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Single-walled carbon nanotubes (SWCNTs) have superior electrical,
mechanical, and thermal properties and are promising for the next generation energy-efficient
transistors. However, depending on the chirality, 1/3 of the nanotubes are metallic. In this
project, a method is developed to transform the chirality and change the metallic nanotubes into
semiconductors. By using in situ transmission electron microscopy (TEM) probing technique and
applying mechanical tension and high temperature, the local chirality of individual nanotubes was
successfully transformed. Metal-to-semiconductor transition was realized by using closed-loop
(feedback) control. Nanotransistors with the channel length as short as 2.8 nanometers were
fabricated using the chirality-transformed nanotubes as channels and quantum transport was
demonstrated at room temperature.
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SWCNTs are one-dimensional seamless tubular structures composed of single sheets of graphene and have
exceptional electrical, mechanical, and thermal properties. Because of the superior scaling performance of
the SWCNT based field-effect transistors (FETS), they have been considered by the International
Technology Roadmap for Semiconductors (ITRS) as the most promising candidate channel material for the
next generation energy-efficient transistors with the gate length scaling down to sub-10 nm region (Science
355, 271 (2017)). Recently, MIT has reported a SWCNT-based microprocessor comprising more than
14,000 CMOS FETs, using industry-standard processes, demonstrating the potential for large scale
applications (Nature 572, 595-602 (2019)). However, there is a fundamental challenge to control the
chirality, which determines the SWCNTs to be metallic or semiconducting. To realize the very-large-scale
integration, it is estimated that the purity of the semiconducting nanotubes must reach 99.999999%, calling
for the chirality control at individual SWCNT level. In the current project, it is proposed to modify the
chirality of individual SWCNTsto control the metallicity by mechanical engineering and to investigate the
transition mechanism by in situ TEM probing. To realize controlled modification of the SWCNTS’ chirality,
it isessential to understand the “key scientific question” of the fundamental chirality transition mechanism
of the SWCNTSs, including the stability of different chiralities, the critical conditions for initializing the

transitions, and the transition path under the stimuli of bias, stress, and heat.

There are three purposes for this project: 1), Chirality transition mechanism: The first goal isto reveal the
chirality transition mechanism and dynamics of SWCNTs under mechanical tension at a high temperature.
2), Metal-to-semiconductor transition: The second goal isto realize and control the metal-to-semiconductor
transition of the SWCNTs by monitoring the chirality evolution through in situ electron diffraction and
electrical transport measurement. 3), High performance sub-10 nm transistors: The third goal isto fabricate
high performance transistors by using the chirality controlled semiconducting SWCNTSs as the conducting

channels.

The project isaimed to elucidate the fundamental mechanism of the chirality transitions of SWCNTs under
mechanical and thermal stimuli, to realize controlled metal-to-semiconductor transformation, by using the
in situ TEM probing method. Experiments will be carried out by using a unique dual-probe STM-TEM
holder. A nanoscale transistor will be fabricated by using the CNT as a conducting channel, the two probes
as source and gate electrodes, and the fixed electrode as the drain. To modify the structure, mechanical
tension and pulsed Joule heating will be applied through the piezo-controlled STM probes. Chirality
changes will be characterized by high resolution TEM and electron diffraction. Electrical transport
properties will be measured with the transistor configuration, to determine the metallicity. The output
chirality and transport properties are related to the input control to form a close loop for optimizing the

engineering process, by using a LabVIEW program. Therefore, desired specific chirality and metal-to-



semiconductor transformation could be realized after several cycles.

4-1 Metal-to-semiconductor chirality transition and fabrication of 2.8 nm SWCNT transistors

The main goal of the project isto realize the chirality transition and the controlled metal-to-semiconductor
transformation to fabricate sub-10 nm carbon nanotube transistors. Using in situ transmission electron
microscopy, we applied heating and mechanical strain to alter the local chirality and thereby control the
electronic properties of individual single-wall carbon nanotubes (Fig. 1). A controlled metal-to-
semiconductor transition was realized to create nanotube transistors with a semiconducting nanotube
channel covalently bonded between a metallic nanotube source and drain. Additionally, quantum transport
at room temperature was demonstrated for the fabricated nanotube transistors with a channel length as short
as 2.8 nanometers.(1)

Another main goal is to understand the mechanism of the nanotube chirality transition, in this work, a
transition trend toward a larger chiral angle region was observed and explained in terms of orientation-
dependent dislocation formation energy. The work was published in Science (D.-M. Tang et al., Science
374, 1616-1620 (2021).), and was highlighted by the pressreleasein NIM S, AIST and University of Tokyo,

and was reported by the news media such as Nikkei.
A
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Fig. 1. Fabrication and characterization of CNT intramolecular transistors. (A) Schematic of a CNT
intramolecular transistor with local chirality altered by mechanical strain and Joule heating. (B) TEM image
of a SWCNT transistor with a fixed source electrode, a probe as drain electrode, and another probe as gate
electrode. (C) Lattice-resolved TEM images and corresponding FFT patterns of aDWCNT before and after
the chirality transition.

4-2 In situ TEM measurements of the temperature mapping of Joule-heated carbon nanotubes

An important question about the nanotube chirality transition is the temperature during the plastic
deformation under Joule heating and mechanical strain. In this work, we mapped the temperature
distribution of suspended carbon nanotubes down to the 5-nm level inside a transmission electron
microscope, by using electron energy-loss plasmon spectroscopy. The nanotubes are Joule heated in-situ,
by individually contacting them using a biasing holder. The nanotubes can withstand temperatures of over
2000 K without breaking (Fig. 2). The temperature reaches its maximum around the nanoprobe contact,
due to the comparatively large electrical resistance and small thermally-conductive area. These results

verify the expected robustness of these structures and confirm them as ideal candidates for applications as



interconnects under extremely high current densities and temperatures. (O. Cretu*, D. M. Tang*, et d.,

Carbon 201, 1025-1029 (2023).)(2)
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Fig. 2 8) Plasmon intensity map for one of the Joule-heated CNTSs. b), ¢) Plasmon shift-derived temperature
map as a function of the applied bias, calculated from the Pi and Pi + Sigma plasmons, respectively.

4-3 Growth mechanism of carbon nanotubes by in situ TEM

Ultimately, the performance of the CNT transistorsis determined by the structure of the nanotubes. And it
is critical to understand the growth mechanism for controlling the fine structures including the chirality. In
this project, environmental TEM (3-5), high throughput growth(6, 7) and machine learning have been used
to investigate the growth mechanism of CNTs. For example, we investigated the phase evolution of cobalt
(Co) catalyst NPs during the incubation, nucleation, and growth stages of CNTs under near-atmospheric
pressure using an in situ close-cell environmental transmission electron microscope (ETEM), as shown in
Fig. 3. Strict statistical analysis of the electron diffractograms was performed to accurately identify the
phases of the catalyst NPs. It was found that the NPs belong to an orthorhombic CosC phase that remained

unchanged during CNT growth. (Y. Wang et al., ACS Nano 14, 16823-16831 (2020).)
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Fig. 3 Schematic and TEM images of carbon nanotubes growing from a Co catalyst nanoparticle.
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