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Abstract 

Carbon nanotubes are a promising candidate to re-

place silicon as the semiconductor channel in extremely-

scaled high-performance field-effect transistors with their 

exceptional electrical properties.  However, there are 

several daunting challenges to overcome for nanotube 

transistors to become a serious device technology compet-

ing with Si and III-V.  Here we introduce our latest pro-

gress on addressing these device and material issues, and 

demonstrate the feasibility of building high-performance 

logic devices at 5 nm technology node and beyond based 

on single-walled carbon nanotubes.   

 

1. Introduction 

Conventional scaling of Si complementary metal-oxide 

semiconductor (CMOS) devices provided ever-improved 

transistor performance, density, power, and cost in the last 

four decades.  However, it has become very difficult in re-

cent 10 years with Si devices approaching their physical lim-

its.  In search for the next switch beyond silicon, carbon 

nanotubes are a very promising candidate, with a saturation 

velocity several times faster than silicon and intrinsic thinness 

(~ 1 nm in diameter) which enables superior electrostatic con-

trol to minimize the off-state leakage current even at ultra-

small device dimensions.  Here we discuss our recent ad-

vances in building high-performance nanotube transistors 

with extremely scaled device dimensions including both de-

vice channel length (Lch) and contact length (Lc), separation 

of nanotubes based on their electronic types, and assembly 

techniques for forming nanotube arrays with high semicon-

ducting nanotube purity and tight pitch.  These results sug-

gest that replacing Si with carbon nanotubes in high-perfor-

mance logic devices at 5 nm technology node and beyond is 

feasible.   

 

2. The Scalability of Carbon Nanotube Transistors  

At 5 nm technology node, both Lch and Lc need to be 

scaled down to sub-10 nm regime.  In experiment, we find 

that nanotube transistor still demonstrated exceptional device 

performance with its Lch scaled down to sub-10 nm as shown 

in Figure 1 [1].  With their intrinsic ultrathin body, these de-

vices exhibit excellent short channel control, with device sub-

threshold swing as small as around 90 mV/dec.  In the mean-

time, with their unique confined quasi-one-dimensional struc-

ture, carbon nanotubes have high optical phonon energy, and 

thus a saturation velocity (vsat) about five times higher than 

that of silicon.  Such high vsat allows these nanotube transis-

tors to deliver the highest current density compared to previ-

ously reported sub10-nm Lch devices based any semiconduc-

tor materials or any device structure. 

Fig. 1 Schematic, false-colored SEM image, and transfer 

characteristics of nanotube transistor with Lch down to 9 nm. 

Fig. 2 Schematic (a), cross-sectional TEM image (b), transfer 

(c) and IV (d) characteristics of nanotube transistor with Lc 

down to 9 nm. 

 

For scaling, device Lc need to be reduced to 10 nm as well.  

However, for conventional side-bonded contacts to nanotubes, 

where metals are deposited on top of the nanotube and couple 

with the nanotube through weak van der Waals interaction, 

the parasitic contacts resistance (2Rc) increases reciprocally 

with the reduction of Lc, leading to very high 2Rc.  One way 

to solve this limitation is to convert the contact structure into 
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end-bonded contacts, where metals are coupled with the 

opened ends of nanotubes through strongly coupled covalent 

bonds.  In this structure, all carriers from the nanotube chan-

nel will be either collected into the metal contacts or get re-

flected back right at this quasi-zero-dimensional interface, 

and thus the 2Rc will be independent of Lc. We realized this 

end-bonded contact structure utilizing the solid state chemical 

reaction between nanotube and deposited Molybdenum [2].  

The formed p-type end-bonded contacts demonstrate zero 

Schottky barrier, and a size independent 2Rc down to ~30 kΩ 

per tube even with Lc below 10 nm, as illustrated in Figure 2.      

   These results demonstrate that it is possible for nanotube 

transistors to deliver exceptional device performance with de-

vice dimensions scaled for 5 nm node, a capability that has 

not been successfully demonstrated in other materials. 

 

3. Overcoming Manufacturability Challenges for Nano-

tube Transistors    

Several manufacturability issues have to be solved for 

carbon nanotube transistors become a serious device technol-

ogy.  First of all, nanotubes must be sorted based on their 

electronic types to very high purity so that we could build de-

vices based on only semiconducting nanotubes.  We devel-

oped a sorting technique based on the selective redox reaction 

between nanotubes and oxygen dissolved in water [3].  By 

carefully tuning the pH, the energy levels of oxygen can be 

precisely tuned so that they only dope metallic nanotubes, as 

illustrated in Figure 3.  These reacted metallic nanotubes 

demonstrate positive surface charge and then can be easily 

sorted out using high throughput chromatography method. 

The semiconducting nanotubes can then be enriched to a pu-

rity above 99.94% as verified by direct electrical measure-

ments (Figure 3c).  

Fig. 3 Schematic (a) showing the mechanism for the separation of 

nanotubes based on their electronic types using redox reaction.  

Collection of transfer curves measured for devices made using nano-

tube solutions before (b) and after (c) sorting.  

 

These sorted nanotubes can then be assembled into well 

aligned arrays suitable for adoption in high performance tran-

sistors [4].  Langmuir Schaefer method can create arrays of 

semiconducting nanotubes with almost perfect alignment, 

self-limited space between neighboring nanotubes down to 

around 0.5 nm, and thus enormous tube density above 500 

tubes per micron as shown in Figure 4 [5].  Here pre-sorted 

high purity semiconducting nanotubes are first dispersed on a 

water surface.  These floating nanotubes spread out to cover 

the water surface thanks to surface tension.  A compressive 

force is then applied to assemble nanotubes confined at this 

two dimensional air-water interface into well-order arrays.  

The compression stops only after the nanotube arrays cover 

the whole surface and the film becomes incompressible.   

The resulted nanotube arrays exhibit unprecedented high 

nanotube density.  This nanotube density leads to record-

high current density in active nanotube transistors, and make 

them become a serious competitor with silicon in high perfor-

mance metal-oxide-semiconductor field-effect transistors.   

Fig. 4 Schematic (a), SEM (b), and TEM (c) images of nanotube 

arrays assembled using the Langmuir-Schaefer method. 

 

4. Conclusions 

   Our recent progress suggests that it is a promising direc-

tion to develop the ultimately-scaled transistors based on car-

bon nanotubes [6]. 
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