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Abstract: In this paper we investigate carbon nanotube field
effect transistors (CNFETs) for high performance logic
circuit applications.

1. Introduction

Carbon nanotube field effect transistors (CNFETS) lzeing
extensively researched both in industry and in ecad as
possible high mobility channel material with veryogl carrier
transport properties [1-5]. In this paper we wdktfis on the
requirements for using CNT transistor arrays agches in
circuits. For details of various aspects of digitafcuits

utilizing Schottky barrier CNFETs (SB CNFETs) foigh

performance logic applications the readers arectickto [1-
3]. Although CNFETs operating as MOSFETs are dbka
most of the experimental devices are SB in natureresthe
gate modulates a tunneling barrier at the soureerodl

3. Transistor Arraysfor Realistic Circuits

In order to have fan-out, drive fixed large loadshs as
interconnect in circuits and to have drive curresdmpatible
with silicon technology, we need to use multiple T@Nn the
channel of the transistor and effectively pack asynof them
as we can.

Fig. 5 shows the normalized delay as a functiomtar-tube
spacing for different capacitive loads [2]. Thiguie shows
that no mater what load capacitance is used, thestneed to
be packed relatively densely in order of 1 to Srditers apart.
This is a very challenging task for fabricationanié consider
that the diameter of the CNTs of interest is arolingm and
hence the spacing should be below 5 nm. Fig. 6yaeslithe
minimum array packing density requirements by situglyon

per footprint as a function of spacing between@NT tubes.
We have considered two scenarios: (1) a simulateded

junction (Fig. 1). Transistors based on CNTs havgigh performance CNFET with a nominal “on” currguer

demonstrated that they meet the basic and minim
requirements that a useful device should have gigmal to
noise ratio and scalability.

2. Circuits Challenges and Limitations

In this section we will discuss how DC and AC citcu
operations are impacted by the properties and gegprotthe
CNTFETSs [1-2]. We studied noise margin (NM) andtage
swing (VS) that are critical in inverter voltagearsfer
characteristics (VTC) for circuits. Our analysi®gled in Fig.
2 that NM and VS of circuits utilizing SB CNFETsear
sensitive to the choice of supply voltage and CNanetter
(bandgap). If we had to pick a point from this data would
have selected supply voltage of 0.5V and diamefter b nm
from NM and VS point of view. The fact that we nesdall
diameters and low supply voltage is interestingSabased
MOSFET’s NM and VS do not have this much supplytagé
dependency and are not limited by process window.

AC and transient operations are also impacted athchoice
of CNT transistor, diameter and supply voltage. @ata
regarding performance versus power trade-off ofCat RO
shows how the choice of our transistor impacts titde-off
(Figs. 3&4). The transistor I-Vs play a major roteFig. 4
results. It is reasonable that small diameter (01§ tube SB
CNFETSs have produced performance versus power ¢hate
corresponds to low performance and low power. What
interesting is that performance vs. power traddofflarge
diameter transistors (2 nm) show that these RO® haw
performance for high power. The reason for thisavédr is
the large leakage in large diameter tubes, whishlte in low
lon/loff ratio and slow switching. Thus larger diarar SB
CNFETs have no advantage in terms of delay and

Uftlbe of 50uA, and (2) an experimentally achievellevaf ~

20uA [4]. Assuming current per footprint of 1 mA/dior Si,
our data suggests that CNTs should be packed déresei50
nm apart to be better than Si (20 nm apart for best
experimentally reported CNFETS).
The most important observation is that CNT traosistrray
practically cannot tolerate any metallic tubes. Weed
99.95% pure semiconducting tubes to achieve lofvétio of
1000 and if we use a natural mix of 33% metallibetun
CVD-grown CNTs in the array, then lon/loff ratiogtades to
less < 2 (Fig. 8). This is critical because no prathow
variation tolerant is our structure, device and aircuits,
from digital applications point of view, we needparify the
semiconducting tubes to better than 99.95% for ttwroff
ratio.

4. Summary and Future Challenges

In this paper we discussed the potential of carbanotube
based FETSs in future high performance circuits rmuedtioned
key targets that devices need to achieve for digitauits.
However critical challenges, like, removing metaltubes,
tube packing density in arrays, doping, self-alfjmkevices,
parasitic control and device structure optimizatiatrication
of nano contacts and dealing with high power d@ssit
remain. In spite of these challenging barriers,eaesh
continues on CNTs because CNFETs may deliver high
performance characteristics and scalability forfthare.
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Fig. 1: Schematics showing Schottky Barrier and MONFFETSs

and their principle of operation
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Fig. 2: Noise Margin and voltage swing as a functd

nanotube diameter for different supply voltages
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Fig. 5: Normalized delay as a function of

based FO4 inverter for different nanotinanotube spacing for different load conditions.
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semiconducting nanotube
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Fig. 8: Role of metallic tubes in the lon/loff @in CNFET arrays
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