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Motivation

Claims about CNTFETs

1. Analog HF applications are the most suitable entry point for
CNTFETs

2. Device linearity is most valuable for analog HF applications!

Challenges

1. Provide access to intrinsic material properties in fabricated devices

2. Utilize CNTFETs for applications

From materials science to system engineering!
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Introduction – Device linearity

From materials science to system engineering!
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Introduction - Device linearity

Sketch of ST transfer characteristic Sketch of related transconductance

→ Device linearity is essential in communication systems!
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Electronics for mobile communication

Digital processor

(CMOS)

16 GByte Memory

(CMOS)

Power Management

RF front-end
(analog modules

for communication)

Circuit board of an Iphone 5

24%
screen

31%

processor

45%

RF front-end
Strategic Analytics

Power consumption breakdown

RF front-end:

High volume and high-speed data transmission required

Spectral efficiency (determined by signal distortion) of circuit
components and transmission speed limited by e.g. circuit technology
and available power (battery life time!)

Device linearity could help to meet future communication demands
M. Claus 6 / 36



Electronics for mobile communication

Digital processor

(CMOS)

16 GByte Memory

(CMOS)

Power Management

RF front-end
(analog modules

for communication)

Circuit board of an Iphone 5

24%
screen

31%

processor

45%

RF front-end
Strategic Analytics

Power consumption breakdown

RF front-end:

High volume and high-speed data transmission required

Spectral efficiency (determined by signal distortion) of circuit
components and transmission speed limited by e.g. circuit technology
and available power (battery life time!)

Device linearity could help to meet future communication demands
M. Claus 6 / 36



Example: Amplifier linearity at device level
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Linearity summary

Conventional seminconductors (e.g. silicon MOSFET)

/ Signals distortion if output depends nonlinearly on input

/ Interference with other channels

/ Expensive filters required

/ Higher losses and higher power consumption

CNTFET technology

, Purer signals allow higher data rates

, Simpler systems → lower cost

, Lower power consumption (= longer
battery life time)

24%
screen

31%

processor

RF front-end

Projected power consumption
breakdown if linearity is exploited

→ Distortion/ device linearity is a major issue in mobile communication!
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Designing CNT transistors - Challenges

How to obtain and provide access to the unique intrinsic properties of
CNTFETs and how to use them for applications?
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Designing CNT transistors

Transistor properties affected by . . .

intrinsic properties of semiconductor material

channel morphology

device architecture

interface properties of the various material stacks

Intrinsic properties

Channel morphology Device architecture

 © MS 64

Modeling of nanoelectronic devices

Equivalent circuit of ST-CNTFET
equivalent circuit topology from device structure 

=> large-signal model for analog high-frequency applications
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Selected unique intrinsic CNTFET properties

Variable bandgap: Egap(dcnt) = 0 . . . 1.2 eV
(i. e. semiconducting or metallic behavior)

Typical: dcnt ≈ 0.5 . . . 3 nm

One-dimensional carrier transport and density
of states, i. e. low scattering probability

High current carrying capability: ≈ 25 µA

Low intrinsic capacitances ≈ 1 aF

High carrier velocity up to Fermi velocity of
Graphene (≈ 1× 108 cm s−1)

Linearity at device level (based on 1D
transport)

→ Potential for high frequency applications with
significantly reduced signal distortion

(17,0)-tube,
dcnt ≈ 1.3 nm,
Egap ≈ 0.64 eV,

lcnt up to several mm
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Channel morphology depends on the fabrication

Single tube channel
single CNT bridging S & D

Digital circuit applications

Multi tube channel
aligned CNTs bridging S & D

Analog high-frequency
applications

Thin film channel
Intercrossing CNT chains

bridging S & D

Sensor applications

Typical methods: (i) CVD for in place growth, (ii) DEP deposition of
pre-sorted CNTs, (iii) Polymer transfer of pre-grown CNTs

Challenges depend on method (tube-placement, tube pre-sorting,
tube length, catalysts for selective tube growth, contamination)

Channel morphology determines channel resistance and current drive
and thus the application
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Device architecture depends on the fabrication

Global back gate CNTFET
Test structure and Sensor

applications

Top gate CNTFET
Analog and digital

applications

Local back gate CNTFET
Analog, digital and high

performance sensor
applications

Electrode design and device structure determine gate control and
parasitic capacitances!

Channel down-scaling limited by lithographie

Complexity limited available process modules and tools
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Interface properties affects device behavior

Contact resistance Oxide interface traps
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Find proper material for contacts (metall, carbon, . . . )
to define the barrier (see later)
High gate oxide quality and thoroughly wafer cleaning ensure
low trap density
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CNTFET technology status
for analog HF applications

[3] – M. Schroter, M. Claus . . . , IEEE J. of the Electron Devices Society, 1(1), pp.

9–20, 2013.
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CNTFET technology overview

Multi-tube CNTFETs

high current, high power application
(1000–3000 parallel tubes)

scale with tube density, finger number and
width to desired applications

relaxed constraints for technology
(800 nm channel length)

parasitic metallic tubes in the channel
(20%-30%)

first prototyp technologies available
(fT,peak ≈ 10 GHz, Gpower > 10 dB)

Note: Device linearity has experimentally
not been proven so far
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Status of HF CNTFET technology I

Single-tube CNTFET

HF CNTFET in GSG configuration

Multi-tube Multi-finger CNTFET

4 inch wafer
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Status of HF CNTFET technology II
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Status of HF CNTFET technology III
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First circuit results - L-band RF amplifier

First CNT-based single-stage L-band RF amplifier [4]

11 dB linear gain with 10 dB input/output return loss at 1.3 GHz
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Analog HF applications are most suitable entry point for CNTFETs!

Already possible with existing fabrication methods

Device linearity is most valuable for analog HF applications –
but has experimentally not been proven so far
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CCAM – A compact model for HF CNTFETs

[5] – M. Claus, et al., Workshop on Compact modeling, Vol. 2, pp. 770-775, 2012.

[6] – M. Schroter, . . . M. Claus, IEEE Transactions on Electron Devices, 2014.
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Compact models for HF CNTFETs I

Purpose

allows circuit design, simulation and optimization for an existing
technology

understanding of circuit properties and their relation to CNTFET
technology

prediction/ extrapolation of circuit and system properties for future
technology nodes (with less imperfections or scaled dimensions)

feedback for technology development: which technology parameters
needs to be improved to boost circuit performance

M. Claus 22 / 36



Compact models for HF CNTFETs II

State-of-the-art of CNTFET compact models

main focus on digital applications (“beyond CMOS”)
→ nanoscale channel lengths

models mostly restricted to single-tube CNTFETs and low voltages

formulations focus mostly on describing DC behavior

almost no experimental verification of model formulations

→ little emphasis on multi-tube high-frequency (HF) analog applications
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Compact models for HF CNTFETs III

CM for MT CNTFETs includes: equivalent circuit for semiconducting
tubes + metallic tubes + parasitic elements

Multi-tube CNTFET
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Compact modeling issues

All fabricated transistors have
Schottky-like barriers (SB) between
metal contacts and CNT

→ compact modeling very difficult

→ no feasible physics-based approach
(for current and charge) is known

→ almost all existing compact models
do not consider SB properly
(compared to experiments)

Two parallel approaches in our group:
semi-physics based (CCAM) and

physics-based (TCAM) compact model

Ec,s

Ef,s

Ec,d

Ef,d

source channel drain
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Compact model: CCAM

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. XX, NO. XX, XX XX 1

A semi-physical large-signal compact carbon
nanotube FET model for analog RF applications

M. Schröter, Senior Member, IEEE, M. Haferlach, A. Pacheco, S. Mothes, P. Sakalas, Member, IEEE
and M.Claus

Abstract—A compact large-signal model, called CCAM is pre-
sented that accurately describes the shape of DC and small-signal
characteristics of fabricated CNTFETs. The new model consists
of computationally efficient and smooth current and charge
formulations. The model allows, for a given gate length, geometry
scaling from single-finger single-tube to multi-finger multi-tube
transistors. Ambipolar transport, temperature dependence with
self-heating, noise and a simple trap model have also been
included. The new model shows excellent agreement with data
from both the Boltzmann transport equation and measurements
of Schottky-barrier CNTFETs and has been implemented in
Verilog-A, making it widely available across circuit simulators.

Index Terms—Compact transistor modeling, high-frequency
circuit design, Carbon nanotube FET.

I. INTRODUCTION

COMPARED to graphene [1] [2] and conventional bulk
semiconductors, carbon nanotube (CNT) field-effect tran-

sistors (FETs) possess a number of properties which may make
CNTFET technologies well suitable for certain applications [1]
[3] [4]. In particular, the one-dimensional transport in CNTs
leads not only to a low scattering rate and high current carrying
capability but also to a linear relation between drain current
and input (gate-source) voltage under specific conditions [5]
[6] [7]. This linearity is expected to be beneficial for, e.g.,
future mobile communication systems with increasingly com-
plex modulation schemes [8]. For exploring the benefits of
CNTFETs, the availability of a suitable design infrastructure is
required.

Radio frequency (RF) systems critically depend on their
front-end circuit blocks such as power amplifier (PA), low
noise amplifier (LNA), oscillator, and mixer. These circuits
are typically designed using simulators with compact models
representing the actual devices on a chip. The requirements
for compact models used for analog RF design are quite
stringent since they need to describe a typically nonlinear
device accurately over a wide range of bias, frequency and
temperature. In particular, an accurate prediction of the small-
signal behavior, including noise, requires the first derivative of
the currents and charges with respect to terminal voltages to be
correctly modeled, while predicting large-signal time domain

All of the authors are with the Chair for Electron Devices and Integrated
Circuits, Departement of Electrical and Computer Engineering, Technische
Universität Dresden, 01062, Germany, email: martin.claus@tu-dresden.de.

M. Schröter is also with the ECE Department, UC San Diego, La Jolla,
USA, email: mschroter@ieee.org

S. Mothes and M. Claus are also with the Center for Advancing Electronics
Dresden (Cfaed), Technische Universität Dresden, 01062, Germany

P. Sakalas is also with the Fluctuation Research Laboratory, Centre for
Physical Sciences and Technology, Vilnius, LT 02300

Manuscript received August 15, 2014; revised xx, xx.

waveforms (including phase noise) and nonlinear distortion
require an accurate modeling of currents and charges up to at
least the fifth order derivatives.

At the same time the compact model has to be sufficiently
simple so as to keep the circuit simulation time reasonable.
As a consequence, the physical relationships for describing
the device behavior must be simplified, for example by repre-
senting distributed regions of the device as lumped elements
and by expressing complicated physical effects through simple
and preferably explicit analytical solutions.

A critical review of existing compact models was given in
[9] [3]. The results of that analysis can be summarized as
follows. The models in [10] [11] [12] [13] [14] only focus on
digital applications and low voltages and, thus, the static (DC)
drain current while modeling of the nonlinear tube charge is
neglected or far too simplistic for RF purposes. The models
in [10] [12] [15] describe the static drain current with an
explicit solution of the Landauer equation, assuming a bias
independent average transmission factor. As shown in [9],
even the corresponding first-order derivative and thus the low-
frequency small-signal behavior of fabricated devices becomes
grossly incorrect. The charge descriptions in [11] [12] are
based on the pseudo-bulk approximation [9], which does not
match the capacitance data obtained from both experimental
results and device simulation. Attempting to include the effect
of Schottky-barriers (SB) at the source (S) and drain (D)
through the WKB approximation yields an implicit expression
[16] that is time consuming to solve and not attractive for
compact models. The model in [7] describes the nonlinear
bias dependence of the currents and charges with third-order
polynomials, the coefficients of which are determined from
device simulation. An extension to higher order, which is
necessary for practical applications, would be difficult in terms
of parameter determination. All models mentioned above
have shortcomings that prevent them from being usable for
practical analog RF circuit design or are not applicable to
the devices this work is aimed at (non-aligned and non-
uniform CNTs). One of the reasons why purely physics-based
compact modeling approaches fail to describe experimental
characteristics is the still limited knowledge of device physics
in fabricated CNTs, especially regarding transport and charge
storage effects. Therefore, in this work a semi-physical ap-
proach has been pursued which meets the requirements for
practical applications in terms of accuracy and parameter
extraction for experimental devices as well as computational
efficiency.

This paper is organized as follows. The typical device struc-
ture of a RF CNTFET and its physics-based equivalent circuit

M. Claus 26 / 36



Compact model: CCAM
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CCAM Features

bias-dependent formulation for
internal elements (i. e. large
signal model)

temperature and geometry
dependence for all equivalent
circuit elements

access to technology parameters
e. g. fraction of metallic tubes

noise and trap model

CCAM has been implemented in Matlab and Verilog-A, making it
widely available across circuit simulators
make use of HICUM infrastructure for developing and maintaining
industry standard model
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CCAM equations (not showing all)

Drain current:
Isem = IDS0fGSfDS

GS depdendence:

fGS =

uGS +
√

u2
gs + athg

1 +
√

1 + athg

21 + 2
1 + uGS√
u2
GS + athg


with uGS = 1− Vthg0/vgt, vgt = VGS − Vfb

DS dependece (simple form for scattering):

fDS = uDS

(
1 + |uDS|β

)−1/β

Similar smoothing functions for the charge
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Experimental verification I
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Experimental verification II
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Benchmark circuit design studies

[7] – M. Claus, et al., IMOC, 2013.
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Circuit results - L-band RF amplifier

First CNT-based single-stage L-band RF amplifier [4]

11 dB linear gain with 10 dB input/output return loss at 1.3 GHz
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Circuit results - Power amplifier

Class-A power amplifier designed at Vgs = 0.5 V (low saturation
voltage) and Vds = 2 V for 2 GHz applications

150 similar devices are connected in parallel to have an output power
of 16 dBm
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Circuit results - Ring oscillator

Ring oscillator (RO) build up in current mode logic (CML)

Differential architecture, CML building block acts like an inverter
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Summary

Unique intrinsic electrical properties Great potential for HF and low distortion
applications
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