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Abstract—In the last decades it has been realized that scal- ~ Amongst the plenty of solutions proposed, CarboNan-
ing reaches the physical limits of the nowadays used mate- oTubes (CNTSs) are one of the materials that are more in-
rials. For this reason the semiconductor industry is look-  teresting for integrating with or maybe, in a further future,
ing for different materials and architectures to integrate g qtinte silicon-technology. They show a wide range of
}ﬁ'rtthh é?efufllj:éen;\,zli:c;n;zabssetgu:zcgnofr%)én%rsmiibgienya interesting features which can be exploited in principle to
of solutions investigated, CarboNanoTubes(CNTSs) are one Puild _both low-resistance hlgh—gtrength interconnections
of the more promising materials. They show a wide range and highly scalable low-power Field Effect Transistors and
of interesting features which can be exploited in principle Single Electron Tunneling Transistors.
to build both low-resistance high-strength interconnections CNTs were discovered by lijima [2] in 1991 while per-
and highly scalable low-power Field Effect Transistors and - forming some experiments on molecular structures com-
Single Electron Tunneling Transistors. _ posed of carbonium. A CNT consists of a graphene sheet
__In this paper we present an overview of the main exper- 14 yp to form a cylindric molecule. It can be Single-
iments and applications that involve CNTSs, explaining why Walled (SWNT) or Multi-Walled (MWNT), depending on
their properties appear to be interesting for future electronic how many walls the tube is made of. In Fi,g 1 the structure

devices and how researchers are trying to exploit these prop- -
erties to overcome technology related limitations for circuit  Of @ graphene sheet together with a SWNT and a MWNT

manufacturing that are near to come. is shown.
Furthermore, we will discuss the possibility and some basic
ideas to develop circuit models for the novel devices in or-
der to make some steps from the actual research on physical
level towards a circuit and system level approach. For this

purpose, we will start to investigate the features that seem
common to most of the experimental results presented till

now. These features will be the basis for future models.

Keywords—Nanoelectronics; energy band diagrams; Car-
boNanoTubes; interconnections; Field—Effect—Transistor.

Fig. 1. lllustration of a graphene sheet, a Single-Walled CNT
I. INTRODUCTION and a Multi-Walled CNT.

In the last decades it has been realized that the scaling
reaches the limits of the nowadays used materials [1]. In |l. ELECTRIC PROPERTIES AND ENERGY BANDS
particular, the silicon based technology is now producing DIAGRAMS

devices in which molecular and quantum effects are start-+1 o alectric properties of CNTs were investigated first

ing to influence and change the expected behavior, maég Hamada et al. using tight-binding band-structure cal-
ing the realization of good performance devices more alations [3]. Their studies showed that CNTs properties

more difficult, if not impossible. For this reason the Nare strongly dependent on their chirality and diameter. The

dustry of semlconductors_ls '°°k”.‘g for d|ﬁergnt matenal%hirality is related to the degree of the twist of the lattice
and approaches to substitute or integrate with the curre&tthe tube and can be described by the chiral vector

silicon-based technology. : . . . .
gy The chiral vector is a circular vector that is perpendicu-
This research project has been supported by a Marie Curie Ea#f’i‘/r to the aXIiOf the_FUbe' Itisa Ime?r combination OT the
Stage Research Training Fellowship of the European Community28S€ V_eCtO"?l andaz. In mathematical terms the chiral
Sixth Framework Programme under contract number 504195-EDITHvector is defined as:
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C = niy + mi, 1) \/
wheren andm are integers. In Fig. 2 a graphical repre- Lt

sentation of the chiral vector is shown. The vectot has
coordinates4, 2). Now, if we superpose the point A with
the origin O, we obtain &, 2) SWNT that will be made of
the portion of lattice that is between the two lir@® and (a) /
2"

/

AB’. Sometimes the chiral vector is also defined using
linear coordinate and a angular coordinate referred to 0iic

of the base vectors. For instance in Fig. 2 the afigle Fig. 3. Energy bands in (a) metallic and (b) semiconducting
referred to the base vector. SWNTSs.

Fig. 2. Definition of the chiral vector for a SWNT.

In this way the couple of intege(s, m) defines the chi- 4
rality and the diameter and therefore the position of the v
lence and conductance bands and consequently the vaiue
of the energy gap. Thus, depending to the codplen), Fig. 4. Different chiralities for different chiral vectors; from the
the SWNTSs can have metallic or semiconducting behavianp: armchair(5,5); zig-zag(9,0); chiral(10,5).

In Fig. 3 an example of energy bands is shown for metallic
and semiconducting SWNTs. An important condition to
distinguish between the two categories is:

three SWNTSs is metallic and that MWNTSs have usually
(2n+m) . S :
~~—— 7 —integer (2) more than ten shells, we obtain in many cases metallic

_ _ _3 _ B _ MWNTSs because just one metallic SWNT is sufficient to
be certainly semiconductor-type. So the (2) is a necessary,

but not sufficient, condition for the SWNT to be metallic. Amongst the properties of metallic CNTs, much atten-
It has been demonstrated that SWNTs with the chiral vetion deserves also the property of conductance quantiza-
tor of coordinategn, n) are certainly metallic. In Fig. 4 tion. Indeed it has been shown that the perfect structure of
some noticeable kinds of chiralities are shown with thethe CNTSs allows them to transport electrical charge with-
respective names. out scattering over distances of up to several microme-
MWNTSs are overall metallic. This is due to the fact thaters [5] in low-bias voltage. This property is callbdllis-
the coupling of the coaxial SWNTSs contained in a MWNTic transport Thank to this property, metallic CNTs show
doesn’t appreciably change the band structure of the siwery low resistance, high current driving capabilities and
gle tubes. This means that the tubes maintain their basibtnost no heat dissipation, features that can be exploited to
properties even if they are part of a MWNT. Thus, takbuild high-performance interconnections and devices for
ing also into account the fact that in average one out aftegrated circuits.
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[1l. CARBONANOTUBES AS INTERCONNECTIONS to evaluate the scattering probabilities in metallic tubes but
. . till now no uniform results have been obtained. However
As we mentioned above, the ability of carbonanotubes

to carry high current densities with a fixed resistance OV(leJrS.Ing bundles of SWNTs in paraliel or MWCNTS is in

) . principl ibl in interconnections with an -
lengths up to several micrometers makes them mteresth ciple possible to obtain interconnections with any de

for implementations of on-chip interconnections. Indeed ﬁﬁled resistance.
P P 0 A spios: The CNTs seem able to overcome the main limit that
has been shown that they can carry il ——=, thatis at

least 100 times higher than the breakdown current for ar(fp? pper wires are supposed to encounter in th_e ne_xt future.
L Indeed the ITRS roadmap foresees that vertical intercon-
metallic wire [6]. . : .
In the first . s related to th ducti nects (vias) will not be able to stand the current density
n the Tirst experiments related to the conductive prOF?’equired in the next future because of the impossibility of

e_rtles O.f CNTs, th_e c_onduc'Fance appeared to 2be quatﬂ]ilding copper vias with the same almost perfect structure
tized with a quantization unit equal t6y = 2 5 =

_ ) _ —of horizontal wiring [1]. Viceversa, CNTs are able to carry
(12.9 kilohms) ™, wheree is the electron charge anidis ¢ rrents that largely satisfy the ITRS parameters till 2018.
the Planck constant [5]. In following experiments a NUMR1oreover, using methods of CNTs growth in the holes be-

bgr of groups found out th_at at low temperatures and atloyeen the metal layers, low resistance vias can be realized
biases the conductance is approaching the valie@. quite easily (fig. 6).

This effect has been attributed to the spin degeneracy that
influences the conductance by a fac2gd]. In fig. 5is 4
shown the dependence of the differential conductance o
metallic CNT on the bias voltage at different temperature
As said above, if the temperature decreases, the value g
closer to the predicted value ®iGy.

4.0 1
3.5
3.0 1
= )
NB 2.54
N 4
> 2.04
g s ] Fig. 6. SEM image of the growth of a CNT via.
= 139
1'0'_ IV. CARBONANOTUBES TRANSISTORS
0'5'_ The first CNT Field Effect Transistor was built in 1998
00— — (- fromTans, Verschueren, and Dekker [8]. The CNT consti-
06 04 02 00 02 04 06 tutes the canal of the FET, as it is shown in fig. 7.
V (V)

Fig. 5. Differential conductance of a SWNT as a function o
bias voltage at different temperatures.

These results have been useful to compare the p
formances of the metallic CNTs with classical ohmic
wires. The metallic tubes can be considered as wir
with a resistance that is length-independent and diamet
independent. This is true till is valid the condition of bal
listic transport, that has been experimentally demonstratgg) 7 schematic structure of a top-gated CNT Field Effect

for tubes long a few micrometers [5]. For transport onransistor: the CNT is the canal of the transistor.
longer distances or bias voltages not low enough, scatter-

ing has to be taken into account. Several groups have triedThe first CNTFET was back-gated and the drain and
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source electrodes were made of Potassium. The CNT us
in the transistor is a semiconducting SWNT that can t
switched from metallic to insulating state by the module
tion of the gate voltage. This FET showed naturally a be
havior similar to a p-type MOSFET. In fig. 8 th&Vj;s)
curves for different gate voltages are shown. Considerit
the region of low bias voltages (the region in which shoul
be polarized the future nanoelectronic devices), for pos
tive gate voltages the current is almost totally suppress
while for negative gate voltages the conductance value s
urates around0~°® S. In other words, the nanotube in-
creases his conductance for negative values of the g
voltage, as shown in the inset of fig. 8. It can be notice
that, swapping the gate voltage, the conductance value (
be varied over six orders of magnitude, a very satisfyin
range.

In this first CNTFET the saturation value of the resis
tance, around M2, was attributed mainly to the contact

Ve (V)
Annealing

AFTER
g ANNEALING

K-DOPED

S ARTINW
a5

resistances between the CNT and the electrodes. Hc
ever, it was not completely clear what was the reason a
how were generated these high contact resistances.
most contemporarily with the previous group, also Marte
et al. [9] built and tested CNTFETSs obtaining again intel
esting results.

After these first promising experiments, many groug
built and tested their CNTFETs with CNTs produced it
several ways and with different gate and electrode me
als. Later on, n-type CNTFETs were obtained from a ori¢
inally p-type CNTFET by doping with potassium or by

Vs (V)

Fig. 9. Inversion of the conductivity type of a semiconducting

smp!;ansealmgﬁ_ n _\/acu?m (ﬁgl' 9). This ?lsgoverfma:jdgNT by (a) annealing in vacuum and (b) doping with potas-
possible the realization of complementary logic, a fun &um. The different curves are obtained at different values of

mental feature for the feasibility of a digital low-powery,, . starting at200 mV and with increasing steps abo mV .

electronic made entirely of CNT devices [10].

However, despite of all these good results, it was not
clear yet why the behavior and the performances of the
CNTFETs where so heterogeneous in quite similar exper-
iments and moreover, in some cases, not as good as ex-
pected. A very important discover was achieved when dif-
ferent groups showed that the transistor behavior of most
of the CNTFETSs built and tested till then was not due to
change of the conductance of the CNT, as was believed by
most of the researchers, but primarily to the variation of the
drain-CNT and source-CNT contact resistances [11][12].
This effect was attributed to the Schottky barriers that are
present in every semiconducting-metal junction (in this
case both CNT-electrode contacts). It was shown that,
changing the gate voltage, the width of these barriers was
Fig. 8. I(Vhias) curves for different gate voltages; inset, con-changing favoring or not the tunneling of electric charge
ductance of the CNT for different valueslof:... from the contacts to the CNT and viceversa. Thus, it was

T T T T IE;
Gate voltage (V): ;

20 b e

300 K

I{nA)

0.0
Il’fl}ias {V)
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mainly this phenomenon that provided the transistor-like  qgy- g ; : ; : . -
behavior of CNTFETs and not the tube in itself! ] Source-Drain Voltage = -1V
Later on, very useful and rigorous theoretical descrip-@ oy
tions of the electrostatic behavior and of the energy banc® ]
diagrams in CNTFETs were provided by Guo et al. [13],
[14] and by Castro et al. [15], [16]. Using tight analyti-

Drain Cur

. . ; . 10n 4 105 mvidec
cal and numerical calculations to solve Poisson’s equation ; E
they obtained a very accurate and satisfying electrostati% g o .. TopGate
analysis for the Metal-Insulator-SemiconductingCNT ca- 1 | —
pacitor (in analogy with the classic MOS capacitor) and 1003 | Boiton Gata:
for the CNTFET in presence of various gate dielectrics . )
and using various geometries of the capacitor and of the e A 2 B 0 b
contacts (fig.10). Gate Voltage [V]

Fig. 11. Gate voltage dependence of the source-drain current
(I) Tube Tube of a top-gated p-type CNTFET.

(i)
Nowadays much research is still going on, the perfor-
Insulator mances are getting better and better and the interest around
CNTFETSs is increasing more and more. For example
Gate Gate Javey et al. showed that, using very short CNTs (with
lengths till 10 nm), FETs with very high drive currents
can be obtained [19]. This demonstrates that the shorter

L 1] S
(i) is the CNT, the lower is the probability of scattering (in
( ) other words, some kind of undercutting of the mean free
- — path of the charges can be performed). Thus, higher bias

Insulator voltages can be used and higher currents will be carried
by the CNT. Furthermore, using self alignment techniques
Gate and arrays of parallel nanotubes, the performances of the
CNTFETSs can be further improved [20].
Fig. 10. Different geometries for Metal-Insulator-  The CNTFETSs reported in the recent literature show
Semlcq_r)ductln_gCNT capacitor: (i) planar; (i) periodic g,p good performances that they appear clearly supe-
array; (iii) coaxial. rior to the their silicon based counterparts. In Fig. 11

it is shown the gate voltage dependence of the source-

These theoretical approaches shed light on the relatigp,in cyrrent of the CNTFET realized and tested recently
between the performances of the CNTFETSs and the fegy gejgel et al. [21]. The subthreshold slope is around
tures of the electrodes of the device. In particular, it wags mV /dec, the on-off current ratio is arounth® and
realized that the choice of the electrode metals and of the, saturatio’n current is abolts A. Table | shows a

geometry of the contacts is a basic topic in order to reglymnarison between the performances of the state-of-the-
ize CNTFETSs with good performances. Indeed, Heinze gt sijicon transistors and this CNTEET.

al. [17] builta CNTFET with asymmetric contacts obtaingqm these last results, it can be realized how promising

ing improvements of the performances. Moreover, Javeye he CNTFETS for the future of electronic devices.
et al. [18] obtained dallistic transistorthrough consid-

erations about the work functions of the various metals

used for the electrodes. Indeed, they showed that contact-
ing semiconducting SWNTs with palladium electrodes, a The cylindrical geometry of the CNTs inspires naturally

metal with a high work function, strongly reduces or elimdevices with geometries that are different from planar ge-
inates the Schottky barriers formed at the contacts. In thignetries used till now in Silicon based technology. Hoen-
way they were able to fully exploit the ballistic propertiedein et al. [22] proposed recently the vertical carbonano-
of the CNT obtaining a CNTFET with high mobility and tube FET that consists of a combination of a CNT via with

high current densities in low bias voltage working regionsa horizontal CNTFET (fig. 12a).

Insulator

V. FUTURE DEVICES
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Comparison between the state-of-the-art p-type CNT and Silicon transistors; the values are scaled to the channel width or the CNT

CNT FET | TriGate | FinFET | SON

Seidel Doyle Yu Harrison

(2004) (2003) | (2002) | (2003)
Channel Material CNT Si Si Si
Drive Voltage [V'] 1.0 13 1.2 0.9

Drive Current fnA/um]
Transconductance5/ um]

2.4-6.4 0.88 0.72 0.914
2640-6430; 920 900 1170

Subthreshold Slope}V/dec] 105 69.5 101 70

On Resistance}/um] 155-425 | 1480 1667 985

Gate Length#hm] 600 60 10 70

Gate Oxide Thicknessin] 8 1.5 1.7 2

Off Current [n A/ pum] 22 120 20 1
TABLE |

source

diameter.

structures can be realized because the devices are not any-
more tied to the bidimensional surface of the Silicon sub-
strate (fig. 12b).

This concept should also have in principle several ad-
vantages compared to classical planar technology in rela-
tion to the fabrication of the devices. Nevertheless, the
technology of growth and treatment of CNTs is still on its
infancy and still much research has to be done to make
feasible these new devices.

VI. PERFORMANCE PROJECTIONSWHAT ABOUT
MODELS?

To evaluate the performances of the future CNT devices
and to understand weather they can be good candidates for
high performance electronic circuits, physical and circuital
models are needed. In the last decade, plenty of physical
models have been developed and improved [23], [24]. Ac-
cording to these models, CNTs devices appear in the next
future to overcome the performances of the Silicon-based
devices. Nevertheless, considerable steps toward reliable
circuital models for circuit level simulations of systems
made of CNT devices are still mostly to be done. Indeed,
up to now, there are only a few models presented in litera-
ture and still in their infancy. Moreover, most of them are
an extension of the classical models used for well known
field-effect devices.

Fig. 12. (a) Vertical CNTFET; (b) Parallel array of Vertical

CNTFETSs.

For instance, Dwyer et al. [25] developed a parameter-
izable SPICE model to evaluate the performances of fu-
ture CNTFET logics. This model combines the char-

This new concept opens a wide range of interesting ardteristic of the high-performance CNTFET fabricated by
fascinating possibilities. Higher packing densities are aRosenblatt et al. [26] with parameterizable lumped resis-
lowed because source and drain areas are now on toptarices, capacitances and inductances related to the features

each other.

Moreover, three-dimensional scaling of thend the various geometries of the particular technologies
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of fabrication under consideration.
On AC performances of CNT devices, P.J.Burke has re-

(8]

cently performed interesting investigations [27]. For CNT
interconnections, their passive impedance is analyzed and
guantified taking also into account the quantized energy

levels. Through these considerations, an equivalent cit0]

cuit with lumped constants is proposed. For CNTFETS,

the frequency performance is analyzed taking into accou[rﬂ]

typical experimental values of resistances and transcon-
ductances. A small-signal equivalent circuit is also pro-

posed, basically derived as an extension of the one uséd

for MOSFETSs.

Through all these considerations, an estimate of thes)

cutoff frequency of CNT devices is provided and some
projections about the frequency response are made. Fi-

nally, it is claimed that in theory CNTs devices shoul&ld']

outperform the classical silicon-based devices, although

they have strong limitations mainly due to impedance mi$t5]

matching with the outside world. However, these limita-

tions should be overcame exploiting the full integratior[l16
features that nanosystems should be able to provide in a

further future.

(17]

VII. CONCLUSIONS

In conclusion, we provided an overview of the researchs]

running now on CarboNanoTubes devices and we de-

scribed the main reasons that make them interesting cand?

dates for future electronic devices. However, despite much

research on physical level has been performed, circuifab] A.Javey, J.Guo, D.B.Farmer, Q.Wang, E.Yenilmez, R.G.Gordon,
models are still to be rigorously formulated and validated.

In order to fulfill this gap, our future work will focus on
the investigation of such models, attempting to take in

©1

account both the properties of quantized impedance and
ballistic transport that are definitely the striking features of
CarboNanoTubes.
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