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Optical Features of Vapor-Phase Epitaxial Re-Grown
Long Semiconducting Single-Walled Carbon Nanotubes
Pavel V. Fedotov,* Alexander I. Chernov, Ekaterina A. Obraztsova,
and Elena D. Obraztsova
The monodispersed long single-wall carbon nanotubes (SWCNTs) with
controlled morphology are promising in various research fields and many
applications, such as optoelectronics, nanoelectronics and recently upon
utilizing them as nanoreactors. In this work the long aligned semiconducting
single-walled carbon nanotubes as well as the extended semiconducting
nanotube networks are synthesized via a vapor-phase epitaxial (VPE) cloning
growth method. The semiconducting nanotubes are grown on ST-cut quartz
substrates using acetylene and ethanol as a precursors from the seeds of
sorted SWCNTs. According to the conducted study the length of the grown
nanotubes can reach up to 70 μm. The extensive optical study confirms the
preservation of SWCNTs chirality during re-growth from nanotube seeds and
the high quality of the obtained long semiconducting nanotubes. Polarization
dependent Raman demonstrates the high alignment degree of the re-grown
SWCNTs. In dense growth regime SWCNTs demonstrate strong Raman
response due to the smaller amount of defects. Such networks of SWCNTs
can be a good candidate for optoelectronic applications.
1. Introduction

The chirality control of single-walled carbon nanotube (SWCNT)
upon synthesis is an important issue due to the strong variation
of nanotube electronic and optical properties depending on its
structure.[1–3] In order to implement successfully carbon
nanotubes in optoelectronics and nanoelectronics one needs
to have a control over a nanotube conductivity type (semicon-
ducting/metallic), length and assembly morphology (aligned
nanotube array/nanotube percolating network). Much effort has
been put into chirality selective chemical vapor deposition (CVD)
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synthesis of SWCNTs.[4–11] Significant
progress was achieved in developing
various SWCNT sorting methods.[12–18]

However, controlling simultaneously chi-
rality of produced nanotubes and morphol-
ogy of nanotube assembly is still a
challenging task. One of the ways to obtain
the desired level of the SWCNT structure
control is a vapor-phase epitaxial (VPE)
growth method.[19–21] SWCNTs VPE
growth is based on a re-growth of nanotube
short seeds ideally with preservation of
nanotube chirality (cloning regime).[19] It
was demonstrated that one can obtain
long carbon nanotubes with chirality
preserved for several SWCNT species.[20]

It is also possible to obtain a nanotube array
alignment upon using the certain type of
substrates like ST-cut quartz.[20,21] How-
ever, the preservation of chirality of various
SWCNT species upon re-growth process
should be further studied in detail. Investi-
gation of nanotube arrays alignment
as well as the quality of produced SWCNTs should be performed
and improved in order to use the advantages of long identical
nanotubes.

In this work we show the formation of long individual and
bundled aligned semiconducting SWCNTs as well as a network
of long semiconducting SWCNTs containing no additional
catalyst for growth. The high quality of obtained nanotubes was
confirmed by Raman spectroscopy. The optical study demon-
strates preservation of SWCNT chirality during re-growth from
nanotube seeds and a low defects amount. The polarization
dependent Raman data reveal the high alignment degree of
SWCNTs for the single tube growth regime.
2. Experimental Section

As-grown HiPCO nanotubes were sorted over conductivity type
via a gel chromatography method to form semiconducting
SWCNT seeds.[15,16] In brief, SWCNTs were dispersed in a
sodium dodecyl sulfate (SDS) aqueous solution by tip sonication
followed by ultracentrifugation. The stable SWCNT dispersion
was poured through Sephacryl-gel column and subsequently
the semiconducting nanotube fraction was extracted with the
SC surfactant aqueous solution. The sorted SWCNTs were
deposited on ST-cut quartz substrates via a spin-coating
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Figure 1. The photoluminescence excitation spectral map of semicon-
ducting SWCNTs used as seeds for the VPE re-growth of nanotubes.
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technique. This nanotube deposition method was found to be
the most fast and clean of residual surfactants. To tune the
nanotube seeds density on a substrate the concentration of
SWCNTs in dispersion was varied.

The substrates with nanotube seeds were dried and
cleaned of residual surfactants during two steps: the
annealing in a mild Ar flow at 800 �C and the annealing
in air at 250 �С for 30min.

To activate SWCNT seeds the samples were pre-treated with
water vapor using a carrier gas consisting of Ar and H2 (300
and 60 sccm, respectively) at 400 �C for 3–5min. During the
temperaturerampingupstagea constantflowofH2 (60–100 sccm)
was introduced to ensure the H-passivation of nanotube tips.
Typically the re-growth of SWCNTs was carried out at 850 �C for
15min. using acetylene (5–15 sccm) and mixture of bubbled
ethanol andwater (ratio 4:1, respectively) kept at 0 �Cwith a carrier
gas consisting of Ar and H2 (300 sccm).

Multiple optical techniques were used for SWCNT character-
ization. The optical absorption spectra were measured in a 5mm
path length quartz cuvette using the UV-vis-NIR double-lined
spectrophotometer (Perkin-Elmer Lambda 950). The spectral
resolution was 0.5 nm in the 200–1500 nm (6.2–0.82 eV) spectral
range. The photoluminescence (PL) excitation maps were
recorded with a Horiba Jobin-Yvon “NanoLog-4” system
supplied with an InGaAs IR detector (850–1600 nm). For the
PL excitation maps the step between the excitation lines was
4 nm, while the total range was 300–800 nm. To identify
SWCNTs chirality types the PL measurements were fitted using
the previously reported procedures.[22,23]

TheRamanstudywasperformedwith a LabRAMHREvolution
spectrometer equipped with HeNe laser 632.8 nm (1.96 eV) and
diode laser532 nm(2.33 eV).Thespectral resolutionwas0.5 cm�1.
Additional Raman measurements were carried out using Ar ion
laserwithoperatingwavelengthsof488 nm(2.54 eV)and514.5 nm
(2.41 eV). The spectral resolution was 1 cm�1.

The polarization dependent Raman measurements were
performed with a Renishaw in via spectrometer using
the 532 nm laser light. A half-wave plate was used to rotate
the polarization of the incident light. The measurements were
performed in the VV configuration, where the incident light is
parallel to the scattered light.
Figure 2. The optical absorption spectra of semiconducting SWCNTs
(red) sorted from HiPCO SWCNTs (black) via a gel chromatography
method.
3. Results and Discussion

To obtain high purity semiconducting SWCNT seeds, HiPCO
nanotubes were sortied over a conductivity type via a gel
chromatography method. The high efficiency of sorting was
confirmed via combined optical methods. The photolumines-
cence excitation (PLE) spectral map of obtained semiconducting
SWCNT seeds is presented in Figure 1.

Peaks on PLE map can be assigned to SWCNTs of particular
chirality using common procedures.[22,23] We identified multiple
semiconducting nanotube chiralities which are typical to HiPCO
nanotubes: (9,4), (7,6), (10,2), (8,6), (8,4), (6,5), (7,5), (8,3), (9,5)
and other. The nanotube diameter range for identified SWCNT
chiralities is 0.65–1.1 nm. For sorted nanotubes one can observe
strong suppression of optical absorption in the spectral range
related to metallic SWCNTs though this range is partially
Phys. Status Solidi B 2019, 1800602 1800602 (
overlapping with the range related to semiconducting nanotubes
(Figure 2). We assigned all the features in the absorption
spectra to S11, S22, S33 excitonic transitions of semiconducting
nanotubes evaluated from PLE map. By fitting the optical
absorption spectrum (Figure S1, Supporting Information) using
common procedures we show that the sorting purity of the
obtained semiconducting SWCNTseeds is high and estimate the
quantity of residual metallic nanotubes to be below optical
quantification limits, roughly less than 1%.[24,25]

The advantages of using ST-cut quartz as a substrate and a
drop-casting method of depositing nanotube seeds for the VPE
growth of SWCNT have been reported by several groups. The
high smoothness of the annealed in air ST-cut quartz (roughness
is less than 1 nm) is beneficial for the growth of long nanotubes.
However, the procedure of drop-casting deposition of nanotube
seeds can take hours (or even days) and results in significant
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 6)
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Figure 3. The AFM image of semiconducting SWCNT seeds deposited on
ST-cut quartz via a spin-coating technique.

Figure 4. The optical image of a long semiconducting SWCNTs bundle
(a) and extended semiconducting SWCNTs network (b). In the insets –

typical Raman spectra recorded from the particular spot.
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amount of residual surfactants. We found that spin-coating
technique of depositing nanotubes on a substrate is more
promising as it is significantly faster (few minutes) and
noticeably cleaner in terms of residual surfactants. The typical
AFM image of SWCNT seeds deposited via a spin-coating
technique is presented in Figure 3. According to microscopy
study the nanotube seeds do not exceed 0.5 μm in length which is
expected as SWCNTs were separated and undergone a tip-
sonication procedure. Applying a spin-coating technique the
density of nanotube seeds can be controlled either by tuning the
parameters of spin-coating or by tuning the concentration of
SWCNTs in a suspension which we found to be more
convenient.

By tuning concentration of nanotubes in suspension on the
pre-depositing stage we developed the two typical regimes of
SWCNT VPE growth. When the density of nanotube seeds is low
– one can obtain long aligned SWCNTs or nanotube bundles
(Figure 4a) (the long individual nanotube growth regime was
obtained). The typical concentration of nanotubes in suspension
is below 0.1mgml�1. The re-grown nanotube length can exceed
70 μm.

When the density of nanotube seeds is high – one can
obtain conjugated networks of long SWCNTs. The typical
concentration of nanotubes in suspension in this case is
above 1mgml�1 (Figure 4b). The typical lateral size of such
networks can exceed hundreds of microns. We assume that
the size of nanotube network is basically limited by the
area of high density nanotube seeds. The typical SEM image
of re-grown semiconducting SWCNTs network is presented
in Figure 5.

The re-grown semiconducting SWCNTs have fine high
intensity Raman features (Figure 6 and Figure S2, Supporting
Information). Typically the D/G ratio is very small below 0.04
(at 632.8 nm excitation) and below 0.06 (at 532 nm excitation)
Phys. Status Solidi B 2019, 1800602 1800602 (
which implies a low defect concentration in re-grown
nanotubes. The D/G ratio of re-grown SWCNTs is even lower
than in nanotube seeds which is typically 0.06 (at 632.8 nm
excitation) and 0.09 (at 532 nm excitation). We attribute such
results not to healing of nanotube seeds but rather to
elongation. The tips of a nanotube are natural defect sites that
contribute to the D-mode intensity and, therefore, one can
expect smaller D/G ratio for a longer nanotube. The re-grown
SWCNTs have multiple RBM peaks related to different
nanotube chiralities. Based on multi-wavelength Raman
study one can notice that all the chiralities of SWCNTs
identified from RBM of the re-grown nanotubes are present in
the deposited semiconducting nanotube seeds. We did not
register new RBMs in the re-grown nanotubes. So we assume
that the cloning regime of nanotube growth was successfully
achieved.

At the same time the relation between intensities of RBMs
assigned to different nanotube chiralities is slightly altered. The
near armchair SWCNTchiralities especially (9,8), (8,7), and (6,4)
have higher intensity RBMs for the re-grown nanotubes. We
attribute such effect to the difference in the growth speed of
SWCNTs of different chiralities which is in agreement with
previously reported results. Other equal armchair and near
armchair SWCNT chiralities have higher growth speed as they
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 6)
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Figure 5. The SEM image of the semiconducting SWCNT network re-grown from the high
density nanotube seeds.
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do have relatively more active sites for acetylene molecules to
incorporate into nanotubes. As a result, such nanotube species
can reach higher overall length.

In case of the low density SWCNTs seeds regime one can
obtain highly aligned nanotubes, being individual or within a
nanotube bundle. The alignment of re-grown nanotube
on microscopic level was confirmed via a polarization
dependent Raman study. The typical Raman spectra of the
Figure 6. The typical Raman spectra of the re-grown semiconducting
SWCNTs comparing with spectra of the nanotube seeds. The spectra are
normalized to G-mode intensity: excitation 532 nm (a) and excitation
633 nm (b).

Figure 7. The Ra
SWCNTs under d
diagram dependi
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synthesized aligned nanotubes under differ-
ent orientation of polarized light in the
relation to direction of SWCNT alignment
are presented in Figure 7a. The light polari-
zation dependent G-mode intensity diagram
is presented in Figure 7b. The intensity of the
Raman signal for our experimental configu-
ration can be given as

I θð Þ ¼ A1

Z π=2

�π=2
A2exp � φ2

2σ2

� �
cos4 θ� φð Þdφ

where θ is the angle between the predominant

nanotube alignment direction and the incident light polariza-
tion, while ϕ is the angle between the nanotube axis orientation
and the incident light polarization, and σ is the half-width
man spectra of the re-grown aligned semiconducting
ifferent light polarization (a) and the G-mode intensity
ng on the light polarization angle (b).
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Gaussian angular distribution of the alignment.[26,27] Perform-
ing the fit gives the values of σ that equals 7–9 degrees,
depending on the test spot. The quality of alignment is similar to
the self-assembly methods and epitaxial growth on the terrace
substrates.[27] The re-grown semiconducting SWCNTs demon-
strate the high alignment that is attributed to the growth
direction that is favored along the st-quartz terraces. However,
the dense seeds concentration results in the formation of dense
nanotube networks that loss the alignment.

To our knowledge this is the first time conjugated networks of
long semiconducting SWCNTs were synthesized via a Vapor
Phase Epitaxial method. We attribute the obtained results to a
spin-coating nanotube seeds deposition method and to a mild
seeds oxidation treatment. Such combination provides high
density SWCNT seeds that are free of surfactants. We
also highlight the importance of etching agent for defect free
re-growth of long nanotube networks. In our case we used
ethanol and water vapor during the growth stage together with
the sufficient amount of the main precursor – acetylene. The
long individual semiconducting nanotubes with the strong
optical signals can serve as the reference model for the testing of
the excitonic properties of hybrid materials created by filling
channels of SWCNTs.[28,29]
4. Conclusions

The long aligned semiconducting single-walled carbon nano-
tubes as well as extended semiconducting nanotube networks
were synthesized via a vapour-phase epitaxial (VPE) cloning
growth method. The length of the re-grown semiconducting
SWCNTs can reach 70 μm while the lateral size of semiconduct-
ing SWCNTs networks exceeds several hundred μm. The high
purity and quality of semiconducting nanotubes were confirmed
based on Raman study: a high intensity SWCNTs G mode and
RBMs, no evidence of metallic features, a low D/G ratio. The
high alignment degree of re-grown semiconducting SWCNTs on
micro scale was confirmed via a polarization dependent Raman
data demonstrating the characteristic alignment angle of 7–9
degrees.
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