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Abstract
This work presents an automatic design procedure for analog integrated blocks composed entirely by
Carbon Nanotube Field-Effect Transistors (CNTFETS) as active devices. The proposed design methodology
uses a simulation-based optimization engine called UCAF, which was developed initially for the design of
CMOS analog blocks. The application for CNTFETSs is straightforward and is demonstrated in this paper.
Optimization results show that an analog operational transconductance amplifier composed by CNTFETSs can
achieve even better resultsin terms of power consumption than the equivalent CMOS version.

1. Introduction

With the evolution of integrated circuits, thereaisneed to reduce the size of transistors to asldhes
growing demand for equipment with higher speed kwder power consumption. Nowadays, the CMOS
integrated circuit technology is dominant over oth@nufacturing technologies. However, CMOS tecbgyl
will reach a point where physical conditions wi# the limit for the evolution of the manufacturipgpcess of
transistors. Thus, it is necessary to constanifyctefor new materials and technology processexder to
anticipate this limit and provide new alternatiesincrease integrated circuits performance, awdsing
circuits with less power consumption, higher spaad smaller size. However, to achieve faster discuti is
necessary to design transistors with large capaeitirive current. To this end, a strong replacdncandidate
for CMOS technology, or additive to this technolpigythe carbon nanotube technology, which candeel dor
the fabrication of transistors with speed 10 to 1@@es faster than CMOS technology [1]. Howevererev
technology replacement generates some paradigngebamainly in terms of design methodologies. Well-
consolidated CMOS design methodologies must be tadafp new device characteristics or technology
constraints.

The ever increasing evolution of technology proc&ssthe fabrication of carbon nanotubes and the
possibility, in a few years, to the a large sca#brication of carbon nanotube field-effect tramsist
(CNTFETS), leads to the necessity of the developmérdesign methodologies which are suitable far th
implementation of integrated circuits composedh®se devices. In this paper we demonstrate adutigmatic
design methodology for operational transconductamplifiers entirely composed by CNTFETs. We inelud
the new design procedure in the UCAF Framework {&jich was originally developed for analog CMOS
design, taking advantage of the modular functicosfigurability and optimization algorithms implented in
the tool. The heuristics used to search the highlimear design space and to find optimized sohgiare
adequate for the CNTFET design of basic analogyiated blocks. Also, the tool has a friendly usgerface,
which turns easy the task of inserting new cirdajpologies, configuring the optimization proceduned
analyzing the results.

2. Carbon Nanotube Field-Effect Transistors

The theory of carbon nanotubes was first describgdijima [3], and is still in its early stage of
development [4][5]. Carbon nanotubes are hollowincidrs composed by one or more concentric layers of
carbon atoms similar to a honeycomb lattice. Thay be produced from a sheet of graphene rolled up,
producing perfect cylinders. Carbon nanotubes aidatl into two categories: (i) single-wall nanogsband (i)
multi-wall nanotubes [3],[7][8], as shown in Fig. This work considers only single-wall nanotubekecEical
characteristics of a nanotube are defined accotditige direction the graphene sheet is rolled up.

Fig. 1 — lllustration of a sheet of graphene (le$ipgle-wall nanotube (middle) and multi-wall néurime
(right) [9].
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We can represent this direction by a chiral ved&fined by the following equation:
C, =na, +ma,

Here,a; anda, are unit vectors of the graphene lattice orieotatindn andm are integers. According to
the direction of the chiral vector, nanotubes reeeipecial denominations: mem, they are called armchair,
while if m=0 andn#0 they are called zigzag. Otherwise, they are daltgral. The chiral vector also defines if
the device will be a conductor (metallic electrichlracteristics) or a semiconductor. The diambtef an
ideal nanotube is also dependent on the chirabvectd can be calculated as:

D ZE(\/I’]Z +m2+n.m)
Vs

wherea=0.246 nm is the atomic lattice constant. In thizrky we use zigzag type nanotubes witfl9 and
m=0, which has semiconducting electrical charadiesisand diameter of approximately 1.51nm. The main
properties of a carbon nanotube are the high cuoamying capacity, high thermal conductivity amaiuced
charge scattering [6]. This leads to the assumptan they are suitable for the implementation eém sub-
micron devices similar to MOSFETs. So, one of thairmpromising uses of carbon nanotubes in
microelectronics is for the fabrication of CNTFETS.

The structure of a CNTFET is composed by four teats: gate, drain, source and bulk. The designatio
of the terminals is identical to a CMOS transisthre to the fact that both have the same constaufiirm. The
channel region is composed by a carbon nanotubeecting drain to source, as shown in Fig. 2. Thea®
drain contact materials are typically titanium (8itky barrier contact) or palladium (quasi-ohmiatzxt).

Fig. 2 — lllustration of a CMOS structure (left)daa CNTFET (right).

Analyzing an N-type CNTFET, when a positive potehtlifference is applied in the gate terminal, ¢hisr
a current flowing from drain to source if thereaipositive potential difference between drain aodree. In
CNTFETSs a quasi-ballistic transport of carrierswsddue to the carbon nanotube), resulting ingh kiectric
current.
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Fig. 3 — Equivalence between CMOS and CNTFET.

The main design issue for the analog designer, vdeating with a carbon nanotube technology, is the
sizing of the transistors in order to achieve thesicbd electrical characteristics. When workinghwat
traditional CMOS technology, the designer of analotggrated circuits in general has the followingef
variables: W (gate channel width) and L (gate ckamength). However, for the CNTFET technology, the
diameter of a nanotube is fixed and the channdjtiers variable. In order to achieve higher curseiit is
possible to associate several nanotubes in pa(hljelSo, the free variables are L and N. In a CdA€ansistor
the W can be varied continuously, limited by thsotation of the manufacturing lithography. In thBITFET
technology, the channel width is given by the numifecarbon nanotubes that connect the source &aid d
regions in parallel. Thus, W can be sized only iscigte steps and is given by W=N.D, dependenthen t
number of nanotubes that form the transistor. Vde estimate a topological equivalence between both
technologies. Taking as basis a CMOS transistdn Wit300nm and L=32nm, we can estimate an equivalent
CNTFET with the gate composed by a parallel astociaof 199 nanotubes, each with D=1.51nm and
L=32nm, as show in Fig. 3. However, when analyzhgelectrical characteristics, this equivalendess

3. The UCAF Tool

The UCAF is a fully configurable simulation-basedltfor analog integrated circuit design automaf@j
The general design flow is shown in Fig. 4(a). Tbel receives as input design requirements, fakico
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technology parameters and an initial design salufwhich can be a previously designed solution carmlom
initial solution). These information are the inpfs the optimization heuristic algorithm which,dea on the
free variables bounds, generates an optimizedisnldor the circuit. As figure of merit, for anaiyg the
quality of the generated solution, the user must asecost function, which is calculated based on the
specifications obtained by electrical simulations.

UCAF is composed by a user-friendly input/outputeiface used to insert new circuit topologies, to
configure the design procedure and to analyze\tbkigon of results. This interface is linked teetbore of the
tool, which contains modular functions implemeniecdrder to automate the design, as shown in Fifh)4
The tool can be used to search for solutions tkath the specification constraints and optimize esom
specifications, such as power dissipation and gega, in highly non-linear design spaces. Althou@AF was
developed initially for CMOS applications, it issal suitable for the design of CNTFET analog intexgta
circuits, since the implemented automatic methagipie not dependent on circuit analytical equations
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Fig. 4 — (a) Framework block diagram and Analoguwirdesign automation tool (b).

4. Design of an OTA

As a design example for demonstrating the apptioatif UCAF for automatic design of CNTFET circuits
we used a two-stage Miller operational transcoraha amplifier (OTA). The schematic of this amglifis
shown in Fig. 5. The Miller OTA is composed by apuit differential pair and a current mirror withtige load
in the first stage. The second stage is composexhbgverter amplifier. Between the first and setetages is
connected a compensation capacitor for stabilitppses. The main electrical specifications of diisuit are:
low frequency gain (Ay), slew rate (SR), phase margin (PM), input commmte range (ICMR), output swing
(OS), power consumption and gate area.We implerdetwe versions of the Miller OTA: CNTFET and
CMOS. Both designs were implemented with UCAF tad used the same specifications, which are shown i
Tab.1. Predictive models for CMOS [10] and CNTFET tfansistors were used, both for the 32nm teaduyol
Synopsys HSPICE® was the electrical simulator. Wiieer amplifier is inserted in the UCAF framewotsing
the user input interface. The tool was configuieeéxplore the design space using Simulated Anrgdimthe
CMOS version the optimization variables are WendL of the transistors and in the CNTFET version the
variables aréN andL. Both designs were generated automatically by U@A# the results are shown in the
third and fourth columns of Tab.1. It is possildesee that most of the design constraints are eglaetith the
exception of low-voltage gain in the CNTFET versiovhich is slightly smaller than the desired vallibe
Tab.2, shows the transistor sizes, sources vahesapacitances of the resulting designs.
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Fig. 5 — Analog Schematics of a two-stage Milleeigtional transcondutance amplifier.
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The goal of the optimization provided by UCAF wéae tminimization of power dissipation. The power
dissipation of the CNTFET circuit generated by thel is about 1.8 times smaller than the equiva@#OS
version.

Tab.1 - Design Results - Specifications

Specification Design objective  CMOS design CNTFET design
Slew Rate >1Vlus 1V/us 2.17Vlus
ICMR + >05V 06V 0.88V
ICMR — <-05V -0.7V -0.80 V
Output Swing+ >0.8V 0.8V 0.87V
Output Swing- <-0.8V -0.85V -0.87 V

GBW > 1MHz 1.42MHz 5.63 MHz
Gain >50dB 60 dB 51.64 dB
Phase Margin > 60° 66° 76°
Power Dissipation Minimize 43.61IW 26.31uW

Tab.2 - Design Results — Circuit Parameters

Parameter CMOS design CNTFET design
W L N L
M1 and M2 8.38um | 0.47um | 20000 0.0&m
M3 and M4 0.29um | 0.59um 413 4.0Qum
M5 2.15pm | 0.31pym | 19333 0.40m
M6 9.99um | 0.10um | 19333 0.6Qum
M7 and M8 3.4Qum | 0.16um 1866 0.25%um
| BIAS 3 HA 181HA
VDD:|VSS| 0.9V 0.9V
CL 10pF 10pF
Ce 3pF 3pF

5. Conclusion

This work described the automatic design proceddira Miller OTA composed by CNTFETs and the
comparison with a CMOS version. The power consumnptias optimized, achieving less than 50uW in both
versions. We demonstrated that it is possible toimize the power consumption in the CNTFET version,
taking advantage of the promising electrical chi@mstics of this type of device. The major contitibn of this
paper is the direct comparison between both teolgned, demonstrating that CNTFET are candidates to
compete with the well-established CMOS devicestli@ implementation of low-power analog circuits whe
nanotube fabrication challenges will be surpassech as yield, mismatch, among others.
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