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single-walled carbon nanotubes in bundles†
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Steffen Schulze,d David Adner,e Sascha Hermann,bc Michael Hietschold,d

Heinrich Lang,be Stefan E. Schulzbcf and Dietrich R. T. Zahnab

Single-walled carbon nanotubes (SWCNTs) were decorated withmetal nanoparticles. Using a complementary

analysis with spatially resolvedmicro-Raman spectroscopy, high resolution transmission electronmicroscopy,

electron diffraction, and tip-enhanced Raman spectroscopy, we show that the SWCNTs form bundles in

which smaller diameter SWCNTs are the ones preferentially affected by the presence of Au and Ag

nanoparticles. This result is exploited to evaluate the structural organization of SWCNTs with mixed

chiralities in bundles, leading us to postulate that smaller diameter SWCNTs surround larger ones. We

found that this effect occurs for very distinct scenarios including SWCNTs both in nanometer thin films and

in field effect transistor configurations at the wafer-level, suggesting a universal phenomenon for SWCNTs

deposited from dispersions.
Introduction

Single-walled carbon nanotubes (SWCNTs) have remarkable
properties that render them ideal nanoelectronic constituents1

for technological applications, e.g. in high-frequency elec-
tronics2–4 and sensorics.5–7 The conceived components comprise
transistors with channels formed by ultra-dense SWCNT
arrays2,4,5 or networks,3,5,6 or based on individualized (i.e., de-
bundled) SWCNTs.5,7,8 Recently, these developments led to the
construction of an entire computer.9 Additional device func-
tionality and enhanced performance could be accomplished by
decorating SWCNTs with plasmonic nanoparticles for opto-
electronic applications.10 The idea is that coupling light with
metal nanoparticles would induce electron transfer to or from
the SWCNT due to the plasmonic excitation thus changing the
transfer characteristics of the SWCNT eld-effect transistor
(CNT-FET).11,12 With Raman spectroscopy we discovered that
nanoparticles on SWCNT lms and CNT-FETs affect particular
carbon nanotube chiralities. In view of this observation, we
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investigated the possibility to probe the outer shells of bundles
by analyzing the inuence of metal nanoparticles on their
Raman spectra. The chirality of a nanotube determines its
fundamental physical properties, and the knowledge of it allows
a realistic simulation of SWCNT and a proper comparison to
experimental results.13 From the chemical and functionaliza-
tion point of view, being able to identify which nanotubes lay at
the outer layer of bundles is an important achievement since
these SWCNTs are the ones directly interacting with the envi-
ronment. Moreover, this information is critical for device
functionalization, e.g. engineering of SWCNT devices for
sensing applications.14,15
Experimental methods

In our study, we experimentally compare the Raman spectra of
(i) aligned SWCNT lms in CNT-FET device geometry and (ii)
SWCNT network lms both (a) in the pristine state and (b)
decorated with metal nanoparticles. Two different functionali-
zation protocols, i.e. microuidic decoration (case i) and elec-
trochemical deposition (case ii) were employed to exclude
chemical effects. Au and Ag nanoparticles were selected on the
basis of established decoration protocols. Both metal systems
are plasmon-active under light excitation in the visible range.16

In the CNT-FETs used in this study, the source/drain
patterns were produced using standard microfabrication tech-
niques. In this transistor conguration, a back-gate electrode is
formed by the p-doped silicon substrate. In detail, the silicon
wafers (p-type, (100); e.g. Si-Mat 044GN1, MEMC) with 200 nm
thermal oxide, were cleaned andmetallized with a sophisticated
pattern of Pd electrodes (width: 2 mm, gap distance: 0.8–1.6 mm).
RSC Adv., 2016, 6, 15753–15758 | 15753
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Fig. 1 (a) Raman spectrum from a SWCNT thin film under 514.7 nm
laser excitation. The typical Raman bands and the corresponding
vibrations are shown. (b) RBM region deconvoluted in four individual
peaks which indicate the contribution of SWCNTs with different
chiralities. (c) Kataura plot obtained for Raman scattering by the RBM
mode using several laser excitations. Vertical black lines represent
SWCNTs in the nominal diameter window 1.2 to 1.6 nm.
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The sequence of standard microfabrication techniques further
comprised wet cleaning, annealing, photolithography, dry
etching, oxidation, wet etching, HF etching, Al sputtering, Pd
electron beam deposition, and li off.17 The individual or small-
bundled SWCNTs were deposited and electrokinetically aligned
between the electrodes18,20 and consequently functionalized19 to
form a tunable transistor channel. The deposition and align-
ment of the SWCNTs were performed from aqueous dispersions
of SWCNTs (Nanointegris Inc., >98% semiconducting, length
ca. 2 mm) prepared according to a previous protocol including
homogenization and debundling in sodium dodecyl sulfate
(SDS, Sigma Aldrich, ACS/BioXtra grade or comparable) dis-
solved in deionized water (18 MU cm), followed by ultra-
sonication (Sonotrode KE76, Bandelin) and centrifugation (2 h
at 55 000g).20 For functionalization of CNT-FETs at the wafer
level, Au nanoparticles were synthesized according to the
procedure by Lang and co-workers19,21 and for deposition a so
organosilicon stamp with a channel-like opening towards the
silicon wafer was aligned over the CNT-FET structures and
supplied with microuidic tubing. A microsyringe pump with
a controllable ow rate of a few to several hundred mL per
minute was used to guide the dispersion of Au nanoparticles
over the CNT-FETs.19

The SWCNT lms were produced according to the procedure
reported by Wu et al.22 High-resolution transmission electron
microscopy (HRTEM) was performed on several SWCNT bundles
prepared from liquid dispersions dried on a carbon-coated
copper grid. A Philips CM20FEG electron microscope with
Schottky emitter was operated at 200 kV for imaging and electron
diffraction. Scanning electron microscopy measurements were
performed using a NovaNanoSEM 200microscope from FEI. The
SWCNT lm was transferred to a mica substrate with an evap-
orated layer of gold (ca. 100 nm). The Kataura plot was adapted
from literature,23,24 and updated with experimental data acquired
using two Raman spectrometers, Dilor XY with Kr+ laser lines
and a LabRamHR800 with 325.0, 514.7, and 632.8 nm excitation
laser lines. The characterization of CNT-FET structures was
carried out with a Horiba Raman Spectrometer LabRam HR800
with 100� objective (N.A. 0.9). Diffraction gratings of 600 l mm�1

and 2400 l mm�1 provide a spectral resolution experimentally
determined of 3.1 and 0.8 cm�1, respectively under l ¼ 514.7
nm. Raman spectroscopy and Raman imaging were performed
using a solid state laser with 514.7 nm wavelength.

Ag nanoparticles were electrochemically grown on a SWCNT
lm under a bias of 1 V, with an Au coil acting as a counter
electrode, and an aqueous solution of AgNO3 as the Ag source.

Tip-enhanced Raman spectroscopy (TERS) experiments were
performed in side-illumination/side-collection conguration
(Agilent 5420 AFM coupled to a LabRam spectrometer). The
electrochemically sharpened Ag tips and setup used were
described previously.25

Results and discussion

When SWCNTs stretch radially due to lattice vibrations a band
appears in the Raman spectra in the low frequency range
(typically 100–400 cm�1). This is the so-called radial breathing
15754 | RSC Adv., 2016, 6, 15753–15758
mode (RBM) shown in the Raman spectrum in Fig. 1a and b.
The tube diameter is inversely proportional to the Raman shi
of the RBM (the higher the Raman shi, the lower the tube
diameter and vice versa). In addition to the RBM region, Fig. 1a
shows the higher-frequency Raman modes that are typical for
SWCNTs.26 The D band around 1350 cm�1 only appears when
defects are present.27 The G band is characteristic for all carbon
materials with sp2 hybridization. This band around 1590 cm�1

splits into two, G� and G+ in carbon nanotubes due to the tube
curvature that gives rise to longitudinal optical (LO) and
transverse optical (TO) phonons for vibrations along and across
the tube axis, respectively.28 The intensity ratio (i.e. the peak
maxima) between the D and G bands gives an indication of
defect concentration. The 2D band around 2700 cm�1, also
known as G0, provides information on doping due to its high
sensitivity to perturbations of the SWCNT electronic structure.28

A very signicant part of the Raman spectra and the most
important for this work concerns the RBM region. The analysis
of the RBM bands under different excitation wavelengths
provides information on the carbon nanotube chiralities and
chirality families related to the electronic transition energies
(Eii) under resonance conditions.29 A complete picture of the
optical transition energies of the SWCNTs and their depen-
dence on diameter and chirality can be given in form of
a Kataura plot.30 Fig. 1c shows such a plot depicting the tran-
sition energies as a function of the Raman shi, with semi-
conducting and metallic SWCNT families indicated by circles
and squares, respectively. By using different laser excitations
that matched the optical transitions we were able to comple-
ment the theoretical Kataura plot with our experimental values.
The laser excitations used in our work are indicated in Fig. 1c by
horizontal colour lines matching a given SWCNT electronic
transition, Eii. The fulllment of this resonance condition leads
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Raman spectra averaged over regions with and without Ag
particles on a CNT film. (b) Zoom in the RBM region. (c) Ramanmap of the
intensity ratio between the RBM bands (156–164 cm�1 to 177–188 cm�1)
shown in (a). The spectrum with Ag particles was obtained from clusters
numbered from 1 to 10, while the pristine CNT film spectrum was ob-
tained from the average inside the dashed rectangle. In the inset is shown
a characteristic SEM image of Ag particles on a reference Pt substrate; the
Ag particles were grown under the same conditions as on the CNT film.
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to the appearance of RBM peak(s) in the Raman spectra at
dened wavenumbers, like the four bands deconvoluted in
Fig. 1b. Due to small phonon soening in metallic tubes (but
not for semiconducting ones), the RBM position is only weakly
affected by external parameters such as temperature, pressure,
or environment.31 Wewould like to stress here that in this study,
we employed a laser line which is in resonance solely with
semiconducting SWCNTs and, thus, do not expect to observe
any shi of the RBMs. In contrast, the RBM intensity is highly
sensitive to external changes and the CNT environment due to
the coupling of RBM with electronic transition energies Eii.

It is already well-known from Dai, Smalley, and co-workers32

that SWCNTs form superstructures such as solids, bers, ropes,
or bundles. They can comprise 100 to 500 individual SWCNTs,
arranged in quasi-one-dimensional triangular arrays with
a hexagonal lattice constant.32 However, this aggregate forma-
tion is oen considered detrimental as it limits, for instance,
the performance of the SWCNT devices. The particular internal
structure of these superstructures, i.e. SWCNT morphology and
the spatial location of different SWCNT chiralities in the
bundle, were not explored until now. The reasons for this open
issue are related to the limitations of current analytical
methods. In general, bundles of nanotubes can be treated as
a colloidal system, for which coagulation, i.e. the aggregate
formation of its constituents, is driven by the relative interplay
between attractive van der Waals interactions and repulsive
barrier mechanisms, e.g. electrostatic interactions.8 In order to
improve this situation and provide unprecedented insights on
the bundle morphology, we combined different analytical
methods that together offer complementary information on the
bundle structure of SWCNTs. In particular, we expect that the
tubes lying on the outer shell of the bundle will be mostly
affected by the change of environment, i.e. the RBM intensity
obtained from Raman analysis will change. Therefore, the
analysis of RBM intensity changes upon decoration with metal
nanoparticles gives an indirect way to determine which
SWCNTs are located at the outer layers. Notably, we found that
the SWCNTs arrangement in bundles is not random. Fig. 2
shows the micro-Raman spectroscopy analysis of a SWCNT lm
functionalized with electrochemically grown Ag nanoparticles.
Here we used samples with electrochemically grown metal
nanoparticles on SWCNT networks as a reference system since
this approach excludes the inuence of additional solvents
involved in the microuidic deposition. We relied on Ag nano-
particles in favour of Au as the protocol for electrochemical
deposition of Ag particles is better established in our group33

and both material systems show a signicant plasmonic
response in the visible range. Fig. 2a shows the average Raman
spectra over two different regions, with and without Ag parti-
cles. A zoom-in of the RBM range is shown in Fig. 2b. The RBM
intensity ratio map presented in Fig. 2c was obtained from the
bands marked by rectangles in Fig. 2a (zoomed in Fig. 2b), in
the spectral ranges 156–164 cm�1 and 177–188 cm�1.

These RBM frequency regions correspond to SWCNTs with
diameters between 1.5–1.6 nm and 1.3–1.4 nm, respectively.
The different regions are indicated in the Raman map of the
RBM intensity ratio in Fig. 2c, where the Ag clusters are
This journal is © The Royal Society of Chemistry 2016
numbered from 1 to 10, while the particle-free pristine region is
indicated by the white dashed frame. The characteristic Ag
nanoparticles observed by SEM on a Pt lm are shown as an
RSC Adv., 2016, 6, 15753–15758 | 15755
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inset in Fig. 2c. It is evident from Fig. 2b that the intensity of
RBM bands at higher frequency decreases aer Ag particle
functionalization. The contrast increase at the Ag clusters in the
RBM intensity ratio map in Fig. 2c clearly reveals the selective
modication of specic SWCNTs. By employing the Kataura
plot (Fig. 1c), we can deduce which chirality families correspond
to those RBM bands with decreased intensity. The intensity of
bands above 170 cm�1 decreased when in contact with Ag
particles, while SWCNTs with RBMs below 170 cm�1 retained
their intensity relative to the G+ band. The two possible expla-
nations for this effect are either (i) that there is a change in the
dielectric constant of the environment aer metal nanoparticle
functionalization or (ii) that the silver nanoparticles induce
charge transfer to/from the SWCNT and the plasmonic nano-
particles. Atomic force microscopy and electronmicroscopy and
electron diffraction observations show that the SWCNTs in
lms arrange in bundles. Therefore, these results imply that
those SWCNTs affected by Ag nanoparticles are located at the
outer shell of bundles screening the SWCNTs at the core. This
interpretation is coherent with high-resolution transmission
electron microscopy (HRTEM) and electron diffraction results
shown in Fig. 3.

Fig. 3a and b show HRTEM images of SWCNTs deposited
from dispersion on a carbon grid; the CNT bundle formation is
directly veried at this resolution. The electron diffraction
presented in Fig. 3c was obtained from an area of 170 � 170
nm2. The in-plane reections from the 2D carbon lattice result
in the maxima observed at 29.5 nm�1, 51.1 nm�1, and 58.7
nm�1 along the bundle axis (Fig. 3c and d).34 The intensity
distribution I(q) in the diffraction pattern of a single SWCNT
perpendicular to the ber axis depends on the tube diameter
Fig. 3 (a) and (b) High resolution transmission electron micrographs
showing examples of SWCNT in bundles. (c) Electron diffraction shows
characteristic maxima from SWCNT along the crystallographic direc-
tion defined by the bundle axis. (d) Intensity distribution along the red
arrow in (c) and its comparison with a Bessel distribution considering
bundles formed by SWCNTs of 1.4 and 1.5 nm diameters.

15756 | RSC Adv., 2016, 6, 15753–15758
according to I(q) � (J0(qr))
2, with J0 being the zero-order Bessel

function.34,35 Fig. 3d shows the intensity distribution perpen-
dicular to the bundle axis determined from the experimental
data in comparison with calculations of the Bessel distributions
for SWCNTs with 1.4 nm and 1.5 nm diameters. In this way
a good agreement is found that also veries the Raman results.
In conclusion of these ndings, the HRTEM and electron
diffraction observations conrm that the SWCNT form bundles
and that these can be modeled as composed of SWCNT with
diameters from 1.4 to 1.5 nm. Going beyond SWCNT lms, we
extended this analysis to SWCNTs integrated horizontally at the
device level to investigate the bundle structure. The CNT-FET
structure shown as an optical image in Fig. 4a and as a sche-
matic drawing in Fig. 4b was characterized with atomic force
microscopy (AFM), scanning electron microscopy (SEM), and
micro-Raman spectroscopy before and aer decoration with
gold nanoparticles. The AFM observations of the device before
and aer functionalization in Fig. 4c and d show the successful
decoration of the SWCNT by Au nanoparticles. We also observed
that the nanoparticles attach preferentially to the SWCNT
bundles rather than to the SiO2 substrate or Pd electrodes
(Fig. 4d).18 This effect can possibly be ascribed to the interaction
between Au and the remaining surfactant molecules on
SWCNTs but is currently subject of further investigations.

The Raman spectra of the same device before and aer
functionalization are shown in Fig. 4e. Usual procedures for
functionalization of graphene or carbon nanotubes have the
drawback of introducing defects. However, a signicant result
of the present work is the negligible change in defect
Fig. 4 (a) Top view optical microscopy image of the CNT-FET struc-
ture. (b) Schematic of the CNT in the channel of the device aligned
along the Pd electrodes. Atomic force microscopy imaging of the
CNT-FET device before (c) and after (d) decoration with Au nano-
particles. (e) Raman spectra in the RBM, D, and G regions before (red)
and after (blue) functionalization. The spectra are normalized to the G+

band intensity.

This journal is © The Royal Society of Chemistry 2016
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concentration aer functionalization as evidenced by
a constant D/G bands intensity ratio.

In the RBM region, we observe the overall intensity decrease
of all modes. This overall intensity decrease can be attributed to
the physical screening of SWCNTs by Au nanoparticles. Simi-
larly, for the case of thin lms, in Fig. 4e we also observe the
selective decrease in the RBM intensity around 180 cm�1 for the
CNT-FET device functionalized with Au nanoparticles.

This plasmonic effect is expected to play an important role,
especially in the case of Au nanoparticles where the plasmon
resonance closely matches the laser excitation used (see ESI†).
In order to rule out one of the mechanisms, the effect of
a localized interaction was investigated using tip-enhanced
Raman spectroscopy (TERS). We consider that a TERS tip
(apex: 20–50 nm) interacting with aligned but non-
functionalized SWCNTs in CNT-FET geometry makes a model
for a hybrid system consisting of a plasmonic nanoparticle and
a SWCNT bundle. The TERS tip in AFM even allows controlling
the local interaction with SWCNT at the nanometer scale.36 The
RBM region was mapped in TERS over the non-functionalized
CNT-FET device as shown schematically in Fig. 5a. We
Fig. 5 (a) Schematics of the TERS experiment in side-illumination/
side-collection using a Ag tip. (b) AFM image and TERS scan direction
(c) TERS spectra obtained in a line scan performed on a non-func-
tionalized SWCNT-FET. Thermal drift induces the intensity decrease at
the end of the scan (position ca. 0.15 mm).

This journal is © The Royal Society of Chemistry 2016
observe noticeable changes in the RBM intensity in TERS at the
interface between the Pd electrode and the SiO2 channel. The
AFM image of the structure measured in TERS along with the
direction and region of the line scan is shown in Fig. 5b. The
TERS result in Fig. 5c shows that the change in environment
between the Pd electrode and the SiO2 channel has a similar
impact on the RBM intensity as do metal nanoparticles in the
results discussed above. This result can occur as a direct effect
of dielectric function change on RBM intensity or the effect of
the substrate dielectric function on the intensity of the electric
eld created at the Ag tip apex due to an image dipole effect. The
rst one is the most likely reason behind the RBM changes in
TERS since the change of electric eld due to different substrate
(Pd vs. SiO2) would affect the whole volume of the bundle rather
than only the outer layer. Notice that in the TERS results in
Fig. 5c the RBM intensity ratio is much lower than in the micro-
Raman experiments shown in Fig. 4e. This difference is due to
the continuous and strong interaction between metallic tip and
CNT bundle that changes the resonance conditions of smaller
diameter SWCNT.

The micro- and nano-Raman spectroscopy results are
consistent with the interpretation that a particular CNT chirality
is affected by the change in local environment. Therefore, we
expect that those SWCNTs at the outer shell will be more
affected by the environment change compared to those located
at the inner shell. From these experimental observations we
deduce that small diameter SWCNTs constitute the outer shell
of bundles, while SWCNTs with larger diameters remain located
in the bundle core. From the analysis of the RBM bands affected
by Au nanoparticles, and with the aid of the Kataura plot in
Fig. 1c, we can identify the possible SWCNT chiralities as (22, 2)
and (21, 2), as well as others with diameters in the range of 1.2–
1.6 nm. This result has signicant implication on the func-
tionalization of SWCNT-FET since any chemical processing,
functionalization, and doping can be targeted specically to
those chiralities. It also implies that, when modeling the CNT–
electrode interfaces, these ones are the SWCNT chiralities
responsible for contact resistance and Schottky barriers.

Conclusions

In summary, decoration of single-walled carbon nanotubes
(SWCNTs) with metal nanoparticles was conducted for SWCNT
network lms and SWCNT wafer-level eld-effect transistors.
HRTEM and electron diffraction show the formation of bundles
that can be described by SWCNTs with a diameter distribution
of 1.4 and 1.5 nm. Resonance Raman spectroscopy veries the
coexistence of several chirality families with nominal diameters
varying in the range between 1.2 and 1.6 nm. Changes in the
intensity of radial breathing modes before and aer function-
alization demonstrate that some specic SWCNT are most
affected by Ag and Au nanoparticles. These SWCNT correspond
to those with the smaller diameters in the bundle. We attribute
the change in RBM intensities to the environmental change
induced by the SWCNT-nanoparticle interaction. This hypoth-
esis is supported by TERS results showing that different envi-
ronments at the Pd/SiO2 interface also contribute to changes in
RSC Adv., 2016, 6, 15753–15758 | 15757
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RBM for SWCNT with the smaller diameter. The methodology
demonstrated here allows a rapid and convenient identication
of the SWCNTs located at the outmost bundle layers, which
ultimately determine the device properties. The systematic
investigation of different scenarios for which changes in RBM
were observed: SWCNT lm/Ag nanoparticles, SWCNT-FET with
Au nanoparticles, and SWCNT-FET with a single Ag particle in
the form of a TERS tip demonstrate a universal arrangement for
bundles formed from dispersions. Our results open now a new
question: what is the driving force that makes SWCNTs aggre-
gate in the way evidenced in this work?
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