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Abstract Carbon nanotubes represent one of the most unique one-dimensional
material in the field of nanotechnology. Because of their unique one-dimensionality
combined with structure-related electronic and optical properties, single-walled car-
bon nanotubes exhibit rich physics and attractive applications. Through the overview
of the typical spectroscopy such as absorption/Rayleigh scattering, photolumines-
cence spectroscopy and resonance Raman spectroscopy, we summarize recent efforts
in probing and modulating excitonic features of individual single-walled carbon nan-
otubes. Finally, we will also discuss the recent advances in the study of single-walled
carbon nanotubes for future application in photonics.

5.1 Introduction

The last thirty years have witnessed intensive research on carbon nanotubes since
the first paper published by Sumio Iijima [1]. The electrical and optical properties
of a nanotube depend sensitively on the precise tube structure, which can vary from
semiconducting to metallic with the slightest change of chiral index. This richness
and diversity of carbon nanotubes make them appealing for a variety of very differ-
ent applications. Although applications based on semiconducting properties of the
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single-walled carbon nanotube (SWCNT) [2] are still on the way, research on their
conductive, mechanical and thermal properties have developed to a certain level.

Especially, spectroscopic characterization of individual SWCNTs have rapidly
developed since the resonant Raman spectroscopy of SWCNTs was first measured
in 1997 [3]. The strong resonant features of Raman spectra were determined [4],
and radial breathing mode (RBM) peak was first used for chirality assignment of
individual SWCNTs on substrates in 2002 [5]. Based on this, Kataura plot relating
the energy of the band gap and the diameter of carbon nanotubes has been established.

Another spectroscopy technique, photoluminescence (PL) spectroscopy, was also
introduced for micelle-suspended SWCNTSs in 2002 [6]. It quickly become an essen-
tial tool for the determination of chirality distribution of semiconducting carbon
nanotubes, in particular for the development of the chirality separation techniques
by density-gradient ultracentrifuge (DGU) [7], DNA-based dispersion [8], and gel-
chromatography [9]. Soon after, the strong PL from individual SWCNT were studied
[10]. Recently, combining with silicon based photonic crystals [11] and defect-based
color-centers, single-photon emission of individual SWCNTSs were also detected.

In addition, SWCNTSs can be probed optically by elastic light scattering. This
effect forms the basis of a technique, termed Rayleigh scattering spectroscopy, for
the study of individual nanotubes [12]. Spectroscopic information on the electronic
transitions of both semiconducting and metallic nanotubes obtained by measuring the
elastic scattering cross section as a function of photon energy is another breakthrough
in the optics research of SWCNTs [13].

Until recently, optical spectroscopy has developed as a metrology technique (char-
acterization of samples) rather than a unique application for photonic devices. Since
chirality specific growth of SWCNT is still a challenge, chirality separation tech-
niques of micelle-dispersed nanotubes are developed along with absorption, PL, and
Raman spectroscopy. In addition, people have enjoyed the rich and peculiar physics
of the 1D nanomaterial such as strong environmental effect and strong Coulomb
interactions which influence spectroscopic features of SWCNT since the typical size
of excitons is much larger than the diameter of SWCNTs. In this review, to concen-
trate on the pristine optical features of SWCNTSs, we mainly focus on spectroscopy
and photonics of individual SWCNTSs. After a quick summary of absorption, PL, and
Raman optical techniques, we will discuss recent advances in double-walled carbon
nanotubes, hetero-nanotubes, Luttinger-liquid plasmons and coupling to silicon pho-
tonic devices. This review presents an overview of optical spectroscopy of SWCNTs
for future application in photonics.

5.2 Optical Spectroscopy of Single-Walled Carbon
Nanotubes

A SWCNT can be viewed as a hollow cylinder formed by rolling up a graphene
sheet, and its geometrical structures can be uniquely defined by its chiral index
(n, m) [14, 15]. In the zone-folding approach, without considering the many-body
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coulomb interactions, the electronic structure of carbon nanotubes can be obtained by
cutting the Dirac cone of graphene with a series of parallel k lines [14, 15] (Fig.5.1).
For those nanotubes with chiral index mod (n — m, 3) =0, one of the parallel k-lines
passes through the Dirac point in graphene, resulting in metallic properties. Other
nanotubes with mod (n — m, 3) =1 and 2 are semiconducting ones; named mod1 and
mod2, respectively. It’s worth noting that some people categorize semiconducting
SWCNT based on mod (2n +m, 3) =1 and 2 as ‘type-I’ (‘SI” or ‘mod 2’) and
‘type-1I’ (‘SII” or ‘mod 1”), respectively.

In the Brillouin zone of nanotubes, each parallel k-line describes one pair of
conduction and valence sub-bands. Given that those parabolic sub-bands provide a
series of singularities in the electronic density of states, transitions between sub-
band pairs lead to strong optical resonances, which are traditionally labeled as S;;
for semiconducting and M;; for metallic nanotubes, where i is the sub-band index
(Fig.5.2).
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Fig. 5.1 Electronic structure of single-walled carbon nanotubes. The cutting lines and dispersion
are drawn for (7,5) SWCNT. Part of the drawings are courtesy of Prof. Yuhei Miyauchi at Kyoto
University and Mr. Kaoru Hisama at UTokyo
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Fig. 5.2 Density of states and excitonic pictures. a Dispersion and density of states for (7,5). b
Exciton binding energy. ¢ Typical PL process
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The origin of those distinct optical resonances in carbon nanotubes not only stem
from the van Hove singularities, but also from strong excitonic effects. In the one-
dimensional (1D) SWCNTs, an electron-hole pair can form a bound state known
as exciton. Optical transitions are more accurately described as the generation and
recombination of excitons [16]. The traditional labels S;; and M;; are still consistent
with the excitonic picture since the same sub-bands constitute the excitonic states
(Fig.5.2b).

Excitons in carbon nanotubes are characterized by large binding energies, exceed-
ing 700 meV for a 1 nm diameter pristine tube [17]. The excitonic states are therefore
stable at room temperature, in contrast to conventional bulk semiconductors where
excitons with binding energy of tens of meV can only be observed at low tem-
peratures [18]. The large binding energies result from weak dielectric screening of
the Coulomb interaction; the atomically thin structure of the nanotubes offers weak
screening to start with, and the 1D geometry further limits any screening effects [19].

These enhanced light-matter interactions give rise to abundant phenomena that
can be probed by optical microscopy and spectroscopy, i.e. direct photon absorption
[16, 20, 21], elastic/inelastic scattering of photons (Rayleigh/ Raman scattering) [ 16,
22-24] and luminescence from either optical or electrical excitation [25-31] (fluo-
rescence or electroluminescence). Since optical transitions of SWCNTs are closely
related to their geometrical structures, these high-throughput and non-invasive opti-
cal techniques have been widely used to characterize their chirality and to probe the
physical properties of carbon nanotubes in the past thirty years [13].

Rayleigh scattering, which provides information about the nanotube structure
through resonant enhancement of the elastically scattered light when the photon
energy matches that of an electronic transition, has emerged as a characterization
technique for individual SWCNTSs. Rayleigh scattering techniques measure an abso-
lute signal instead of a fractional change and uncover the optical properties of individ-
ual nanotubes. Optical absorption, in contrast, is challenging because single tubes
change the intensity of the incoming light by 107> — 10~*. To solve this, high-
contrast polarization microscope has been developed for absorption measurement
of individual nanotubes suspended or on substrate. The basic principle and related
exploration of absorption/Rayleigh scattering of individual SWCNTs will be dis-
cussed in Sect.5.3.

Photoluminescence excitation (PLE) spectroscopy is a widely used optical tech-
nique for studying SWCNTs, especially for performing chirality assignments through
determination of the absorption and emission energies [6, 15, 32-35]. In addition,
PL spectroscopy is a non-intrusive technique that can be performed on as-grown air-
suspended individual nanotubes without further sample processing, ideal for charac-
terizing the pristine material. By automating the measurement system, few thousand
nanotubes can easily be characterized, allowing for chirality-on-demand measure-
ments. More details of PLE spectroscopy for air-suspended individual SWCNTSs will
be reviewed in Sect. 5.4.

Resonant Raman scattering spectroscopy of SWCNTs [24] is regarded as the
most powerful characterization tool for SWCNT samples. Even from bulk samples,
characteristic peaks of phonon features such as G-band D-band, RBM peaks, and
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2D-band (G’) can be observed. Because RBM frequency directly corresponds to the
diameter of SWCNTSs, diameter distribution of bulk samples can be roughly esti-
mated by Raman measurements. However, the strong resonant condition depending
on excitation laser sometimes hinders the interpretation. The coupling of excitons
and phonons has been the central research topic of physics and also metrology. D-
band which comes from the double resonance process possible with defects in the
hexagonal lattice is a good indication of the quality of SWCNTSs. Spectroscopy of
individual SWCNTSs makes the chirality dependent G*, G~ features much clearer.
Because transition energy and Raman frequency are sensitive to the surrounding
environment, discussion of the environmental effect on Kataura plot is crucially
important. Details will be discussed in Sect.5.5.

Although more than a quarter century’s intense research and exploration for their
distinctive physical properties and potential applications, spectroscopy of carbon
nanotubes remain an active research field with many surprises, and opportunities.
Recently, the interlayer coupling, modulation of electronic structure and phononic
structure of double-walled carbon nanotubes (DWCNTs) has been explored. In addi-
tion, hetero-nanotubes based on SWCNTs, like SWCNT surrounded coaxially by
hBN nanotube or transition metal dichalcogenides (TMD) nanotubes, give excit-
ing spectroscopy results. Besides, Luttinger-liquid plasmons has been revealed by
near field spectroscopy of both metallic and semiconducting SWCNTSs. Furthermore,
SWCNTs coupled with silicon photonics devices has been developed and single-
photon emission at room temperature has been demonstrated. Such recent advances
and prospects of spectroscopy of SWCNT will be discussed detailly in Sect. 5.6.

5.3 Absorption/Rayleigh Scattering

5.3.1 Rayleigh Scattering.

Rayleigh scattering, which relies on elastic scattering of incident light and does
not require coupling of incident photons to the phonons in the material, is sev-
eral orders of magnitude stronger than inelastic Raman scattering [36]. Initially, a
tungsten lamp was used as a white light source in Rayleigh spectroscopy for sus-
pended SWCNT bundles, and resonance peaks corresponding to their interband tran-
sitions were observed [37]. After that, the use of a laser-based supercontinuum source
brought breakthroughs to the field, as it realized parallel collection of spectra over
a wide range of wavelengths [16, 22, 23] At the same time, tight focusing of the
incident beam and data collection by oblique objectives provided detection of the
elastically scattered light over a large solid angle. With the high spatial and spectral
resolution, Rayleigh scattering signal from both metallic and semiconducting freely-
suspended nanotubes in the visible region can be detected [22, 23]. Sharp resonant
peaks arising from transitions between sub-bands were observed in the Rayleigh
scattering spectrum (Fig. 5.3b).
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Fig. 5.3 Rayleigh scattering and optical absorption of SWCNTs. a, Scheme of Rayleigh scattering
measurement. The supercontinuum incident light (E*) focuses on suspended individual nanotube
and the scattered light (E) can be collected. b, Rayleigh scattering spectrum of an isolated semi-
conducting nanotube (left), and a metallic counterpart (right). Scattering is significantly enhanced
with the resonance of singularities in the density of states. ¢, Scheme of polarization-optimized
homodyne detection for individual nanotube absorption. Two nearly crossed polarizers with a small
deviation angle § were used to control the incident and outgoing light polarization, and the sus-
pended individual nanotubes were placed at the focus of the objectives with an angle of 7w /4 with
respect to the first polarizer polarization. d, Configuration of incident polarizer 1, outgoing polarizer
2 and nanotube for polarization-based optical microscopy. e, Homodyne modulation signal (A7/1)
at various values of deviation angle . With decreasing from 5 to 0.5°, the signal at resonances gradu-
ally increases to the 1% level. f, Direct optical images of an individual nanotube on silica substrate.
g, Real (« 1, orange line) and imaginary (« x2, green line) susceptibility of the SWCNT (19, 11).
Figure adapted with permission from: b, ref 22, AAAS; ¢, e, ref 20, NAS; d, f, g, ref 64, Springer
Nature Ltd.

These ground-breaking experiments sparked intense activity on the research of
Rayleigh scattering spectra for SWCNT's [38—42]. For instance, measurements show
that the polarization dependence of Rayleigh scattering follows the cos® # form, as
expected for dipole emission along the nanotube axis [22]. In addition, direct inter-
tube electronic coupling and dielectric screening bring strong tube-tube interaction,
which was directly probed as resonant peak shifts by several tens of meV in the
Rayleigh scattering spectroscopy [12]. The backscattering reflection spectrum of
suspended individual metallic SWCNTSs was collected and an exciton-phonon side-
band separated by 0.19 eV from the first optical transition peak was observed, which
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provided clear evidence of excitons in metallic SWCNTSs. Further, by coating an
index-matching medium with the substrate, background scattering was minimized
and direct true-color Rayleigh imaging of SWCNTSs on quartz was realized [40].
Key SWCNT parameters, including the electronic-types and chiral indices, thus
can be mapped quickly. Besides, the spatial distribution of the radiation scattered
by the nanotubes was revealed and long-range radiative coupling of SWCNTSs was
demonstrated. Similarly, by coating an interfacial layer of condensed molecules to
enhance the local field, Rayleigh scattering of SWCNTSs can be greatly enhanced
[42]. Benefitting from that, real-time, true-color Rayleigh imaging and spectroscopy
on different substrates (SiO,/Si and quartz) and environment (water and air) have
been successfully achieved, offering rapid feedback of key nanotube properties to
specific growth conditions [42].

Complementarily, by combining Rayleigh scattering spectroscopy with electron
diffraction, the optical transitions and chiral indices can be directly linked with each
other [13, 23]. Up to now, a complete optical-transitions-to-chiral-index atlas has
been established [13]. With this structure-property relation map, an experimental
Kataura plot was further obtained. This atlas also enables the structure characteriza-
tion by Rayleigh spectroscopy, which facilitates investigation of the electron-phonon
coupling, strain-induced effect, controlled growth [43, 44], and mechanical proper-
ties of individual nanotubes [45-47].

5.3.2 Absorption Measurement

Optical absorption spectra are critical for various applications of SWCNTs, since
optical properties and many optical parameters including absorption coefficient, scat-
tering coefficient, dielectric coefficient, and refractive index, can be derived from
them. Given the weak optical absorption of an individual nanotube (< 10~* for a
tightly focused laser beam in the visible region), the signal is buried in the back-
ground and laser intensity fluctuations. Thus, compared to Rayleigh scattering that
measures the response in a dark-field geometry, it is more difficult to determine the
optical absorption of an individual nanotube.

Early absorption experiments were carried out on carbon nanotube films, where
energy-dependent and polarization-dependent absorption cross-sections were
revealed [48-51]. Thereafter, a UV-vis-NIR absorption spectrum of the micelle-
separated single-chirality SWCNTSs in solution were obtained and used to determine
the purity and chirality [9, 52-54]. For individual SWCNTs, detours had to be made
to detect the absorption information in the photocurrent excitation spectrum [55-58]
or photothermal signal [59], but these techniques suffer from slow laser-frequency
scanning and limited spectral range.

The quantitative measurement of the absorption coefficient for an individual CNT
was first realized by using the spatial modulation spectroscopy technique [21, 46,
59-61]. By spatially moving the nano-object in and out of the focal spot of a tightly
focused light beam, spatial modulation spectroscopy technique induces a modulation
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of the transmission or reflection intensity. By directly measuring these modulation,
the absorption spectrum of an individual nanotube can be obtained. Under each
given optical frequency, the detected intensity change (Al/I) is the result of the
interference between the small optical signal (E;) of samples and electric field (£ o)
of excitation light:

Al |Eo+ Ei|> — |Erol®  2|E|
— = 3 = cos ¢ (5.1
1 |ELol |EvLol

where ¢ is the relative phase between E; and Ej . The small |E|? term can be
ignored. The resulting mixed modulation signal (A7 /I), which carries the informa-
tion (amplitude, phase) of the original desired signal (E;), can be larger than E and
then easily detected. Based on this concept, the absorption cross-section of SWCNTs
per unit length was successfully determined [20, 21]. Furthermore, by comparing
the experimental absorption spectra of the metallic and semiconducting nanotubes,
exciton binding energy in metallic SWCNT was deduced to be 50 meV. Besides, by
comparing the resonance peaks of the same SWCNT with free-standing samples or
those deposited on SiO,/Si substrate, a large broadening and a red-shift induced by
the substrate were revealed.

To enhance the small absorption signal and quantitatively determine the abso-
lute absorption cross-section of individual CNTs in a wide spectral range, the large
background signal of excitation light must be suppressed. Utilizing the strong depo-
larization effect of 1D CNTs, cross-polarization techniques provide the possibility to
enlarge the contrast signal by reducing the local excitation electric field (E;,) while
maintaining the signal (Ext) of SWCNT [13, 41, 48, 62]. As shown in Fig.5.3c.d,
by setting the SWCNT between two perpendicular polarizers (with a small devia-
tion angle §) at an angle of 45° with the main axes of the polarizers, the excitation
light which keeps the incident polarization can be reduced by several orders of
magnitude, thus making the weak nanotube signal observable. With a small §, the
greatly enhanced optical contrast A /I can reach ~1% level (compared with 10~ in
conventional transmission methods) and become easily detectable (Fig.5.3e). Com-
bining with the laser spot profile, the absorption cross-section of many individual
CNTs could be quantitatively determined. Furtherly, by extrapolating enough data,
an empirical formula was established, which can be used to predict the absorption
cross-section spectrum for any given nanotubes [41].

Fundamentally, the strength of the absorption is determined by the imaginary part
of the susceptibility, and Rayleigh scattering relies on the square of linear optical
susceptibility of the nanotube. Recently, based on the cross-polarization strategy,
an elliptical polarization-based optical homodyne detection technique was further
demonstrated and the detection of both the real and imaginary parts of x of individual
carbon nanotubes was realized [63]. By utilizing the interference between incident
left-/right-handed polarization beam and nanotube scattering light, two sets of optical
spectra containing both x; and x; information with different pre-coefficients can be
obtained, which allows one to determine the quantitative value of x (Fig.5.3e). In
addition, elliptical polarization light with a relatively large ellipticity and a nearly
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crossed polarizer were used, which can greatly reduced the background of excitation
light, enhancing the optical signal level by about two orders of magnitude and making
the extremely weak individual nanotube signal readily detectable.

5.3.3 In-Situ Optical Imaging

Direct visualization of individual carbon nanotubes in ambient conditions is of great
significance for their manipulation and applications. Compared with the visualization
of SWCNTs with the scanning electron microscope (SEM), transmission electron
microscope (TEM), atomic force microscope (AFM), scanning tunneling microscope
(STM) and so on, optical imaging of carbon nanotubes with high throughput can be
quite more convenient to integrate with other facilities, thus making it highly desirable
and long been pursued for decades. Because their nanoscale dimensions are much
smaller than the wavelength of visible light, it is generally difficult to observe them
by optical microscopes.

One approach to address this challenge is to take advantage of the scattering of
other nanoparticles. By depositing Ag, Au, TiO, nanoparticles [64, 65], or water
droplet onto SWCNTSs [66], the visualization and manipulation of individual ultra-
long carbon nanotubes under optical microscopes could be realized. However, such
methods are generally subject to complicated deposition processes or short imaging
times.

The second pathway is by the light-matter interaction process of SWCNTs and
high-end scientific cameras. Based on fluorescence, Raman, electro-luminescence
and photocurrent process of SWCNTs [67-69], the morphology of individual nan-
otubes can be successfully mapped by moving the laser focus. However, they are time-
consuming. Notably, by using the Rayleigh signal with relatively strong intensity and
the strong optical anisotropy, polarized light microscopy was developed to image
individual suspended CNTs. In addition, as mentioned before, true-color imaging of
SWCNTs on a substrate, which uses refractive index matching to reduce the reflected
light of the substrate has also been reported. Furthermore, polarization-based optical
microscope in reflection configuration has been successfully constructed and high-
throughput optical imaging and in-situ spectroscopy of individual CNTs in devices
have been realized (Fig. 5.3f). By manipulating the polarization, the reflection field
was strongly reduced, meanwhile, the nanotube field was kept so that the optical
contrast could be sufficiently enhanced. As such, optical contrast spectra of a single
CNT can be acquired in situ and its chirality can be determined accurately with the aid
of an experimental transition-chirality atlas. So far, this technique has been applied
to give feedback to the growth, monitoring device performances, and observation of
carbon nanotube etching process [44, 70, 71].
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5.4 PL Microscopy of Individual-Suspended Carbon
Nanotubes

5.4.1 Air-Suspended Carbon Nanotubes

Air-suspended SWCNTSs grown over trenches on bare Si substrates are used for PL
microscopy measurements [72]. The trenches, as well as sample alignment marks,
are formed by electron beam lithography and dry etching, where the widths of the
trenches range from 0.2 to 6.8 wm. Catalyst areas are patterned by another electron
beam lithography step as shown in Fig.5.4a. As a standard catalyst for nanotube
growth, 20mg of Fe(Ill) acetylacetonate and 100 mg of fumed silica dispersed in
40 g of ethanol are used. The catalyst particles are deposited using spin-coating and
lift-off techniques, and the samples are heated in air at 400 °C for 5 min.

SWCNTs are synthesized by alcohol chemical vapor deposition [73]. Samples are
brought into a quartz tube with an inner diameter of 26 mm, and its internal pressure
is kept at 110 kPa with a gas mixture of 97% Ar and 3% H, flowing at 300 sccm. The
temperature is ramped to 800 °C over 15 min by an electric furnace, and the gas flow
and the temperature are kept constant for another 15 min to reduce the catalyst metal.
Finally, ethanol vapor is delivered into the quartz tube for 10 min by switching the
gas flow to bubble through a bottle of ethanol [74]. Figure 5.4b is a scanning electron
micrograph of a sample after the nanotube growth process.
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Fig. 5.4 a A schematic of a sample. I0mm x 10mm chips with 144 trenches with a length of
900 wm are used. b A scanning electron micrograph of a typical sample. The scale bar is 2 pm.
¢ A schematic of the optical setup. The thin line represents the excitation beam and the thick line
indicates the PL collection path. Original data presented in [72]
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5.4.2 PL Spectroscopy of Individual Nanotubes

An automated confocal PL measurement system (Fig. 5.4c) has been constructed for
characterization of a large number of nanotubes [72]. In the set-up, a continuous-
wave Ti:sapphire (Ti:S) laser is used for excitation, whose wavelength is controlled
by a motorized linear actuator attached to the birefringent filter of the laser. The
output beam passes through a polarizing beam splitter (BS) to clean the polarization
and allow the collection of the reflected beams from the sample. The beam is split
into two paths, and one of the beams enters a power meter. Calibration has been
performed so that the actual excitation power on the samples can be obtained. With a
feedback control using the variable neutral-density (ND) filter and the power meter,
the excitation power can be tuned within an error of less than 1%. Passing through
a shutter used for background subtraction, the transmitted beam is directed towards
the sample by a dichroic BS, and then its polarization is rotated by a half-wave plate
(HWP) mounted on a motorized rotation stage. An objective lens is used to focus
the excitation beam and to collect the emission signals from the nanotubes. The
wavelength-dependent 1/e*diameter of the focused laser has been characterized by
performing PL line scans perpendicular to a suspended nanotube.

The samples are mounted on an automated three-dimensional stage with a travel
range of £210mm and a resolution of 50 nm, which is used for focusing as well as
sample scanning. PL emitted from the nanotubes transmits the dichroic BS, and a
long pass filter (LPF) with a cut-on wavelength at 950 nm is used for further laser
rejection. PL from the sample is focused by a lens with a focal length of 50 mm, and
it passes through a confocal pinhole with a diameter of 150 pm, corresponding to an
aperture with 5.4 pm diameter at the sample image plane. Liquid-nitrogen-cooled
InGaAs photodiode array attached to a 300-mm spectrometer with a 150 lines/mm
grating blazed at 1.25 pwm is used to obtain the PL spectra, which provides a spectral
resolution of ~1 meV.

The reflected beam from the sample traces back the same path as the excitation
beam and is detected by a photodiode. By performing reflectivity scans, position
offsets and rotation angles of the samples can be determined from the alignment
marks. In addition, by bringing the laser focus at three different positions on the
surface, tilt angles are obtained. Coordinate transformation can be performed from the
results of these measurements, allowing the entire area of the samples to be scanned
while keeping it in focus. All measurements are performed at room temperature in
air unless otherwise noted.

5.4.3 Statistical Characterization of Air-Suspended
Nanotubes

The suspended nanotubes are located by line scans along the trenches [Fig. 5.5a], and
PLE measurements are performed for each nanotube. The PLE maps of individual
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Fig. 5.5 a A typical result of a trench scan with P = 50 pW and E.,= 1.59 eV. b A typical PLE
map of a (9,7) nanotube with P = 1.5 wW. ¢ PLE peak positions of 3736 individual nanotubes.
d Averaged peak positions for each chirality. Open circles represent main spots, and cross marks
indicate satellite spots. e Chirality distribution as a function of tube diameter and chiral angle. The
area of the circles represents the population. Original data presented in [72]

nanotubes present distinct peaks in both emission and excitation energies as shown in
Fig.5.5b, where S1; and S,, energies of the nanotubes are obtained from Lorentzian
fits. As PLE maps with multiple peaks and significant broadening may come from
bundled tubes [75] or defect states, such nanotubes are excluded from further mea-
surements. These scans are performed automatically overnight, where typically 36
trench scans are done within 9h while 300 PLE maps are taken within 10h. The
positions and chiralities for thousands of nanotubes are recorded into a list, allow-
ing for a statistical analysis [72]. Such a list is also utilized for chirality-on-demand
measurements later (Sect. 5.6.4).

In Fig.5.5c¢, peak positions in the PLE maps are plotted for all of the measured
individual nanotubes, where high density spots corresponding to different chiralities
can be seen. Chiralities are assigned by utilizing the results on ensembles of nan-
otubes [32-34], and the averaged peak positions for each chirality are summarized
in Fig.5.5d and Table 5.1. Interestingly, the PLE peak distribution in Fig. 5.5¢ shows
satellite spots with slightly lower energies. The energy shifts between the main spots
and the first satellites do not depend much on chirality, and the average values are
8.1 and 12.3 meV for Sy and Sy, respectively. For chiralities with large popula-
tion such as (9, 8) and (10, 8), there are second and third satellite spots similar to
the first satellite spots but with decreasing populations. As no apparent differences
in PLE maps between the main spot and the satellites are observed except for the
slight redshifts, these satellites are assigned to bundles of nanotubes with the same
chirality. This interpretation is consistent with the redshifted values reported in [34],
where samples without catalyst patterning are used and more bundles are expected.
It is also interesting that the distributions of the peaks for the same chiralities are not
isotropic, but show up as elongated ellipses corresponding to anticorrelated S;; and
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Table 5.1 Average Sj; and Sy, peak energies for individual air-suspended CNTs obtained from
Lorentzian fits of their PLE maps. The error values are standard deviations. Original data presented

in [72]
S11 S22
(n, m) (nm) (meV) (nm) (meV)
(8,6) 1148.0£4.4 1080.0+4.2 707.0+£2.4 1753.6+6.0
®.,7) 1235.1+5.0 1003.8+4.0 720.9+2.0 1719.9+4.7
9.4) 1085.3£3.5 1142.3+£3.7 708.0+5.6 1751.0£13.9
9.,7) 1286.8+3.9 963.5+£2.9 779.0£2.6 1591.6+5.3
9.8) 1372.44+3.8 903.4+2.5 796.8+2.6 1556.1+5.1
(10,5) 1219.8+4.1 1016.4+3.4 773.0+£3.3 1604.0+£6.9
(10,6) 1337.7£3.7 926.8+2.6 748.2+2.1 1657.1+£4.8
(10,8) 1427.8+4.3 868.3+2.6 855.7+2.5 1448.8+4.2
(10,9) 1511.1£5.1 820.4+2.8 875.44+2.2 1416.3£3.5
(11,3) 1174.5£3.5 1055.6+3.1 778.1£3.0 1593.4+6.1
(11,4) 1328.2+4.7 933.4+3.3 707.5+£2.3 1752.4+5.7
(11,6) 1360.2+3.9 911.5+£2.6 844.7+2.6 1467.8+£4.5
(11,7) 1470.1£3.0 843.3+1.7 827.6+2.0 1498.1+£3.7
(11,9) 1568.0+5.5 790.7+2.8 927.3+£2.8 1337.0+4.1
(12,1) 1148.6+£2.9 1079.4+2.7 784.8+2.5 1579.8+5.1
(12,4) 1310.0£3.0 946.4+2.2 842.1£2.1 1472.2+3.7
(12,5) 1448.7+3.6 855.8+2.2 787.7+£1.8 1573.9+3.7
12,7) 1498.7+£4.3 827.3+2.4 913.4+1.9 1357.3+£2.8
(12,8) 1591.243.1 779.2+1.5 907.6+2.2 1366.0+£3.4
(13,2) 1278.8+2.4 969.5+1.8 843.94+2.1 1469.1+£3.7
(13,3) 1446.6+£4.5 857.0+2.6 758.7+3.1 1634.1£6.6
(13,5) 1446.1+3.5 857.4+2.1 906.7+1.6 1367.4+2.4
(13,6) 1576.1+£3.8 786.6+1.9 867.7+1.8 1428.8+3.0
(14,0) 1267.3+2.5 978.3£1.9 846.1+1.6 1465.3+2.8
(14,1) 1445.5+3.8 857.7+2.2 745.9+2.2 1662.1+4.9
(14,3) 1411.1+£3.4 878.6+2.1 905.0+1.7 1369.9+2.6
(14,4) 1561.9+3.6 793.8+1.8 837.1+1.7 1481.1+£3.1
(15,1) 1392.1+2.3 890.6+1.5 905.7+2.1 1369.0+3.1
(15,2) 1558.6+1.8 795.5+£0.9 817.7+3.1 1516.2+5.8

S2. This cannot be explained by dielectric screening effects, but seems consistent
with the effects of slight strain [76-78] or bending [79].

The automated scans allow us to determine the chirality distribution of semicon-
ducting nanotubes in the samples. Trench scans are repeated three times using laser
photon energies E = 1.46, 1.59, and 1.75 eV to locate nanotubes with different
Sy, resonances. The results of the scans are carefully compared to verify that the
same nanotube is only counted once and chiralities are assigned by performing PLE
measurements. The chirality distribution is obtained by counting the number of nan-
otubes, and the results are plotted in Fig.5.5¢ as a function of nanotube diameter
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and chiral angle. It is clear that the nanotubes with larger chiral angles show larger
population, in agreement with reports of chirality-dependent growth rates [61, 80—
84]. This result is not dependent on physical parameters such as PL quantum yield
[81, 82] or Raman scattering cross section [84], although PL measurements can only
detect semiconducting nanotubes and the spectral range is limited by the capabilities
of our laser and detector.

5.5 Raman Scattering

5.5.1 G-band and Resonance Features

The Raman scattering and PL can be measured simultaneously from an air-suspended
SWCNT after the assignment of chirality by PLE mapping as described in the pre-
vious section. An example of Raman scattering from (9, 7) SWCNT is shown in
Fig.5.6 (top spectrum). The SWCNT was grown on Si pillars. The PLE mapping
similar to the previous section was performed in order to identify the chirality [85]
as in Fig. 5.6b. The clear single RBM and G mode features are obtained. Since these
spectra are measured under the water vapor pressure of 2.67 x 10° Pa, RBM fre-
quency is blue shifted about 7cm™!, and PL emission wavelength is red shifted
about 35nm [85]. The Raman spectrum of (9, 7) SWCNT is compared with iso-
lated SWCNT on SiO; substrate which were transferred from horizontally aligned
SWCNTs on a crystal quartz substrate [86]. Because of the aligned growth, most of
SWCNTs are free from bundling or crossing. Except for the environmental effects of
SiO; and adsorbed water, pristine features of individual SWCNTSs can be expected.
The bottom Raman spectrumin Fig. 5.6a is from random and bulk SWCNT's grown on
catalysts supported by zeolite particles [87]. In addition to the broad range of chirality
distribution, certain broadening of each peak causes the complexity of interpretation
of Raman peaks.

The G-band originates from an in-plane stretching mode of carbon-carbon bonds
in graphitic materials [88]. For graphite, since the G-band comes from phonons with
E,, symmetry, which are equivalent longitudinal and transverse optical phonons at
I" point, the G-band appears as only one peak around 1580cm™!. In the contrast to
the graphite or graphene, the G-band from SWCNTs appear around 1590cm~'as
multiple peaks [89]. The G-band of SWCNTSs composed of multiple peaks was
explained to be the superposition of peaks from phonons with different symmetry,
such as 2A, 2E; and 2E;, modes [89]. Even more complex G-band is often discussed
from bundled SWCNT samples. Especially, two most prominent peaks among the G-
band are named G*and G~ peaks. Here, lower and higher frequency peaks are defined
as G~and G, respectively. The discussion was not straightforward for bulk sample
as in the bottom spectrum in Fig.5.6a. Raman scattering spectra from individual
semiconductor SWCNT in Fig. 5.6 are quite simple. There are only symmetric G and
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Fig. 5.6 a Raman scatting from a suspended (9, 7) SWCNT compared with various individual
SWCNT on SiO; substrates and bulk SWCNTs. b PL of (9,7) SWCNT simultaneously measured
with Raman scattering. The (9, 7) SWCNT is kept in water vapor at 2.67 x 10 Pa. The excitation
laser was 785nm. The PLE map in (b) is measured for the identification of chirality as in [85].
Original data are courtesy of Prof. Shohei Chiashi at UTokyo. Original Raman spectra for individual
SWCNT on SiO; substrate transferred from horizontally aligned samples on crystal quartz are from
[86]. Chirality of SWCNTs on SiO, substrate are determined by Kataura plot and systematic changes
in the ratio of intensities of RBM peaks and G-band as in [86]. The assignments of (14, 7)* is hence
tentative. Raman spectrum for metallic SWCNT was averaged along a SWCNT. Here, dotted lines
LO and TO are obtained by the decomposition of G-band by 2 Lorentzian functions. The bulk
SWCNTs is grown by alcohol catalytic CVD technique in [87]

small G~ peaks. The features are common to dispersed and chirality sorted nanotubes
in solution [90] and previous suspended SWCNTs in air [91].

Raman spectra of chirality sorted semiconductor SWCNT are shown in Fig.5.7
from [92]. Just like air-suspended SWCNT as in Fig. 5.6, G-band of single chirality
semiconductor SWCNT exhibits only Gtand G~ peaks [93]. Because the theory
states that the intensity of A mode peaks are strong [94], the G* and G~ are usually
assigned to A symmetry phonons. The feature of G*and G~ peaks from individual or
chirality sorted SWCNTs in solution are investigated in detail and it is found that the
intensity ratio between RBM, GTand G~ peaks depend on both dype and the chiral
angle [92].

In the case of semiconducting SWCNTs, the Gtand G~ peaks, which originate
from LO and TO phonons at the I" point respectively, are quite sharp. The Raman
shift of the G*peak (wg.) (LO) does not depend on the tube diameter (d;) because the
curvature effect is relatively small for longitudinal phonons. On the other hand, that
of the G~ peak (wg_)(TO) clearly depends on the tube diameter due to the curvature
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effect [95]. Therefore, the difference of their Raman shift (wg+ — wg-) is roughly
expressed by the tube diameter (wg4 — wg— = Cs/d?, Cs=47.7cm~'nm?) [96]. In
detail, wg_ depends on both the diameter and chiral angle [97], as shown in Fig.5.7.

For metallic SWCNTs, sharp G and broad G~ peaks are observed and they corre-
spond to TO and LO phonons at the I' point, respectively. Note that earlier references
described the G*and G~ peaks correspond to LO and TO phonons even for metallic
SWCNTs. The LO phonon of metallic SWCNTs is softened due to Kohn anomaly
[98], and the redshifted and broad (asymmetric) G~ peak of metallic SWCNTs is
also called Breit-Wigner-Fano (BWF) peak [99]. Because of the Kohn anomaly, the
G-band of metallic SWCNTs is drastically modulated by changing the Fermi energy
[98, 100-102].

The density of states of SWCNTS exhibits almost discrete energy levels due to van
Hove singularity and their optical transition energy (E;;) corresponds to the energy
gap between two energy states. Raman scattering spectra from SWCNTSs can be
strongly enhanced with resonance excitation. If E;; is equal to the energy of incident
light (E, incident resonance) or that of the scattered light (Eex &= Epponon, Scattered
resonance), Raman scattering intensity will be significantly boosted. Here, a Raman
process with Eex+ Ephonon and Eex- Ephonon cOrresponds to anti-Stokes and Stokes
scattering, respectively. Resonance Raman effect [103] is expressed by

2
1

I(Eex) - ;
(Eex — Ei +1i10) (Eex * Ephonon — Eii + lF)

(5.2)
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where I' is a resonance window. I is a damping constant and is related to the finite
lifetime of the intermediate state. In Raman excitation profiles of the G-band, two
resonance peaks, which correspond to the incident and scattered resonances, clearly
appear with I' = 26 — 43 meV [104] for chirality separated SWCNT.

5.5.2 RBM Peaks

RBM peaks appear in the lower wavenumber region. Raman shift of RBM peaks
(wrpMm) is inversely proportional to the SWCNT diameter d, [105, 106]as follows,

@WRBM = A/dt~ (5.3)

Therefore, RBM peaks are often used to analyze the diameter distribution of SWCNT
samples. However, wgrpy is not exactly expressed by (3), because of the environmen-
tal effects on wrgym. Considering the environmental effect, the following equation,

WRBM = A/dt + B (54)

is often used. This simple equation is useful for analysis of the SWCNT diameter,
although the values of A and B vary depending on the environment. A discussion of
more sophisticated dependence incorporating the environmental effect can be found
in [107].

RBM peaks are strongly enhanced by resonance Raman effect and the resonance
Raman effect is also expressed by Eq. (5.2). Spectra of RBM peaks of bulk sample
change with the excitation wavelength. Each peak comes from different chirality and
the intensity also clearly depends on the chirality. In general, SWCNTSs with smaller
chiral angle (near zigzag) exhibit stronger intensity for the RBM peaks [108]. Addi-
tionally, the relationship between the intensity of G*and RBM peaks is investigated
for chirality separated SWCNT samples and it shows chirality dependence [92].

5.5.3 Kataura Plot

As mentioned above, the intensity of RBM peaks is strongly enhanced by resonance
Raman scattering effect. The phonon energy of RBM peaks is approximately a few
tens of meV. When E is in the visible or near infrared range, Ephonon 0f RBM peaks
is quite small compared with E. Therefore, it is usually impossible to distinguish the
incident and scattered resonances in Eq. (5.2) and only E;; is simply regarded as the
resonance energy in RBM peaks. The relationship between wrpy and E; is called the
Kataura plot [4]. Figure 5.8 shows an example of Kataura plot, which is a compilation
of experimental data [13, 84, 109—113]. Because both wrpm [105, 106] and E;; [114]
are roughly proportional to 1/d,, the plots in Fig. 5.8 appear along lines from the lower
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Fig. 5.8 Empirical Kataura plots of SWCNTSs. Blue open circles and blue cross marks connected
with blue lines (S11, S22, Mi1, S33, S44) are measured and empirical formula, respectively, from
Araujo et al. [110]. Red cross marks connected with red lines (S11, S22, M1, S33, S44, M22) are from
nanotube atlas by Liu et al. [13] with (A, B) in Eq. (5.4) setas (217.8, 15.7). Brown cross marks are
calculated from Araujo et al. [113]. Green open circles from Telg et al. [111], red open circles from
Fantini et al. [109] and red solid circle from Jorio et al. [84] are measured from dispersed SWCNTs
in solution. Green solid circles are measured from suspended SWCNTSs from Michel et al. [112].
Chiral index (n, m) and family pattern branches [2n+m] are indicated

left to the top right. Here, the S; and M;; are the i-th optical transition energy of
semiconducting and metallic SWCNTSs, respectively. In Fig. 5.8, 6 different optical
transition energies are shown, such as S44. Because E; depends on both d; and the
chiral angle (0), the plots do not appear just along the lines and are slightly spread. In
Fig.5.8, the plots with the same value of 2n+m are connected with line segments and
they show the so-called “family pattern” [115]. In Fig. 5.8, some of plots are denoted
with chiral index (n,m) and some of branches of family pattern are denoted with
[2n+m]. As mentioned in Sect. 5.2, semiconducting SWCNTs with (2n + m) mod 3 =
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1 and 2 are called ‘type-I’ (‘ST” or ‘mod 2”) and ‘type-II’ (‘SII” or ‘mod 1’) SWCNTs,
respectively. As an example, (7, 5) SWCNT schematically shown in Figs.5.1 and
5.2ais type I 2n+m=19). As shown in Fig. 5.2a, a cutting line corresponding to S,
Sy, for type I SWCNT locate in I' and M direction, respectively. The direction is
opposite for type II. Because the slope of valence-conduction energy gap near K point
is sharper in I direction than M direction, Si; branches spread to larger energy side
for type I and smaller energy side for type II. For Sy,, the spread direction is opposite.
Some other properties of SWCNTSs show type-dependence. For example, E;; depends
on strain and whether E;; increases or decreases is determined by the type [116].

As shown in Fig. 5.8, the empirical Kataura plot proposed by Araujo et al. (2007)
[110] match reasonably well with experimental resonant Raman data obtained from
micelle-suspended samples by Telg et al. [111], Fantini et al. [109], and Jorio et
al. [84]. The air-suspended SWCNTs data from Michel et al. [112] also reasonably
agree with the empirical Kataura plot. This is rather surprising because the original
SWCNT sample used by Araujo et al. [110] was vertically aligned SWCNT forest
[49]. Later, we understand that randomly-oriented, less-bundled, and small diameter
SWCNTs suspended in the forest are responsible to resonant Raman signals. The
empirical equation in atlas of carbon nanotubes in Liu et al. [13] is also compared
in Fig. 5.8. Here, the Raman shift was estimated with the same relation as Araujo et
al. [110]. Both empirical relations agree well with slight deviations for S33 and Su4.
Resonant Raman measurements of relatively large diameter and chirality assigned
SWCNT are essential to verify which relation is more suitable for better Kataura
plot for S33 and S44. As in Chiashi et al. [85], by fully removing water absorption on
SWCNTs, a considerable red-shift of Raman frequency is observed. The empirical
Kataura plot proposed by Araujo et al. [113] using the Eq. (3) is known to fit better
for vacuum condition [107].

Based on the accurate Kataura plot, it is possible to assign the chirality from
measured RBM peaks. When Ej; is close to the E, the RBM peaks are observed.
The resonance window (I') depend on SWCNT samples, such as SDS wrapped
SWCNTs in solution (I' = 60meV) and bundled SWCNTs (I' = 120 meV) [109].
According to Kataura plots, RBM peaks of bulk sample can be roughly assigned.
For example, RBM peak around 200 cm~! and around 250 cm™! in Fig. 5.6a (bottom
spectrum) corresponds to semiconducting SWCNTs with 2n + m = 29 and metallic
SWCNTs with 2n + m = 21, respectively.

5.6 Recent Advances

5.6.1 Inter-Tube Coupling in Double-Walled Carbon
Nanotubes

DWCNTs consist of two coaxially aligned SWCNTs, in which the wall can be either
semiconducting or metallic depending on its chiral index. However, properties of
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DWCNTs are not just a superposition of those of the constituent SWCNTSs but can
be strongly modulated by (i) interlayer van der Waals mechanical and electronic
interactions, mainly depending on the wall-to-wall distance [117-120] and (ii) Moiré
interference, mainly depending on the relative chiral angles [121-123]. Early theory
predicted that strong wavefunction mixing within two commensurate semiconduct-
ing walls could even induce a semiconductor-to-metal transition [124]. However,
commensurate DWCNTSs have never been observed experimentally because it is
almost impossible to have two commensurate SWCNTSs with the radius difference
matching the tube-tube separation in a DWCNT.

Especially, the interlayer interaction of incommensurate DWCNTs is indicated by
the emergence of new and/or collective shifted optical modes in the Raman spectrum
[117-120] the modification in the emission PL [125] and significant shifts (—50 to
200 meV) of optical transitions in the absorption spectrum [117]. These experimental
findings are also supported by theoretical results that electron wavefunctions between
incommensurate inner and outer-wall nanotubes can also hybridize and even weak
van der Waals interlayer coupling in incommensurate DWCNTs can slightly change
the band structure of pristine SWCNTSs [121].

In contrast to the weak-coupling cases, a strong-coupling effect in a structure-
identified 1D Moiré superlattice is also experimentally observed and identified [122].
A drastic change of the optical transition in Rayleigh scattering spectrum is found
in a DWCNT with chirality (12,11) @ (17,16). The marked change originated from
the strong inter-tube coupling effect in the Moiré superlattice formed by two nearly
armchair nanotubes, which remarkably changes the electronic band structure and
selection rules of optical absorption from the simple sum of the constituent pristine
nanotubes [123]. This observation provides valuable insights on inter-tube coupling
and may lead to an extended exploration of rich Moiré physics in 1D structures such
as strongly correlated physics, Moiré excitons, and superconductivity.

5.6.2 Hetero-Nanotubes

In addition to DWCNTSs, SWCNTs can be coaxially surrounded by hBN nanotubes
and transition metal dichalcogenides (TMD) nanotubes. Those hetero-nanotubes
based on SWCNTs will provide excitingly rich spectroscopy data. A new coaxial nan-
otube structure has been synthesized, in which a mono- or few-layer hexagonal boron
nitride nanotube (BNNT) seamlessly wraps around a SWCNT; SWCNT@BNNT
[126]. These nanotubes are named as 1D van der Waals hetero-nanotubes, because
no correlation between the chiral angle of inner SWCNT and outer BNNT for
‘double-walled” SWCNT@BNNT were found. We have further developed the 1D
coating CVD of transition metal dichalcogenide nanotubes (TMD-NT), such as
MoS; nanotubes [126]. As shown in Fig.5.9, these nanotubes can be labeled as
SWCNT@BNNT@MoS,. SWCNT from SWCNT@BNNT can be removed by a
gentle oxidation process because BNNTSs are thermally more stable than SWCNTs.
Hence, the inner diameter of produced BNNTSs could be determined by the original
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Fig. 5.9 Various structures of hetero-nanotubes

SWCNTs. Subsequent MoS, CVD leads to BNNT@MoS,. The hetero-nanotubes are
further characterized by HR-TEM, STEM-EELS, absorption, Raman, and PL spec-
troscopy (a bright PL for BNNT@MoS,). From DFT calculations, the 2D MoS,;K
point direct band gap is expected in MoS, nanotubes with a larger diameter such
as 5nm. For the hetero-nanotube SWCNT@BNNT@MoS,, the PL from MoS, was
quenched by inner SWCNT (metallic or small band gap semiconductor). The elec-
tronic and phononic structures are expected to be modulated by inter-tube coupling.
The inter-tube exciton can also be expected by choosing appropriate semiconductor

SWCNT and TMD-NT.

5.6.3 Luttinger-Liquid Plasmon

Quantum-confined electrons in SWCNTSs behave as a Luttinger liquid, a strongly cor-
related electronic matter distinctly different from the quasi-free electrons described
by the Fermi liquid [127, 128]. Many electrical transport and photoemission mea-
surements have shown the presence of Luttinger liquid in SWCNTSs [129]. Due to this
strong quantum confinement, Luttinger-liquid plasmons in SWCNTSs with a diameter
of 1 nm should persist to visible frequencies before the first intersubband transition
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appearing. Besides, the forbidden backscattering of Dirac electrons, evidenced by
ballistic transport up to micrometer lengths in metallic SWCNTSs, can lead to strongly
confined but low-loss Luttinger-liquid plasmons.

Recently, the first reported optical observation of Luttinger-liquid plasmons in
SWCNTs using infrared scattering-type scanning nearfield optical microscopy (s-
SNOM) [130] shows that a Luttinger liquid of 1D Dirac electrons in carbon nan-
otubes exhibits quantum plasmons which behave qualitatively differently from clas-
sical plasmon excitations. The Luttinger-liquid plasmons propagate at ‘quantized’
velocities that are independent of carrier concentration or excitation wavelength and
simultaneously exhibit extraordinary spatial confinement and high quality factor.
Following the observation of linear Luttinger-liquid in carbon nanotubes, nonlinear
Luttinger-liquid of semiconducting SWCNTSs was experimentally explored [131].
With carrier density controlled by electrostatic gating, in situ infrared nano-imaging
results have shown that plasmon wavelength, amplitude, and quality factor in semi-
conducting SWCNTSs can be continuously tuned due to the nonlinear band dispersion.
In addition, both the propagation velocity and the dynamic damping of plasmons can
be fine-tuned, which is well captured by the nonlinear Luttinger liquid theory. Such
Luttinger-liquid plasmons could enable novel low-loss plasmonic circuits for the
subwavelength manipulation of light.

5.6.4 Coupling to Photonic Structures

Advances in silicon photonics have been expanding the capabilities of monolithic
photonic circuits, and the integration of nanoscale emitters would allow for further
scaling and increased functionality. In this regard, CNTs are promising because they
can be directly synthesized on silicon [132] and they are telecom-band emitters [25,
32] that do not suffer from absorption loss by silicon. Furthermore, nanotube emitters
operate at room temperature and they can be electrically driven [27, 30, 133-135].
To utilize such characteristics in monolithic optical circuits, coupling to photonic
structures is essential. Microcavities, in particular, offer quantum electrodynamical
effects for increased performance and functionality by confining electric fields into a
small mode volume. Exciton polaritons can form when nanotube emission is strongly
coupled to a cavity [136], whereas the interaction of CNTs with cavities results in an
increased spontaneous emission rate in the weak-coupling regime [11, 137-140].
Here PL from individual CNTs are coupled to silicon photonic crystal nanobeam
cavities with ultralow mode volumes [11]. The excellent optical properties of as-
grown air-suspended CNTs [30, 141-143] are utilized, and they are integrated with
specially designed cavities with large fields in the air, distinctly different from the
standard dielectric-mode cavities [144—148]. The fabricated devices are shown as a
schematic in Fig. 5.10a. Catalyst particles are placed across a trench from the cavity,
and chemical vapor deposition is performed to grow CNTs onto the cavities [138].
An electron micrograph of a device after nanotube growth is shown in Fig.5.10b.
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Fig.5.10 Anindividual CNT coupled to a nanobeam cavity. a A schematic of a device. b Scanning
electron microscope image of a device with a suspended nanotube. Scale bar is 2 pm. ¢ Typical PL
spectrum of an air-mode device coupled to a nanotube. The dots are data and the lines are Lorentzian
fits. d PLE map of the device shown in (c) taken with P = 10 wW and the laser polarization
perpendicular to the nanobeam. Original data presented in [11]

In Fig.5.10c, a PL spectrum from one of such devices taken with an excitation
power P =1 pW and an excitation wavelength A, = 797 nm is shown. On top of
the broad direct emission from the nanotube, there is a very sharp peak which is the
cavity mode, indicating that the nanotube emission is optically coupled to the cavity.
To further characterize the device, PLE spectroscopy is performed (Fig.5.10d). A
single peak is observed in the PLE map, demonstrating an isolated single nanotube.
Using tabulated data [34], the chirality is determined to be (9,8). The intensity of the
sharp cavity mode is maximized at the same wavelength as the E5, resonance of this
tube, showing that the absorption originates from the nanotube and that the cavity
mode is excited by the nanotube emission.

These results demonstrate the feasibility of integrating telecom-wavelength nan-
otube emitters in silicon photonics, opening up further possibilities for scaling down
monolithic photonic circuits. By interfacing the cavities with waveguides, photons
emitted from the nanotubes can be guided over the chip and to external components
such as optical fibers. The nanophotonic structure also allows us to take advantage of
quantum electrodynamical effects, where the acceleration of the emission rate would
increase the quantum efficiency.
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5.7 Summary

In summary, we have described the unique optical properties of individual SWCNTs.
SWCNTs host strongly bound 1D excitons, whose transition energies are inversely
proportional to the CNT diameter and can be further tuned in different dielectric
environments. Such transitions and their radiative decay can be probed by Raman
scattering, light absorption, PL or Rayleigh scattering. Inter-tube coupling in Double-
walled carbon nanotubes or hetero-nanotube has been explored. Furthermore, pho-
tonic structures have been coupled with a tube for further scaling and increased
functionality. However, this is only the beginning of the study and of the application
of nanotube photonics. As the production of pure CNTs advances, we expect to see
applications in electrically pumped solid-state nanoscale light sources and lasers,
CNT light guides and nonlinear devices.
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