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density and performance of electronic devices. Among the new
materials under investigation, carbon nanotubes (CNTs) have
emerged as promising candidates for nanoscale electronics [4].
CNTs exhibit in fact unique electrical properties, such as large
carrier mobility due to the weak electron-phonon interaction,
as well as high mechanical and thermal stability; furthermore,
their chemical structure and small dimensions potentially allow
for a large packing density and for the fabrication of nonplanar structures. Thus, the technological evolution of devices
ultimately leads to cylindrical nanowire (CNW) FETs [5] and
to carbon-nanotube (CNT) FETs [4].
In this work we investigate the performance of cylindrical
nanowire (CNW) and carbon-nanotube (CNT) FETs at their
extreme miniaturization limits. To this purpose, a homemade simulation tool has been used to carry out the analysis
which fully accounts for quantum-mechanical effects on the
device electrostatics and transport. The model self-consistently
solves the Poisson and the quantum transport equations using the formalism of the Quantum Transmitting Boundary
Method (QTBM). Previous investigations, based on the nonequilibrium Green's Function (NEGF) approach [6], have
shown that quantum simulation captures the essential physical
effects of these device structures (see, e.g., [7]). A high
number of simulations has been run to provide an extensive
performance analysis of such devices. The latter investigation
has been carried out for both CNW- and CNT-FETs with the
same diameter in order to compare the numerical predictions
and show how such novel devices answer to the performance
requirements of the ultimate scaling limits.

Abstract- In this work we investigate the performance of cylindrical nanowire (CNW) and carbon-nanotube (CNT) FETs at
their extreme miniaturization limits. The model self-consistently
solves the Poisson and the quantum transport equations using
the formalism of the Quantum Transmitting Boundary Method
(QTBM). The performance comparison between CNW- and CNTFETs with the same diameter demonstrates that the CNW-FET
provides a better scaling trend at very low sizes.
I. INTRODUCTION

In the past decades, improvements in circuit performance
and cost per function have been pursued by shrinking transistor
geometries. Further scaling will not be as straightforward in
the future as it has been in the past, because fundamental material and device limits are rapidly being approached
by the bulk CMOS technology. For this reason, technology
boosters and innovative structures are needed to improve the
achievable device performance. New MOSFET architectures,
such as ultrathin-body single- or multi-gate FETs, can in
fact be scaled down more aggressively than the bulk-CMOS
ones, and may become good candidates for future technology
nodes. According to the ITRS 2005 [1], ultra-thin silicon
devices are gaining an increasing consensus and are likely
to become one of primary architectures for the 32-nm CMOS
technology node. On the other hand, when the gate length of
ultra-thin body (UTB) SOI-FETs is scaled down to extreme
miniaturization limits, they still suffer short-channel effects
(SCE) caused by the penetration into the thick buried oxide
of lateral field lines originating from the drain and ending onto
the source-side of the channel [2], [3]. As the channel lengths
of FETs enter the deca-nanometer regime, various nonplanar,
II. DEVICE SIMULATION
multigate (i.e., tri-gate and gate-all-around) structures have
A full-quantum transport simulator is used to provide
been proposed to obtain effective gate control. According to
the long-term provisions of the ITRS 2005 [1], sub-10-nm some insight on the upper-limit performance of the devices
channel-length FETs will be manufactured in the year 2016 investigated in this work, whose schematic structures are
for the HP22 technology node, and 5-nm channel lengths will shown in Fig. 1. Due to the cylindrical symmetry in CNTs
be required for the HP14 node in the year 2020. At such and to the structural quantum confinement in the radial and
scaling limits, the size of the cross section of the multigate angular directions in the CNWs, the conduction band is split
structures must shrink to the sub-10-nm regime to maintain into energy subbands along the transport direction for both
good electrostatic control, leading to the design of devices devices. In the CNT device, the intervals between the energy
that become nanowire transistors. Moreover, the silicon-based levels are fixed by the geometry only, because the charge is
technology will eventually reach its limits, and alternative con- fully localized at the surface of the nanotube [8]. At each
cepts will become necessary in order to continue improving the point along the channel the energy reference is prescribed
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Fig. 1. The analyzed structures: CNW-FET (left), CNT-FET (right).

by the electric potential. In contrast, in the CNW structure
the intervals between the energy levels are influenced also
by the shape of the electric potential over the cross section.
As a consequence, the transport problem must be tackled by
coupling the solution of the Schr6dinger equation over each
cross section with that of the ID transport problem. In the
transport direction the Schr6dinger equation is solved using
the QTBM method. The latter is used with traveling waves at
the boundary points of the simulation region in order to obtain
open boundary conditions [9]. Within the solution procedure
it is necessary to take into account narrow resonances at some
energies for the calculation of the electron charge density. To
achieve the desired accuracy an adaptive procedure based on
the Simpson quadrature [10] has been implemented during the
scanning of the energy interval. The Schr6dinger equation is
solved within the effective-mass m* approach, which proves
to be valid for structures with thicknesses down to 1 nm [11].
The analysis of the change in m* with diameter is beyond the
scope of this work and is not addressed here. For the CNTFET the mass value has been chosen so as to obtain the same
equilibrium inversion charge as that given by the universal
density of states of [12]. Consequently, the material properties
are fully accounted for. Finally, the Schr6dinger solution is
self-consistently coupled with the Poisson equation using a
Newton-Raphson scheme. The Jacobian matrix is computed at
each iteration by numerically differentiating the space charge.
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Fig. 2. Turn-on characteristics at Vd, = 0.05 V of a CNW-FET with a 2-nmdiameter silicon body and a 5-nm gate length, using the full quantum-transport
solution and the quantum drift-diffusion one. The former is not affected by the
strong reduction in the drain current due to mobility degradation that occurs at
very thin silicon diameters. The subthreshold slope is higher for the quantum
model due to source-to-drain tunnelling.
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III. RESULTS AND DISCUSSION
The numerical analysis is carried out on devices with geo-

1e-

metrical and electrical requirements that follow those provided
by the ITRS 2005 [1]. We examine devices with channel
lengths and diameters varying from 1 to 5 nm. An intrinsic
material is assumed within the channel; heavily-doped source
and drain regions are used with ohmic contacts at the ends.
Abrupt junctions are taken into account in both devices to
provide a clear definition of the channel length. The metal
work function is chosen so that 'off = 108 nA/,um as
indicated by the ITRS. The most important parameters of the
investigated devices are reported in Table I along with some
key material properties. We assume VDD = 0.8 V and fix the
oxide thickness at 0.5 nm.
A preliminary analysis is carried out by comparing the fullquantum with the quantum drift-diffusion (QDD) solution (see
Figs. 2, 3 and 4). The quantum drift-diffusion transport model
is based on an improved drift-diffusion approach, supporting
both planar and cylindrical structures, which takes advantage
SISPAD 2006
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Fig. 3. Turn-on characteristics at Vd, = 0.8 V of a CNW-FET with a 2-nmdiameter silicon body and a 5-nm gate length, using the full quantum-transport
solution and the quantum drift-diffusion one. The same considerations given
for Fig. 2 are also valid for this comparison.
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Fig. 4. Output characteristics of a CNW-FET with a 2-nm-diameter silicon
body and a 5-nm gate length, using the full quantum-transport solutions
and the quantum drift-diffusion one at VGS = 0.6 V. Due to the low
mobility values, the quantum DD solution provides a much lower current and
a larger saturation voltage. Hence, the discrepancy between the two solutions
is substantial.
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Fig. 5. Left: subthreshold slope vs Lg for CNW- and CNT-FETs. In this plot,
the device diameter is kept equal to the gate length. Right: SS vs diameter
for different gate lengths. The CNW-FET provides a better scaling trend at
the extreme miniaturization limits.
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from the exact computation of the carrier density and, thus,
does not rely on the density-gradient approximation. More
specifically, we solve a 2D Poisson equation coupled with as
many ID (normal to the channel) Schr6dinger equations as the
number of mesh points along the channel. We integrate the
non-linear Poisson equation by the Newton-Raphson method,
and compute the Jacobian matrix at each iteration by numerically differentiating the space charge. A more detailed description of this method can be found in [8]. The Schr6dingerPoisson solution is then coupled with a 2D quantum driftdiffusion solver, which allows us to determine the electron
quasi-Fermi potential within the device. The knowledge of the
electron concentration n and of the potential X leads to the
"quantum potential" A, which is computed from the standard
relationship n = ni exp[q(-n- A)/kBT]I. This term is
then added to the potential X within the Bernoulli function of
the discretized drift-diffusion equations. The QDD approach
avails itself of a new compact carrier mobility model, which
has been worked out along the lines indicated by [13] for
SiO2 insulated-gate SOI-FETs, and which has been compared
with experiments for different silicon thicknesses down to tsi
= 2.48 nm.
As shown by Figs. 2 and 3, the main discepancies are given by
a different subthreshold slope and a substantially-different oncurrent. In the subthreshold regime, the quantum mechanical
(QM) tunnelling through the source-channel barrier gives an
additional contribution to the current, increasing the carrier
density in the channel and degrading the subthreshold slope
(SS). As far as the on regime is concerned, the large discrepancies are due to the strong mobility degradation occurring
in the Quantum DD case at very thin silicon diameters.
This is also shown by the output characteristics in Fig. 4,
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Fig. 6. Left: DIBL vs Lg for CNW- and CNT-FETs with the gate length equal
to the device diameter. Right: DIBL vs diameter for different gate lengths.
The CNW-FET provides a better DIBL at the extreme miniaturization limits.

where the predictions given by the QDD model show a much
lower current and a larger saturation voltage. This preliminary
comparison quantifies the importance of quantum physical
effects to asses the device performances with respect to the
typical metrics.
To provide a first comparison between CNW- and CNT-FETs,
we plot the SS in Fig. 5 and the DIBL in Fig. 6. A preliminary
work was carried out to find out the best aspect ratio (gate
length over diameter) for the investigated devices: we found
that Lg/d r-1 gives acceptable values of subthreshold slope
(SS) and drain-induced barrier lowering (DIBL) for both
devices with gate lengths down to 5nm. By further scaling
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Fig. 7. Ion current for the CNW- (left) and CNT- (right). For small gate
lengths the CNT-FET provides low on-currents because the high SS prevents
the device from turning on. A similar trend is obtained for all diameters.
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Fig. 8. Tunnelling and total current ratio in the on-state for the CNW- (left)
and CNT-FETs (right). For small gate lengths, the reduced SS prevents the
device from turning on: therefore, the fraction of tunnelling current increases.

down the devices using the same aspect ratio we found that
the CNT device is more affected by short-channel effects that
the CNW one (see Figs. 5 and 6, left). This can be ascribed
to the intrinsic material differences, which become relevant
when a strong splitting of the energy levels is present, due to
the strong structural quantum confinement. The better scaling
trend at the extreme miniaturization limits is provided by the
CNW also when a higher aspect ratio is used: to see this, we
plotted the SS and DIBL as a function of the diameter for
different gate lengths in Figs. 5 and 6, right.
The Io results are compared in figure 7 for different diameters
as a function of the gate length. Io is computed as I(Vgs =
Vd, = 0.8V). For small gate lengths the CNT-FET provides
lower on-currents because the poor SS prevents the device
from turning on. In figure 8, the ratio between the tunnelling
and total on-current is shown as a function of the gate length.
The tunneling contribution increases with decreasing gate
length for both devices at any diameter, showing an abrupt
behavior for the CNT-FET at gate lengths lower than 5 nm.
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IV. CONCLUSION
A full-quantum-transport simulation approach is developed
to investigate emerging devices indicated as candidates by the

ITRS for future technology nodes. By investigating the overall
performance of CNW- and CNT-FETs, it turns out that the
former provides a better scaling trend for very low sizes.
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