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Abstract—With silicon-based transistors approaching their
scaling limits, multiple successor technologies are competing
for silicon’s place. Due to recent fabrication breakthroughs,
one promising alternative is the carbon nanotube field-effect
transistor (CNTFET), which uses carbon nanotubes as the
channel medium instead of silicon. Although logic gates using
CNTFETs have been demonstrated to provide up to an order
of magnitude better energy-delay product (EDP) over siliconbased counterparts, system-level design using CNTFETs show
significantly smaller EDP improvement because of the critical
path of the design, output load capacitance and corresponding
drive strengths of gates. In this paper, we address this challenge by exploring various architectural design choices using
CNTFET-based pass transistor logic (PTL) and create an energyefficient RISC-V processor. While silicon-based design traditionally prefers complementary logic over PTL, CNTFETs are ideal
candidates for PTL due to their low threshold voltage, low power
dissipation, and equal strength p-type and n-type transistors. By
utilizing PTL to design modules that lie on the processor’s critical
path, systems can efficiently exploit CNTFET’s potential benefits.
Our results show that while a CNTFET RISC-V processor using
complementary logic achieves a 2.9× EDP improvement over a
silicon design, using PTL along the critical path components in
the ALU can boost EDP improvement 5× as well as reduce area
by 17% over 16 nm silicon CMOS.

I. I NTRODUCTION
With the end of Dennard Scaling and the pending demise
of Moore’s Law, silicon chip manufacturers are facing a
widespread plateau in performance improvements. Clock frequencies and power have already stopped scaling due to the
power wall [7], and many industry experts predict physical
scaling to end with the 5 nm node in 2021 [10].
Extensive research is being undertaken towards the discovery of new alternative technologies to continue performance
scaling while maintaining power density, including spintronics,
quantum computing, and carbon nanotubes. Carbon nanotube
field-effect transistors (CNTFETs) are one of the most promising competing technologies available, offering high currentcarrying capacity [9], high carrier velocity [12], and exceptional electrostatics due to their ultra-thin body [2]. In addition,
CNTFETs have made great strides in manufacturability in
terms of both device scaling and yield, and they require
relatively few changes to the silicon manufacturing process [4].
Prior work has investigated the impact of CNTFETs on
small-scale designs, such as individual transistor properties or
complementary gates [5, 11]. Bobba et al. have explored the
impact of replacing Si-FETs with CNTFETs at the system
level, designing an OpenRISC processor [3]. However, their
processor’s EDP improvement is much lower in comparison

to their gate-level EDP reduction over silicon. This is primarily due to the critical paths within the design, output load
capacitance and corresponding drive strengths of gates while
creating larger designs. The EDP improvement at system-level
will further be diminished due to variation caused by the
fabrication process. Hence, this calls for more efficient design
techniques and a better-suited logic family to reclaim the order
of magnitude improvements that CNTFETs are capable of
delivering. One of the key properties of CNTFETs is their
low threshold voltage and low power dissipation, which lends
very well to the use of a more efficient logic family like pass
transistor logic (PTL) [6]. CNTFET-based systems can greatly
improve EDP through the use of multiple logic families, and
in particular with the use of PTL.
In this paper, we take advantage of CNTFETs’ exceptional
electrical properties to explore the architectural design considerations that need to be made when creating large-scale CNTFET designs using PTL. We build a RISC-V pipeline using
both complementary logic and PTL. Specifically, we compare
several microprocessor components in 16 nm FINFET-based
CMOS silicon (Si-CMOS), 16 nm complementary CNTFET
(CCNT), and 16 nm PTL-CNTFET (PTL-CNT). We then
expand our analysis to a full RISC-V pipeline design and
evaluate the system-level impacts.
We show that the CNTFET RISC-V pipeline achieves a
mere 2.9× improvement in energy-delay product (EDP) over
a silicon-based design at 0.4 V. We improve this by using
PTL for the critical path components and CCNT for the rest
of the design, gaining a 5× improvement in EDP and a 17%
reduction in area over 16 nm silicon CMOS.
II. M OTIVATION
Historically, CNTFET designs have been plagued by manufacturing issues, particularly when creating a standard cellbased design. However, recent advances in fabrication techniques have made high-yield, reliable CNTFET devices possible for both p-type and n-type transistors, enabling the
use of traditional CAD design flows. CNTFETs use carbon
nanotubes as the channel medium between the source and the
drain, instead of silicon. Hence, the behavior of a CNTFET
is similar to a Si-FET: we observe a linear region followed
by a saturation region in the drain current, IDS , as a function
of increasing gate-source voltage, VGS [1]. In this section,
we briefly discuss recent fabrication breakthroughs, provide
an initial characterization of the device, and demonstrate why
PTL is a promising logic family for CNTFET-based designs.

