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Figure 1 (Color online) Simplified representation of possible struc-
tures of MWCNTSs. (a) Concentric hollow cylinder structure; (b) scroll-
type structure.
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Figure 2 (Color online) Schematic illustration of a SWCNT. (a) A SWCNT constructed by wrapping a graphene sheet into a cylinder. (b) Lattice

vectors a; and a,, and the roll-up vector C, = na , +ma, = (n,m). T shows the direction of tube axis.
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Figure 3 (Color online) (a) Schematic three-dimensional band structure of graphene. (b) Metallic SWCNT: the cutting lines of the carbon nanotube
intersect the Dirac points in the graphene band structure. (c) Semiconducting SWCNT: the cutting lines of the carbon nanotube do not intersect the
Dirac points. The white hexagon denotes the first Brillouin zone of graphene, and the six black corners represent the Dirac points [13].
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Figure 4 (Color online) Schematic illustration of the dry contact
transfer process of CNTs [20].
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Figure 5 (Color online) STM characterization of CNT on Cu(111) surface. (a) STM image of two isolated SWCNTs on Cu(111). (b) Atomically
resolved STM image of the left CNT in (a). (c) Adjusted atomically resolved STM image of the CNT shown in (b). (d) Theoretical model of the CNT
shown in (b), with the theoretical chiral angle § indicated. The chiral indices are (13,9) [20].
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Figure 6 (Color online) Schematic illustration of lateral stretching
deformation in a STM image of a CNT.
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Figure 7 (Color online) (a) Three-dimensional rendered STM image of a SWCNT on a hydrogen-passivated silicon surface. (b) Adsorption model of
a (12,2) SWCNT on the Si(100)-2x1:H surface. The dashed arrow indicates the direction of the Si dimer rows [22].
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Figure 8 (Color online) (a) Schematic illustration of the STM-TERS
experiments. (b) STM image of an isolated CNT on Ag(111). The inset
shows the line profile of the CNT along the blue arrow line. (¢c) TERS
spectra acquired at the corresponding positions marked in part (b).
(d) Simultaneously acquired STM image and TERS mappings for the
G-band (1450-1650 cmﬁl) and D-band (1200-1450 cmﬁl) of a CNT.
(e, f) Apparent height profile and TERS intensity profiles along the
arrow lines, respectively [31].
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Figure 9 (Color online) (a) Differential conductance spectra and STM images of isolated semiconducting CNTs transferred by the DCT method onto
n-doped (left) and p-doped (right) Si(100)-(2x1):H substrates. The STM images include small derivative images to indicate the orientation of
uncontaminated Si dimer rows and the chiral lattice of the nanotubes. (b) Same as in (a), but for metallic carbon nanotubes [39].
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Figure 10 (Color online) (a) STM image of a SWCNT interfaced with a partially depassivated Si(100)-(2x1):H substrate. Brighter areas correspond
to exposed Si atoms after depassivation. (b) STM constant-current height profile along the black line shown in (a). (c) Spatially resolved absolute
tunneling current plot of the SWCNT located on the n-doped hydrogen-passivated Si(100) surface and its depassivated region. (d) Left: theoretical
band structure of a 2 unit-cell long (8,4) SWCNT without mechanical deformation; right: corresponding band structure with mechanical deformation.

(e) Schematic illustration of the mechanical deformation of the SWCNT in the depassivated region [42].
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Figure 11 (Color online) (a) Fermi level shift of a (7,3) SWCNT caused by charge transfer on Au(111) and Cu(111) substrates. (b) Distribution of
shifts for 25 (7,3) SWCNTSs on the two substrates: overall shifted toward the valence band on Au(111) and toward the conduction band on Cu(111).
(c) STM topography of a (5,3) SWCNT at the step and terrace positions on Au(111). (d) Spatial constant-current dZ/d¥ color map of this (5,3) SWCNT.
(e) STS spectra of this (5,3) SWCNT at the step and terrace positions, showing a Fermi level shift difference of about 0.3 eV [21].
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Figure 12 (Color online) Differential conductance spectra of 3 carbon
nanotubes adsorbed on (a—) Ag(100) and (d—f) NaCl(100)/Ag(100)
surfaces. The red dashed lines indicate the Fermi level. (g) Schematic
illustration of dipole effect at the SWCNT-insulator-metal interface in
carbon nanotubes adsorbed on NaCl(100)/Ag(100) [44].
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Figure 13 (Color online) (a) STM image of a (6,5) carbon nanotube
adsorbed along the step edge of Au(111). (b) Enlarged STM image of
the dashed-box region in (a). (¢) Apparent height profile measured along
the dashed line in (b). (d) Spatially resolved STS color map acquired
along the nanotube axis. (e) d//dV differential conductance spectra of
the carbon nanotube in the fcc and hep regions [19].
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NIk fL 3 IR 23R KR B DD REAL BRAN K I STM K. (d) np
W60, 3% - 2 18 K 1R 4 Je8 1 (LB ) A2 SR MR B 9K (FHIN
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Figure 14 (Color online) (a) STM image of pristine SWCNT. (b) STS
spectrum of metallic (top) and semiconducting (bottom) pristine
SWCNT. (c¢) STM image of porphyrin f-SWCNT after annealing. (d)
STS spectrum of metallic (top) and semiconducting (bottom) porphyrin
f-SWCNT after annealing (black line: pristine portion, red line:
functionalized portion). The localized states indicate porphyrin
functionalization. (¢) STM images of annealed porphyrin f~-SWCNTs
show protrusions with a 0.8 nm periodicity in some areas. (f) MD
simulations of SDS molecules bound to SWCNTs in alternating face-on/
edge-on arrangements indeed show protrusions with the same
periodicity as observed in experiments, and the protrusion heights are
consistent [71].
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HADNA LI sRI), DI RAMZI63°, H(6,5)FBERK
ARE FILUMOSIE fi FEAH IR (b) DNA-SWCNTHIAFMIZ]
. (c) (6,5)8EERYIKE FTHOMO¥IE MILUMO#IE )
DFTEESL. (d) 20-mer ssDNAZELZSTE(6,5) A BEREA KA 1)
MDA, (e, ) 40CTETAR A (g, h) It TAEM)20-mer GAGAA-
GAGAGCAGAAGGAGAZE JRARTE(6,5) HLBE Rl 4 K 41 4%
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HgEga Uy T 7 1™

Figure 15 (Color online) (a) STM image of DNA-SWCNT. Line A
indicates the axis of the SWCNT, while line B shows the direction of the
wrapped DNA, determined by several protrusions along the DNA
strand. The angle between A and B is approximately 63°, matching the
orientation of the LUMO orbital of the (6,5) SWCNT. (b) AFM image
of the DNA-SWCNT. (c) DFT simulation of the HOMO and LUMO
orbitals of the (6,5) SWCNT. (d) MD simulation of a 20-mer ssDNA
wrapped around a (6,5) SWCNT. Optimized structures of (6,5) tube
wrapped in 40C-oligomer (e, f) and GAGAAGAGAGCAGAAGGA-
GA-oligomer (g, h). The repetition period and the distance of n-m
overlap are basically the same in different oligomers, and the
entanglement follows the chiral direction [87].
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Figure 16 (Color online) (a) Topographic STM image of a (6,2) nanotube. (b) Derivative STM image of the nanotube in (a). (c) Magnified STM
image of the nanotube in (a). (d) Topographic height profile of the nanotube along the black dashed line marked in (c). (e) Spectroscopic map of d//dV,
obtained simultaneously with (c). (f) Spatially resolved STS map along the dashed line in (c). The pink dashed lines indicate the conduction and
valence band edges. The arrows in (d), (e), and (f) mark equivalent positions along the nanotube axis. (g) Schematic illustration of the (6,2) honeycomb
structure of carbon atoms and the Ag(100) surface. Spheres and hexagons represent the silver atoms and the carbon lattice, respectively. The yellow
hexagons indicate the regions closest to the surface atoms when the carbon lattice is rolled into a nanotube. The red and blue lines mark the contact
positions between the nanotube and the substrate, with each line corresponding to the translational vector [5,—7] (longitudinal unit cell of the
nanotube). The pink spheres indicate the silver atoms that best match the nanotube [45].

I HRW w5 e il a3 — 2, 2008 THEUKE 5Ag(100) R IMAMNER R, R H2
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A BRINAK S BAR R I AniB 2. S AL 1) 22 0 0 P ML . Gartstein 7 40E 1 Hy

ZER TR TR EO0N(6,2), TMA WA RBRICKE RTINS, BTt SR,
N16°. BRAUKE S R TR 7 17 5 Ag(100) AN %S rhive 1) 47 B b A 1O 437 1L 21 K 1 20 1 72 58 B
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Figure 17 (Color online) Interaction of carbon nanotubes with
different metals. STM images and structural models of a carbon
nanotube after annealing on the Cu(111) surface, showing (a) partially
unzipping, (b) progressive widening and coalescence of the gaps, and
(c) the eventual formation of graphene nanoribbons. (d—f) On the
Ru(0001) surface, rapid annealing induces non-uniform rupture of the
nanotube, ultimately resulting in irregular graphene nanoribbons [20].
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Study of carbon nanotubes using scanning tunneling microscopy
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Abstract: Carbon nanotubes (CNTs) exhibit unique electrical, mechanical, chemical, and optical properties. In
particular, their high carrier mobility, nanoscale dimensions, flexibility, and biocompatibility offer significant
advantages, making them highly promising for applications in nanoelectronic devices, sensors, and flexible electronics.
Investigating the surface morphology and electronic structure of CNTs at interfaces is essential for a deeper
understanding of their electronic properties, interfacial behaviors, and the optimization of their integration into
semiconductor devices. Scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS), with
atomic-scale spatial resolution and ultrahigh energy resolution, provide powerful tools for probing CNT interface
properties. This review summarizes STM/STS-based studies on CNT interfaces with various metallic and nonmetallic
substrates, highlighting precise chirality identification and changes in electronic properties that elucidate the
mechanisms of interfacial interactions and their impact on CNT electronic behavior. Finally, we outline the recent
progress and remaining challenges in this field and propose integrated approaches that combine multiple
characterization techniques.

Keywords: carbon nanotube, scanning tunneling microscopy, scanning tunneling spectroscopy, interface structure,
electronic properties
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