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Tip-enhanced Raman mapping of single-walled
carbon nanotube networks in conductive
composite materials
Günter G. Hoffmann,a,b* Oana A. Bârsan,a,b Leendert G. J. van der Vena

and Gijsbertus de Witha

Identifying and characterizing the structural integrity of single-walled carbon nanotubes (SWCNTs) that are fully embedded in a
polymer matrix without causing any damage to them is a difficult task to achieve for bulk samples. Using tip-enhanced Raman
spectroscopy, the surface of a polymer-embedded conductive network of SWCNTs was mapped underneath a thin layer of pure
polymer. The technique was also used to detect tube-breaking within the composite sample caused by mechanical stress, beyond
the ‘visual’ capabilities of scanning electron microscopy techniques. Results show that tip-enhanced Ramanmapping can be used
to successfully identify and characterize SWCNTs even underneath a layer of polymer. Copyright © 2016 John Wiley & Sons, Ltd.

Keywords: tip-enhanced Raman spectroscopy (TERS); tip-enhanced Raman mapping (TERM); conductive composites; epoxy/amine
systems; single-walled carbon nanotubes (SWCNTs)

Introduction

Electrically conductive composite materials form an area of very ac-
tive research, as the industry is looking for a replacement of metals
in data cables and light power cables, windings in electric motors,
housings for shielding of electromagnetic radiation, and the pre-
vention of the buildup of electrostatic charges,[1] conductive com-
posites based on polymers and carbon nanotubes (CNTs) are
particularly promising materials.[2,3] As the mechanical properties
of those composites normally are also improved compared with
the pure polymer, they can be used as lightweight materials in air-
planes and spacecrafts. The added CNTs also increase the thermal
conductivity of the polymer. However, despitemany efforts, it is still
difficult to combine CNTs with polymers, and the resulting compos-
ites generally contain large agglomerates of CNTs.[2,4] Moreover, the
resulting conductivities of the composites are still disappointingly
low. In a previous study, we used a pre-formed CNT network that
we impregnated under vacuum with an epoxy/amine polymer,
and the resulting composite was peeled-off from a glass substrate
to obtain a freestanding film (see Bârsan et al.[5]). The high electrical
conductivity of the pre-formed network was maintained within the
same order of magnitude, but resistance measurements taken at
the bottom of the films showed a wide range of values obtained
for the same sample, because of apparent composite inhomogene-
ity. But how do those networks look like after polymer impregna-
tion? Are the CNTs structurally and chemically the same after
polymer impregnation? Are the conductivity variations of the bulk
material related to changes in the CNT structure? Electron micros-
copy is surely of help, but the contrast between the CNTs and the
polymer (two carbon materials) is low once the CNTs are covered
in polymer.

The key questions, as stated in these introductory lines, do have
received so far insufficient attention to provide (semi-)definitive

answers. In this paper, we present (the results of) a sophisticated
tool for characterizing CNT composites – as such already a complex
task – to provide, at least, partial answers.

Chemical identification and discrimination of the two materials
forming the composites can be performed by the vibrational spec-
troscopic technique of Raman spectroscopy. In the case of single-
walled carbon nanotubes (SWCNTs), the technique can be used to
measure the diameter of the tubes, to probe the orientation of the
tubes using polarized radiation, and to study the interactions of
tubes and polymers in composites. Spatial mapping of the chemical
composition of the sample can be performed by confocal Raman
mapping, giving a spatial resolution of about half the wavelength
of the exciting laser used (~300nm in our case). This resolution is
not enough for our task of characterizing low diameter nanotubes
inside a polymer matrix. Help comes from the relatively young
method of measuring tip-enhanced Raman spectra while scanning
the sample. The technique, with the first report published in 2000
by Stöckle et al.[6] and developed during the last 15 years, allows
for topological analysis and identification of the sample’s
components. It has been applied to CNTs,[7] graphene,[8]

photovoltaics,[9] catalysis,[10] semiconductors,[11] polymers,[12] and
biological compounds such as membranes,[13] nucleic acids,[14]
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peptides,[15] proteins,[16] mitochondria,[17] and even whole
viruses.[18] It has been used to detect defects in nanotubes, to local-
ize the edges of graphene sheets, and to measure strain in
semiconductors.[19] Compared with confocal Raman mapping, the
spatial resolution of the technique is much higher, and the sensitiv-
ity is highly increased: While the lateral resolution increases from
300 to 20nm, the sampled area is reduced from 70000[2] to
300 nm,[2] and the Raman signal is amplified up to 250 times. That
corresponds, taken the area into account, to an increase in sensitiv-
ity of up to 40000 times. We have used this technique to study the
distribution of CNTs under a surface layer of polymer and their an-
swer to mechanical stress.

Experimental details

Tip preparation

Tips were prepared via etching using an acid solution prepared by
mixing absolute ethanol (p.A., Merck) and 37% HCl (p.A., Merck) at a
volume ratio of 1 : 1. A 99.999% gold wire (Alfa) of 200μmdiameter
was flame annealed before etching. Electrochemical etching with
an applied voltage of 2.4 V (as described in the literature[20,21])
was used to prepare the tips. Cone-shaped gold tips, with a typical
radius of ∼30nm, were obtained.

Measurement

Optical microscopy, tip-enhanced Raman spectroscopy (TERS), and
tip-enhanced Raman mapping (TERM) measurements were carried
out on the bottom of a peeled-off film without gold coating using
an NTEGRA SPECTRA (‘Nanofinder’, NT-MDT, Russia). A HeNe laser
with a wavelength of 632.8 nm was used as light source. Further
particulars are given in the ‘Results and Discussion’ section and in
our previous report.[20] A typical lateral/depth resolution of about
20–30nm is expected from these measurements.[22]

Preparation of SWCNT networks

All chemicals were used as received, without any further purifica-
tion. Super high purity SWCNTs, manufactured by the chemical va-
pour deposition (CVD) method, were purchased from US Research
Nanomaterials, Inc. A total of 0.1% dispersions of SWCNTs were pre-
pared by adding 10mg SWCNTs as purchased and 300mg of so-
dium carboxymethyl cellulose (CMC), 90 000MW (C28H30Na8O27),
from Sigma Aldrich to 10mL of distilled water. The dispersions were
kept cool in an ice bath while being sonicated for 15min using a
SONICS Vibra-Cell sonicator with a 6.4mm tip diameter and 60%
of maximum amplitude (as described by Li et al.[23]). The solution
was then centrifuged at 8500 rpm for 1h in a 1.5-cm diameter ves-
sel, using a SIGMA 3–30 K centrifuge, and only the upper 80% of the
supernatant was kept. The glass substrates were cleaned by immer-
sion into an Radio Corporation of America (RCA) cleaning solution
(five parts H2O, one part NH4OH, 30%, one part H2O2, 30%) without
heating, left overnight, and then rinsed with distilled water. Thin
films of SWCNTs and CMC were deposited on 7 cm×7 cm glass
substrates with a 30mm gap doctor blade at a speed of 10mms�1,
using a COATMASTER 509 MC. The films were then dried for 20 h in
an oven at 45 °C. The as-prepared samples were immersed into an
acid bath (HNO3, 9M) for 4 h at 40 °C and thereafter taken out and
dried at 45 °C for 2 h under vacuum. The samples were subse-
quently kept for 20h at 150 °C under vacuum for acid residue re-
moval, and for 2 hours at 400 °C in a nitrogen atmosphere for

CMC residue removal, resulting in ~40nm thick films (e.g.[24]). Ther-
mogravimetric analysis on pure CMC was performed using Q500
equipment, with a heating rate of 10 °Cmin�1 between 25 and
600 °C both in air and nitrogen atmospheres.

Polymer impregnation

An epoxy/amine system was used as the polymer matrix. A
bisphenol A-based epoxy resin (Epikote 828, Resolution Nederland
BV) with an equivalent weight per epoxide group of 187 gmol�1

and Jeffamine D-230 (Huntsman Holland BV) with anNH-equivalent
weight of 60 gmol�1 was chosen as the model system. The poly-
mer was prepared by mixing the two components at a 1 : 1
epoxy/amine ratio (based on an epoxy group/NH equivalent), using
an RCT basic IKA magnetic stirrer for 5min at 700 rpm, followed by
3min degassing in a BRANSON1510 ultrasonic cleaner. Themixture
was then coated onto the SWCNT film using a 60μm gap doctor
blade and cured in an oven at 100 °C for 4 h. A freestanding sample
could be obtained by manually peeling the film off the glass sub-
strate and measuring/imaging at the bottom side.

Scanning electron microscopy

Scanning electron microscope (SEM) images were taken with a
Quanta 3D FEG microscope at the bottom of the peeled-off film,
using an accelerating voltage of 10 kV. Some samples were
sputtered with gold for enhanced contrast.

Results and discussion

For our study, we chose SWCNTs, as multi-walled carbon nano-
tubes would add more complications to our system and cause in-
terpretation issues. The single SWCNTs have an average diameter
of 1 nm, as proven by the radial breathing mode (RBM) in their
Raman spectrum, but they form bundles (ropes of aligned tubes),
the thickness of which in the SEM images appears relatively large,
as the sample was coated with Au to avoid charging, thereby de-
teriorating the image quality. Figure 1 shows a Raman spectrum of
the pristine SWCNTs with a zoom-in for the RBMmodes. From the
relations for the RBM in their Raman spectrum known from litera-
ture ωRBM =A/dCNT + B, where A= 234 cm�1 nm and B=10 cm�1

are parameters determined experimentally for bundles of SWNTs
(see Dresselhaus et al.[25]), we calculate the diameters of the tubes
to range from 0.9 to 1.3 nm, the main species having a diameter of
1.0 nm, which is also the mean diameter. As the polymer

Figure 1. Calculation of the tube diameters using the radial breathing
modes (RBMs) in the Raman spectrum.
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component of the composite an epoxy/amine systemwas chosen,
as this is well known to our group from previous studies (e.g.[24]).
The SWCNT film with a thickness of ~40 nm was prepared on a
glass substrate, followed by the addition of excess polymer mix-
ture on top (with a thickness of ~60μm) and cross-linking of the
polymer matrix. The freestanding film was subsequently peeled-
off the glass substrate, and all TERS measurements were carried
out at the bottom side of the film. If we examine the bottom of
our sample with a SEM, we can discriminate between regions fully
covered by polymer and regions where SWCNTs are sticking out
of the polymer (Fig. 2a). Among the SWCNTs sticking out of the
polymer, we can see disrupted CNTs (Fig. 2b), indicating that ex-
cessive strain is implied to the tubes during the peeling-off pro-
cess. Some embedded CNTs that are close to the surface can be
seen, but with low contrast, so we tried a TERM of the sample to
obtain further information about the CNTs beneath the polymer
layer. The low contrast mentioned for the SEM images refers to
the SWCNTs under a thin polymer layer. This can be most clearly
seen from locations where the tubes dive into the polymer layer,
showing that the contrast is gradually lost.

To check the diameter of the SWCNT bundles, SEM images of an
uncoated sample were also taken. Figure 3 shows a SEM image of
the bottom of the freestanding composite film, without Au coating
for emphasized aspect ratio. Figure 3a shows an overview and
Fig. 3b a zoom-in on the sample, illustrating the measurement of
the diameters of the tube bundles. We measured the diameter of

the bundles to be between 10 and 12nm. A gold coating on all
sides changes the diameter of the bundles to ~50nm. In both cases,
these ropes of aligned tubes split into smaller diameter ones before
diving into the polymer, suggesting that the tubes tend to form
these ropes at the surface of the sample for increased stability.

Figure 3. Scanning electronmicroscope image of the bottom of the freestanding composite film, without Au coating for emphasized aspect ratio. Overview
(a) and zoom-in (b), showing the measurement of the diameters of the tube bundles.

Figure 2. Scanning electron microscope image of the bottom of the freestanding composite film. The sample is sputtered with gold for enhanced contrast.
Overview (a) and zoom-in (b). Many ends of broken carbon nanotubes (yellow circles) can be detected. Tubes diving into the polymer can be clearly seen.

Figure 4. Atomic force microscopy height image of the bottom of the
freestanding composite film, polymer covered area.

Tip-enhanced Raman mapping of SWCNTs embedded in polymer

J. Raman Spectrosc. 2017, 48, 191–196 Copyright © 2016 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs

1
93



Figure 4 shows an atomic force microscopy (AFM) height image
of thematerial used. From this image, it is clear that AFM cannot im-
age SWCNTs under a thin polymer layer.

The typical setup of a TERS experiment on a transparent
sample can be seen in Fig. 5. Our sample is placed on the
sample stage of an inverted optical microscope. The stage
can be finely moved by piezoelectric actuators in x-direction
and y-direction, covering an area of 50μm×50μm. The sample
stage’s drift during the long measurement times is compen-
sated by applying capacitive feedback to the piezoelectric actu-
ators. The shear-force head of an AFM is placed over the
sample stage, equipped with a quartz tuning fork. A self-etched
gold tip glued to the tuning fork with a tip radius of approxi-
mately 20 to 30nm radius is held at a constant distance to the
samples surface by applying feedback of the vibrational ampli-
tude signal to a piezoelectric actuator. Using the 100× oil im-
mersion objective of the microscope with its high numerical
aperture of 1.3, a laser beam is focused onto the tip. The tip-
enhanced Raman spectrum of the sample is then collected by
the same objective and fed to a Raman spectrometer. A total
of 256×256pixels were measured with a Raman signal

Figure 5. Experimental tip-enhanced Raman spectroscopy setup for
transparent samples. A laser beam (from below) is focused by a high
numerical aperture objective on the sample. In the center of the focus, a
sharp gold tip, attached to a vibrating tuning fork, is placed. The distance
of the tip is kept constant by a feedback loop to a piezoelectric actuator,
and the mapping is carried out by a high-precision XY-stage. The Raman
spectrum is collected by a microscope objective with high numerical
aperture (NA 1.3) and fed into the spectrometer.

Figure 6. Confocal (a) and tip-enhanced (b) Raman spectrum of a single-walled carbon nanotube network embedded in an epoxy/amine polymer.
Enhancement for the G+-line: 4600 counts/1900 counts = ~2.4.
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collection time of 5 s per pixel. A low laser power of 100μW
was used for the TER mapping.

Although TERS is in principle a surface method, in the case of
SWCNTs, we can measure through a thin polymer layer. This is
due to the penetration of the near-field inside the polymer and
the very intense resonance Raman signals of the tubes and the en-
hancement effect of the gold tip reaching a few nanometer into the
transparent polymer.

As the spectrum of the SWCNTs is a resonance Raman spectrum
with intense bands, they will obscure the polymer bands of much
lesser intensity, and hence information about the polymer is diffi-
cult or impossible to extract.

Figure 6 shows the Raman spectra of our sample, which were
used to calculate the enhancement: Spectrum a shows the confocal
Raman spectrum without gold tip (far field), whereas spectrum b
shows the Raman spectrum with the tip landed (near field and far
field). The enhancement factor depends on several factors, such
as laser spot size and tip radius, but here, the ratio of the line inten-
sity in spectrum b to the line intensity in spectrum a is taken as the
enhancement. The enhancement of the G+-line is only ~2.4, com-
pared with ~250 as formerly reported by us[20] for pristine SWCNTs.
The low enhancement also serves as a proof that we really mea-
sured the polymer-embedded part of the sample’s nanotubes, as
the non-covered tubes should show a much higher enhancement,
as previously reported. The tip-enhanced Raman maps using the
G+-line (a), G′-line (b), and D-line (c) are shown in Fig. 7. An area of
200 nm×200nm has been mapped, where a dense network of
SWCNTs can be seen. The mapped area shows a homogeneous

distribution of the CNTs in the composite material. This suggests
that the polymer impregnation process does not lead to CNT ag-
glomeration and that the final composite material does not contain
segregation of the two components.

Whether a sample is homogeneous or not is a matter of scale.
The TERS maps show the homogeneity on the nanoscale, while
the homogeneity on a larger scale can be judged from the SEM im-
ages. From the SEM images, the overall homogeneity is judged to
be rather good, but, of course, locally, as can be seen from the TERS
images, defects and other variations in morphology do occur.

The ratio of the D- (‘defect’) line to the G+-line (as a measure of
the amount of nanotubes present) is used as an indicator of dam-
age. Whereas the ratio of D to G+-line is approximately constant
in the upper half of themapping, it is much higher in the lower half.
The intensities have been normalized to the strongest intensity of
the appropriate line, so that the areas of maximal intensity (coded
in white) correspond to (a) G+-line: 4200 counts, (b) G′-line: 1300
counts, and (c) D-line: 830 counts. The SWCNT/polymer-films have
to be peeled-off from the glass substrate, and, as the epoxy poly-
mer is a very good adhesive, this cannot be done without exerting
mechanical stress to the sample. Hence, some damage is expected
to occur to the nanotubes. We conclude from the line ratios that
Fig. 6 shows the TERM of an area of the sample that is largely un-
damaged in the upper half, but apparently has experienced some
damaging stress during the peel-off process in the lower half. Be-
cause the whole area is covered in polymer, the ‘visual’ detection
of structural damage due to stress inside this composite material
would be impossible.

Figure 7. Tip-enhanced Ramanmapping of a single-walled carbon nanotube network embedded in an epoxy/amine polymer. (a) G+-line, (b) G′-line, and (c)
D-line. The areas of maximal intensity (coded in white) correspond to (a) 4200 counts, (b) 1300 counts, and (c) 830 counts, respectively.
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Conclusion

In general, the properties of a polymer can be largely improved by
adding CNTs resulting in nanocomposites with high thermal and
electrical conductivity that also show extraordinary mechanical
strength (see, e.g. Ma and Zhang[26] and references cited therein).
However, the embedding prevents the examination of the CNT net-
work within the polymer composite by electron microscopic
methods. We used TERS and TERM for this purpose. While SEM im-
aging was used to ‘visualize’ SWCNTs sticking out of a polymer
composite material, TERS was used to map the first layer of a
polymer-embedded conductive network of SWCNTs underneath a
layer of pure polymer for the first time. Results show that impreg-
nating an existing SWCNT network with a polymer does not lead
to phase separation, as it appears from SEM images.
Moreover, using the ratio of the D- (‘defect’) line to the G+-line in

the SWCNTs tip-enhanced Raman spectrum, we succeeded in de-
tecting damage caused to the network’s tubes by mechanical
stress. This means that subjecting a composite sample to mechani-
cal stress leads to tube-breaking inside the polymermatrix that also
damages the CNTs’ and deteriorates the composite’s electrical
properties. Our results show that TERM can be used to successfully
identify and characterize the structural integrity of the SWCNTs un-
derneath a layer of pure polymer and provides valuable information
about homogeneity and stress-effects for a polymer composite.
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