of the composi-

tion or defects in carbon-based materials

with nanometer resolution by means of

TERS.
Experimental Part

A general view of the multi-purpose scan-

ning near-field optical spectrometer NTE-

GRASPECTRATM (NT-MDT) is shown in

Figure 2. This back-scattered geometry
Figure 2.

(top) Optical setup of the TERS instrument used, and (b

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
based configuration for analysing a speci-

men on transparent substrates allows us to

record: atomic force or shear force micro-

scopy (AFM/SFM) images (topography,

phase contrast, etc.), confocal optical

images, confocal far-field Raman and fluor-

escence spectra and images, tip-enhanced

near-fieldRaman spectra and images (fluor-

escence enhancement/quenching). A cw

linearly-polarized laser beam from a He-Ne

laser operating at 632.8 nm (E¼ 1.96 eV,

TEM00) enters the spectrometer through a

single-mode optical fibre. The laser output

passing through the plasma line filter is

expanded and converted to a mode with a

given polarization (linear, circular, radial,

azimuthal). After that it is reflected by the

edge-filter and goes into the inverted optical

microscope (Olympus IX70) through an

unpolarised beam-splitter cube (10/90) and

a pinhole. A 100x oil immersion objective
ottom) photography of the TERS setup.

, Weinheim www.ms-journal.de
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(Olympus, n.a.¼1.3, refractive index of oil

n¼ 1.516) focuses the laser beam into a spot

with a size of less than 300 nmand the power

at sample is about 100 mW. The tip is

positioned into one of two longitudinal

lobes near rims of the diffraction-limited

laser spot to locally enhance the electro-

magnetic field beneath its apex. This system

allows one to lock the tip position inside the

laser spot tomaintain optimum illumination

conditions. A near-field Raman image is

established by raster scanning the sample

with a xy-scan stage equipped with a

close-loop operation system. Scattered

and/or reflected light is collected with the

same objective and directed back to the

spectrometer through the pinhole. An

additional Kaiser notch-filter is installed

into the optical path to suppress the

Rayleigh scattering. In the laser confocal

and spectral modes the light transmitted by

the beam-splitter cube is detected with a

photomultiplier (Hamamatsu, PMT943-02)

and a thermoelectrically cooled charge-coupled

detector (ANDOR, DV420), respectively.

All Raman spectra were recorded within a

spectral range of 150–2500 cm�1. A 200 lines/

mmgrating provides a spectral resolution of

better than 15 cm�1. The pinhole size was

equal to 40mmbecause ofmaking use of the

100x oil immersion objective.
Sample Preparation

We utilized purified single wall carbon

nanotubes (SWCNTs,HiPCo,CarbonNano-

technology Inc.) as a proper one-dimensional

object with strong Raman active spectral

lines for testing ultrahigh spatial resolution.

A dispersion was prepared by mixing 0.05 g

SWCNTs with 20 g dichloromethane in a

flask and then sonicating the resulting

dispersion for about 1 hour. The sonication

was carried out using a horn sonicator

(Sonic Vibracell VC750) with a cylindrical

tip (10 mm end cap in diameter). The

output power was 20 W and, therefore,

delivering energy was 1100–1200 J/min.

The flask was placed inside a bath with ice

water during sonication in order to prevent

rising of the temperature. A droplet of this
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
dispersion was spin coated at 300 rpm for

2min on a microscopy cover glass slide. The

glass slide was preliminarily cleaned in a

‘‘piranha’’ solution (H2SO4:H2O2) at ambi-

ent conditions for 30 min, then rinsed

in CH3OH and finally dried under a

continuous N2-gas flow.A similar procedure

was applied for preparation of graphene

sheets but starting from highly oriented

pyrolytic graphite (HOPG, NT-MDT), and

for the C60 material (Aldrich).

Transmissionelectronmicroscopy (TEM)

investigation of graphene after dispersing in

aqueous solutions were performed using a

Tecnai 20 (FEICo.) operated at 200 kV. The

samples were prepared by dipping a copper

TEM grid in the graphene dispersion and

subsequent drying.
Results and Discussion

Diamond and Amorphous Carbon

The Raman spectrum of diamond has been

reported to consist of a single sharp line at

1332 cm�1 (e.g. Knight and White[15] and

Figure 3). On the other hand, glassy carbon

is a material composed of varying amounts

of graphite and amorphous carbon. Two

broad lines are observed at 1340 and

1590 cm�1. These results are consistent

with the turbostratic structure, which has

been suggested for glassy carbon (with a

particle size La of approximately 30 Å) by

Nathan et al.[16] The corresponding spec-

trum is shown in Figure 3. Diamond layers

deposited by vapour deposition (CVD) find

a growing number of applications e.g. in

electronics technology due to their hard-

ness, insulating properties and thermal con-

ductivity while being transparent to broad

ranges of UV, visible and infrared radia-

tion.[5] In these layers small diamond

crystallites are surrounded by graphite

and amorphous carbon in the grain bound-

aries. Raman spectroscopy e.g. is applied to

easily discriminate these non-diamondoid

impurities by their variations of the Raman

spectrum, and thus it is employed to judge

the quality of such coatings.
, Weinheim www.ms-journal.de



Figure 3.

(top) Micro-Raman spectroscopy spectra of a gem-quality (tw, vsi) diamond, and (bottom) glassy carbon.
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Graphite

Another example on how Raman spectro-

scopy can distinguish between crystalline

and amorphous order of carbon is pre-

sented by analyzing graphite. In single

crystalline graphite Tuinstra and Koenig[17]

only found a single line at 1575 cm�1

(Figure 4). This is called the G-peak (from

graphite). Analysing highly ordered pyro-

lytic graphite (HOPG) by micro-Raman

spectroscopy we can confirm the presence

of this band and only this band, which

suggests that the sample has very high

crystallinity. In graphite of lower quality,

however, one also encounters a Raman

band at 1355 cm�1, called D-line (from

disordered graphite, Figure 4b). The ratio

G-band versus D-band Raman intensity

tells us about the ordered/disordered state

of graphite, and thus e.g. about its con-

ductivity.
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
C60 Buckminsterfullerene

Looking with Raman spectroscopy to

Buckminsterfullerenes (C60 molecules),

on the other hand, results in more complex

Raman spectra than for diamond, amor-

phous carbon or graphite. C60 molecules

are produced together with C70 according

to the method of Krätschmer et al.[18] by

heating graphite in an inert gas. From the

soot produced the pure compound can be

separatedby liquid chromatographyon silica.

Due to the high symmetry of the molecule,

the infrared spectrum shows only four lines.

TheRaman spectrum, as it is complementary

to the IR spectrum, shows much more lines,

and if, measured with excitation by visible

light, is complicated by the fact that a

resonance Raman spectrum is produced.

Bethune et al.[19] measured the Raman

spectrum of C60 with an argon ion laser and

reported a line at 1470 cm�1 as the strongest,
, Weinheim www.ms-journal.de



Figure 4.

Micro-Raman spectra of (top) highly ordered pyrolytic graphite, and (bottom) conventional graphite.
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which corresponds well with our own mea-

surements (Figure 5). Neugebauer et al.[20]

calculated the Raman and IR vibrational

spectrum of Buckminsterfullerenes on a high
Figure 5.

Micro-Raman spectrum of a Buckminsterfullerene (C60)

633 nm.

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
theoretical level, but without taking into

account resonance effects. The visible lines in

our experimental spectrum match the calcu-

lated ones in frequency but not in intensity, as
film obtained with a laser source with wavelength of
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our tip-enhancedRaman spectrumactually is

a resonance Raman spectrum.
Single Wall Carbon Nanotubes

Single wall carbon nanotubes (SWCNTs)

can be grown from the vapour phase at

higher temperatures using transition metal

catalysts. Formally one can build these

tubes by rolling a single graphene sheet and

connecting the edge carbon atoms. Similar

to graphite, the Raman spectrum of

SWCNTs shows as main lines the D-line
Figure 6.

Tip-enhanced Raman spectra of carbon nanotube bundle

a self-made gold SFM tip. Note the much larger enhan

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
at 1390 cm�1, and the Gþ-line 1594 cm�1,

slightly shifted when comparing with gra-

phite, and an additional Raman band, the

radial breathing mode (RBM) at 290 cm�1,

which can be used to calculate the diameter

of the tubes. The ratio of D to Gþ-line can

be used advantageously in scans of

SWCNTs to detect defects in the otherwise

perfect periodically arranged atoms of the

tube.[13] For the conventional Raman

spectroscopy setup, a large quantity of

SWCNTs are analysed at the same time and

the average amount and type of defects can
s, (top) taken with a gold-coated AFM tip and (bottom)

cement of the gold SFM tip (from Ref. 14).

, Weinheim www.ms-journal.de
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be calculated, however, e.g. to learn more

about local defect distribution at individual

SWCNT to optimise procedures for func-

tionalisation of SWCNTs, recently TERS

was introduced.

Based on the concept of evanescent

waves existing in the near-field (<100 nm)

optical measurements beyond the diffrac-

tion limit are possible for attaining ultra-

high resolution in optical spectroscopy. A

practical implementation of that has become

possible by combining optical spectroscopy

and scanning probe microscopy (SPM),

often referred to as apertureless near-field

optical microscopy, and in particular,

TERS. The crucial role in TERS is played

by the SPM tip as a nanoscopic scatterer
Figure 7.

Confocal (left) and tip-enhanced Raman (middle) scans o

(RBM) line as well as the D- and Gþ-lines. The cross sec

shown on the right (from Ref. 14).

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
and/or lighting source. In the first case, the

tip disturbs a confined non-radiating elec-

tromagnetic field in the proximity of a

nanometer-sized specimen and converts it

to a radiating one, which can be then

detected by standard diffraction-limited

optics. In the second case, a tip localises

and enhances the scattered optical radia-

tion over the incident one due to the

coupled excitation of free electrons and the

electromagnetic field present (called loca-

lised surface plasmon) in the metal of the

tip. The latter is caused by the fact that

namely metals, due to their small skin

effect, provide the highest enhancement

and scattering efficiency. An additional

contribution to the field enhancement,
n carbon nanotubes, using the radial breathing mode

tions indicated as a white bar in the middle scans are

, Weinheim www.ms-journal.de
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known as quasi-static lighting rod effect,

comes from a purely geometrical factor of

the tip resulting in a quasi-singularity of the

electromagnetic field near its apex. The

material composition of the tip, its geome-

try and the polarization state of the incident

light in the local excitation-based scheme

are of the greatest importance for efficient

enhancements.

Figure 6 shows tip-enhanced Raman

spectra of SWCNT bundles that were taken

with a gold-coated AFM tip as with a

self-made gold SFM tip for tip-off (SPM tip

is far away from the sample surface) and

tip-on operation mode (tip is close to the

sample surface and active in the nearfield).

The gold SFM tip shows a much larger

enhancement than the gold-coated AFM

tip (256 compared to 9 for the G-line, linear

enhancement, not area corrected). More
Figure 8.

Micro-Raman spectrum of (top) impure bulk grapheme, a

graphene sheets.

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
details on the experiments performed can

be found in reference.[14]

As the next step towards achievement of

local Raman data by TERS is spectroscopic

imaging. We have compared confocal and

tip-enhanced Raman topographical scans

on SWCNTs (Figure 7), using the radial-

breathing mode (RBM) line as well as the

D- and Gþ-lines. Cross sections from these

scans indicate a resolution of at least 50 nm

(original data, 30 nm from a Gaussian fit)

for the TERS scan, compared to approxi-

mately 300 nm for the confocal scan. These

results demonstrate the potential of TERS

imaging for local nanometer scale spectro-

scopic analysis of functional materials.

Graphene

Finally, we would like to introduce first

TERS data obtained on graphene. It has
nd (bottom) tip-enhanced Raman spectrum of impure

, Weinheim www.ms-journal.de



Figure 9.

TEM images of representative graphene samples.
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been first described by Novoselov et al.[3] as

monocrystalline graphitic films, which are a

few atoms thick but are nonetheless stable

under ambient conditions, metallic, and of

remarkably high quality. The films were

found by the authors to be a two-

dimensional semimetal with a tiny overlap

between valence and conductance bands.

The conventional Raman spectrum of

graphene and graphene layers has been

studied in great detail by Ferrari et al.[21].

Graphene shows a Raman spectrum very

similar to that of graphite, the differences

observed mirror the missing interaction

between the layers. The D peak second

order changes in shape, width, and position

for an increasing number of layers, reflect-

ing the change in the electron bands via a

double resonant Raman process, and the G

peak slightly down-shifts.

We report here the first measured TERS

spectrum of graphene. The graphene used

by us has been prepared fromHOPG and is

still containing graphite flakes. These and

the edges of the graphene flakes can be

detected in the graphene bulk spectrum by

the line at 1350 cm�1 (Figure 8). A

representative transmission electron micro-

scopy (TEM) image of a similar sample is

shown in Figure 9, which shows single as

well as stacked layers of graphene. The

spectrum was taken from a part of the

sample (graphene and flakes) where no
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
material was detected optically indicating

only very little amount of material was

present. The TERS spectrum suggests that

the area under inspection was at the edge of

graphene flakes, as the band at 2700 cm�1

shows a split structure of approximately

equal height, while pure graphene would

only produce a single line (that at

2650 cm�1). The band at 2700 cm�1 in

the graphite Raman spectrum at higher

resolution has a shoulder at lower wave-

numbers, it is the second order of zone-

boundary phonons, the results presented

are only preliminary data and our study of

graphene still is in progress.

Conclusion

ApplyingRaman spectroscopy helps under-

standing better the organisation of various

carbon allotropes. Raman spectra of dia-

mond, amorphous carbon, graphite, single

wall carbon nanotubes (SWCNTs) and

graphene sheets show different bands and

band positions dependent on the degree of

crystallinity, perfectness of their organisa-

tion or number of defects of the material

under investigation. These variations can

be used to determine the quality of the

carbon-based materials, e.g. by comparing

the intensities of the Gþ- and D-bands.

Ultimately, Raman spectroscopy combined

with a scanning probe microscopy setup,
, Weinheim www.ms-journal.de
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so-called apertureless near-field optical

microscopy, and in particular tip-enhanced

Raman spectroscopy and imaging, allows

detection of such defects with lateral

resolution in the nanometer range. We

have demonstrated TERS on SWCNT and

graphene samples, and in both cases high

enhancement factors are obtained. In case

of SWCNT, TERS imaging with lateral

resolution far better than 50 nm is obtained

and the results obtained reflect the local

heterogeneity of individual SWCNTs on

the nanometer length scale. Currently,

similar investigations on graphene samples

are in progress
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