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The CNTs open many prospects for applicThe CNTs open many prospects for applic
integration, and new functionalities;

h i l i ( l /h l )their electronic (electron/hole transport) a
cost high performance electronics (for instan

or transistor: Why? 

cations in the field of electronics in term of
Robert Chau, Intel Proc. Proc. of DRC 2006
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Theoretical HF performance

P. Burke AC performance of nanoelectronics: towa
THz nanotube transistor; Solid State Electronics 4THz nanotube transistor; Solid-State Electronics 4

FET for HF: Why ?
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CNT

Some conditions for the devel
l ielectronics
Material control (diameter, length, SC vs M

Hybridation onto CMOS or with flexible ele

Development of cheap handling techniqueDevelopment of cheap handling technique

Wet self-assembly techniques

Mirkin, Smalley, Schatz et al PNAS 2006
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TFET Technology

lopment of CNTs in 

M)

ectronics technologies

eses

Localized growth

G. Zhang et al. / Proc. of IEDM 2006
Stanford University, Stanford CA 94305, U.S.A;

g



HF C

Some conditions for the fabri
i f i h ftransistors for High frequenc
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NTFET Technology

ication of CNT-based-
icy transistors

Ω
Strong influence of parasitic

Parallelization seems to be the solution
to increase the current level and
to screen the parasiticto screen the parasitic…

Needs technological 
improvements in term of:

CNTs placement10

SC/Metal Separation
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CNTs placement by di-electroCNTs placement by di electro

NW illu

D. L. Fan et al. Appl. Phys. Lett. 
Johns Hopkins University, Baltim

NTFET Technology

ophoresis process:ophoresis process:

ustration

89, 223115 2006
more, USA
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CNTs placement by Langmuir

G. Zhang et al. / Proc. of IEDM 2006
Stanford University, Stanford CA 94305, U.S.A;

NTFET Technology

r Bloddget method



HF C

SC/Metal CNTs selection:SC/Metal CNTs selection:

Chemical solutions:Chemical solutions:
K.H. An et al. / Current Applied Physics 6S1
(2006) e99–e109
Sungkyunkwan University, Republic of Koreag y y, p

C. Ménard-Moyon et al. 
CEA-Saclay; Univ. of Montpellier; LSB Uni. Strasbourg 
JACS 2006, 128, 6552-6553, ,

NTFET Technology
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SC/Metal CNTs selection

Selective etching: Plasma 
hydrocarbonation reaction 

NTFET Technology

(Guangyu Zhang et al. 10 NOVEMBER 2006
VOL 314 SCIENCE)VOL 314 SCIENCE)
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CNTFET H

State-of-the-art

HF measurements: heterodyne & homody

• 100 MHz IBM, 2004 (detection)
• 580 MHz IBM, 2004 (detection)
• 2,6 GHz Burke et al, Irvine, 2004 (cryogenic reson
• 50 GHz McEuen et al, Cornell, 2005 (heterodyne m
• 23 GHz Pesetski et al, Northrop Grumman, 2006 (
Lot of works with frequency increase but no a
CNTFETs…

HF transistor measurements (S-param
Very few reports

• Kim et al, Purdue, MTT symposium, I.M.S. 2005 f, , y p ,
• Bethoux et al. EDL, VOL. 27, NO. 8, AUGUST 2006
• Narita et al. NEC research Lab. TNT2006, 2006 ft

HF Performance: Status

yne (detection) mixers, other…

nator )
mixer)
(heterodyne mixer)
actual demonstration of the active nature of 

ters; HF gain)

ft=2.5 GHz
6 LEM/IEMN ft=8 GHz
t=10.3 GHz



CNTFET H
d i lHeterodyne Mixer: examples

10 MHz < fAC < 23 GHz IF=10 kHz

Architecture: « Top gate » p g
CVD NT d~1.2nm
Lg=1µm
tox=220nm (Si3N4)
Q t b t tQuartz substrate

APPLIED PHYSICS LETTERS 88, 113103 2006
Aaron A. Pesetski et al.

Northrop Grumman Corporation,

HF Performance: Status

2 GHz < fAC < 40 GHz IF=2 MHz

Architecture: « Back gate »
Self-assembling deposition (10 NTs /µm)
Lg=200 nm (recouv. 50nm)
tox=2nm (Al2O3)
SOI HR substrate

JP Bourgoin et al. Proc. of IEDM 2006
CEA LEM - IEMN



CNTFET H

Active Transistor HF measure

Narita et al. NEC Research Lab. TNT2006, 20

HF Performance: Status

ement: example

Architecture: « Top gate »
NTs CVD (10 NTs /µm)
Lg=200 nm
tox=40nm (SiO2)
W= 2 doigts x 20 µm
SOI HR substrate

gm ~ 220 µS

Ft ~ 1.5 GHz extrinsic

Ft ~ 10 GHz intrinsic

MSG ~ 13 dB à 1 GHz

à(>3dB à 10 GHz)

06
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CNTFE

CNTS or CNTFETs HF meaCNTS or CNTFETs HF mea

To quantify the actual HF perTo quantify the actual HF per

Extraction of small signal equExtraction of small signal equ

Estimation of intrinsic / exEstimation of intrinsic / ex
Optimization of transistorOptimization of transistor
Electrical modelingElectrical modelingElectrical modeling  Electrical modeling  

Measurement techniques inMeasurement techniques in

Spectral: Vectorial Network

time domain: Laser impulsio

T HF measurements

asurements: Why?asurements: Why?

rformancerformance

uivalent circuituivalent circuit

xtrinsic HF performancextrinsic HF performance
r architecture and topologyr architecture and topology

n spectral and time domainsn spectral and time domains

k Analyzer, 

on fs
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Challenges to overcomeChallenges to overcome
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CNTFE

Spectral Domain: VNA, reflection uncSpectral Domain: VNA, reflection unc
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T HF measurements
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Spectral Domain: VNA, transmission unSpectral Domain: VNA, transmission un

S21 Magnitude Accuracy

Spectral Domain: VNA, transmission unSpectral Domain: VNA, transmission un
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CNTFE

SS--parameters Uncertainties: Impaparameters Uncertainties: Impa

On-wafer Measurements: calib
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HF CN

“Back Gate MOSFET”

Source

NTFET Architectures

“T G t MOSFET”“Top Gate MOSFET”

IEEE TRANS. ON NANOTECH.,
VOL. 3, NO. 3, SEPTEMBER 2004
IBM group.

id
gate Drain

Interests:
Lower parasitic gate-to-
source & gate-to-drain

oxide

oxide

source & gate to drain 
capacitances



8GH

IEMN device structure

10
 µ

m
W

 =
 1

High resistivity silicon sub

Back gate process – MetalBack gate process Metal

SWCNTs (Ø 1.4nm) deposi

Hz ft_int HF CNTFET
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Device cross section

bstrate to reduce microwave loss
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8GH

no APTS

APTS 
exposure

Car
bon 
Nan
otub

gate 
fingers otub

efingers

1 µm

Deposition of aminopropyl-trietho

S l ti d iti f SWCNTSelective deposition of SWCNTs 

in the gate area define with APTS (r

CNT density of about 10 NTs / µm

Hz ft_int HF CNTFET

10
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 1

oxy-silane (APTS) as sticky patch

(i di i i i i l t)(in dispersion in inorganic solvent) 

random deposition)

m
J.P. Bourgoin group – CEA LEM
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IEMN device structure

VDS = 1V1.3
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Extrinsic device performance

In the device reference plane

parameters
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8GH

Calculation of intrinsic device pe

For any device with CNTs, si

p

y C ,

fabricated on the same wafer. T

"Open structure"

pl
an

es e

re
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t p

M
ea

su

Hz ft_int HF CNTFET

erformance

imilar structure without CNTs, is C ,

This structure is considered as 

From S-parameters, pads are de-

embedded using this expression

[Y ] = [Y ] [Y ][Yintrinsic] = [Ymeas] – [Yopen]
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Intrinsic device performance

Current Gain
Slope of 

45
50

-20 dB / decade

25
30
35
40
45

(d
B

)

10
15
20
25

H
21

 

0
5

1,0E+07 1,0E+08 1,0E+09 1,0E+10
Frequency (Hz)Frequency (Hz)

FT = 8 GHz
J M BeJ.M. Be
IEMN-C

Hz ft_int HF CNTFET

Maximum stable Gain 
10 dB @ 1GHZ 

Slope of

30

Slope of 
-10 dB / decade

20

25

dB
)

10

15

M
SG

 (d
0

5

1 0E+07 1 0E+08 1 0E+09 1 0E+101,0E 07 1,0E 08 1,0E 09 1,0E 10
Frequency (Hz)

ethoux and al EDL August 2006ethoux and al. EDL, August 2006
CEA LEM



30GHHz ft_int HF CNTFET

Same architecture
But CNTs deposition method different

CNTs density ~ 10-20 times higher
Total current range : 15 – 30 mA

no SC/metal CNTs selection
or metal CNTs destructionor metal CNTs destruction



30GH

VDS = 1.5 V and VGS = -2 V

A. Le Louarn et Al. APL june 2007
IEMN-CEA LEM

Hz ft_int HF CNTFET
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CNT-based transistors & circuits o

for low cost high performance el
“M th M ” h“More than Moore” scheme

Actual recent improvements in terActual recent improvements in ter

By the realistic improvement of ely p
conventional

measurement set-up (VNA, LSNA, 

CNTFET may be considered as mi
frequency in the cm wave rangefrequency in the cm wave range 

mary & Perspectives

one of best candidates

lectronic; new functionalities in 

rm of CNTs technologyrm of CNTs technology

ectrical characteristics of CNTFET: 

on-wafer…) are now suited.

crowave transistor with cut-off 
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GHz CNTFET on fle
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d l APL iand al. - APL - in press
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