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Since its discovery, single-walled carbon nanotube (SWNT) has attracted a lot of research interests
due to its excellent electronic, mechanical, thermal and optical properties. As the SWNTs hybridize
with molecules, new functionalities may appear which can afford to the development of nanoscale
electronics. As one important electronic characteristic, current rectification plays a key role in the
electrical applications like transistor, capacitor and diode. Though nanoscale rectification has been
already observed at the molecule on SWNTs wiring, effective control of the rectification properties
remains as an important research topic. The purpose of this thesis is to control the current
rectification properties of the SWNTs complex by the physical adsorption of two different molecules
including N,N’-bis(n-alkyl) tetracarbonatenaphthalenediimide (NDI), a planar electron acceptor
molecule, along with phosphododecamolybdic acid (PMoiy), an inorganic cluster molecule of
multi-electron redox capacity.

As-prepared SWNT was purified by hydrochloric acid and rinsed with deionized water. Purified
SWNT and particle were sonicated in common organic solvents like dimethylformamide (DMF) or
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ethanol. After centrifugation, the supernatant was cast onto an insulated substrate (mica or silicon
dioxide) and dried under the open air. Topography observation was performed by tapping mode
AFM. After that, 30 nm-thick gold was thermally evaporated onto half of the substrate as an electrode.
Electrical properties of the complexes were measured in nanoscale using point-contact current
imaging atomic force microscopy (PCI-AFM). By using PCI-AFM, topography and -V curve at
every pixel of an AFM image can be obtained simultaneously with less damage of sample and
cantilever during the scanning. In the measurement, bias was applied to the gold electrode
evaporated on the substrate, while platinum-coated cantilever was grounded.

In the case of NDI/SWNT complex, by changing the length of alkyl chain of NDI derivatives,
chirality distribution of the SWNT physically adsorbed by NDI differed largely. I-V analysis
indicated that the majority of SWNTs adsorbed by C3-NDI (NDI derivative of isopropyl chains) was
metallic, while semiconducting if C9-NDI (NDI derivative of nonyl chains). This difference in
chirality distribution was due to the different packing densities of C3-NDI and C9-NDI on graphitic
materials. Plateau width in the I-V curve of NDI/SWNT decreased with an increase of C3-NDI
particle size, which was considered as the result of a shift in the vacuum level at the interface of
NDI/SWNT. On the contrary, rectification ratio of the complex kept constant when the height of
C3-NDI particle was below 3 nm, and increased with a further increase in the particle size. It was
considered that the conduction mechanism was changed from tunneling conduction to Schottky-like
conduction and their boundary was at about 3 nm size. Rectification effect of the SWNTs junction
was discussed as well. In a SWNTs junction of which only one SWNT connected with gold
electrode while the other did not, C3-NDI nanoparticle was adsorbed on the nanotube unconnected to
the electrode. A large rectification was observed on the C3-NDI molecules, and the total
rectification effect was considered as a combination of the rectifications induced by Schottky barrier
at SWNTs junction and NDI/SWNT interface.

As PMo;, was adsorbed on SWNTs, rectification direction of the complex was dependent to the
PMo,, particle size. The relationship between rectification direction inversion and the height of
PMo,, nanoparticle was opposite between semiconducting and metallic SWNTs. Kelvin probe force
microscopy (KPFM) results further indicated that surface potential of PMo;; on semiconducting
SWNT was opposite to that on metallic SWNT. Since the protonation of PMo,, by the moisture in
air and carboxylic acids formed on SWNTs is a must for the conductivity of the complex, the reason
to the KPFM results was considered as a different charging efficiency between protonated PMo;, and
the SWNTs. In the case of semiconducting SWNT, due to a localization of electron in SWNT,
protonated PMo;, cannot be negatively charged by SWNTs and keeps positive-charged. Oppositely,
large sum of free electron of metallic SWNT can charge protonated PMo, negative easily. Density
functional theory (DFT) calculation proved this speculation successfully. Based on this speculation,
two possible mechanisms for the inversion of rectification direction have been proposed. One is the
usual p-n junction between PMo;, and the SWNTs, in which PMo;; and SWNT can be regarded as
“p-type” and “n-type” semiconductors. The other is the /-V drifting induced by the charge or dipole
moment on the PMo,;»SWNT interface, and the direction and intensity of the drifting depend on
whether PMoy, is charged as positive or negative. Besides, negative differential resistance (NDR)
property has been observed in the I-V characteristic of PMoy, adsorbed on the highly oriented
pyrolytic graphite (HOPG) and SWNTs, which was considered as the result of multi-electron
stepwise reduction process of PMo;, with an increase of the applied bias.

As a single layer of carbon atom with 2D honeycomb structure, graphene has been widely
researched and utilized in many applications. In this study, graphene nanoribbon (GNR) was
synthesized by the unzipping of double-walled carbon nanotube (DWNT), and physically adsorbed by
PMoj,. Large rectification could be observed on the PMoy, particle on GNRs. The preliminary
results indicated that the rectification ratio of PMo;,/GNR complex was mainly tuned by GNR width
rather than PMoy, particle size, and plateau width decreased as the height of PMo,, particle increased.

In conclusion, the rectification properties of the SWNTs complex have been controlled
successfully by the molecular adsorption. Plateau width and rectification ratio of NDI/SWNT
complex was dependent to NDI particle size, while the rectification direction of PMo;/SWNT
complex was reversed by the variation of PMoy, particle size or the “chirality” of the SWNTs.
These experiment results are expected to be helpful in improving the quality of nanoscale electronic
device in the near future.
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