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Performance projections for ballistic carbon nanotube field-effect
transistors
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The performance limits of carbon nanotube field-effect transistors~CNTFETs! are examined
theoretically by extending a one-dimensional treatment used for silicon metal–oxide–
semiconductor field-effect transistors~MOSFETs!. Compared to ballistic MOSFETs, ballistic
CNTFETs show similarI –V characteristics but the channel conductance is quantized. For
low-voltage, digital applications, the CNTFET with a planar gate geometry provides an on-current
that is comparable to that expected for a ballistic MOSFET. Significantly better performance,
however, could be achieved with high gate capacitance structures. Because the computed
performance limits greatly exceed the performance of recently reported CNTFETs, there is
considerable opportunity for progress in device performance. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1474604#
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Recent demonstrations of carbon nanotube field-ef
transistors and circuits suggest that these devices could
an important role in future electronic systems.1–4 Previous
theoretical studies of nanotube devices have mostly focu
on two terminal devices, such asPN junctions and Schottky
diodes,5–7 but from an application point of view, the transi
tor is the most interesting. To date, experimentally fabrica
carbon nanotube field-effect transistors~CNTFETs! have em-
ployed channel lengths of several hundred or thousand
nometers and often display a large contact resistance
tween metal and nanotube. In addition, it is not yet clear h
these devices operate. One possibility is that the gate
modulated the width of a barrier at the source contact, an
gous to the Schottky barrier metal–oxide–semiconduc
field-effect transistor~MOSFET!.8 In this letter, we theoreti-
cally evaluated the performance limit for CNTFETs b
extending the one-dimensional~1D! theory of ballistic
MOSFETs to ideal, ballistic CNTFETs. We show that t
characteristics of ballistic CNTFETs are affected by the
nature and nonparabolic band structure of the nanotube.
results indicate that reported CNTFETs operate well be
the upper limit and suggest that improved technology~e.g.,
low resistance contacts, better gate electrostatics, and sh
channel lengths! will produce substantial performance im
provements. Finally, we compare ideal, ballistic CNTFETs
ideal, ballistic MOSFETs in order to examine the role f
CNTFETs in low-voltage, high-density, digital application

The modeled device, a coaxially gated,N-type CNTFET
with nanotube diameterd51 nm, insulator thicknesst ins

51 nm, and dielectric constantk54, is schematically shown
in Figs. 1~a! and 1~b!. The intrinsic nanotube channel is sep
rated from the source/drain metal contact by the hea
N-doped nanotube source/drain extension to minimize
Miller capacitance between gate and source/drain electr
The source/drain region could also be realized by us
weakly coupled metal-nanotube contacts with an appropr

a!Electronic mail:guoj@purdue.edu
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metal work function.9 We assume that the metal-nanotu
contact resistance,RC50, and carrier transport throug
nanotube is ballistic~no scattering!. Calculations base on
these assumptions should establish the upper limit
CNTFET performance.

We calculate the ballistic limitI –V characteristics of a
CNTFET by a procedure analogous to Natori’s treatmen
the ballistic silicon MOSFET.10–13 The procedure begins b
calculating the equilibrium charge density,QL , versus gate
voltage, VG , by solving the Poisson equation sel
consistently with the carrier population in the carb
nanotube.14,15Above the threshold voltage,VT , the charge in
the nanotube increase approximately linearly with the g
voltage. In a long-channel transistor, the charge density at

FIG. 1. Schematic diagrams of the modeled, coaxially gated CNTFET.~a!
Cross section along the nanotube channel direction. The hatched line re
are the heavilyN-doped nanotube source and drain, and the thin cro
hatched line region is the intrinsic nanotube channel.~b! Cross section per-
pendicular to the nanotube channel direction, which shows the gate con
ration. ~c! The subband profile vs the position along the channel direct
At the top of barrier, the1k states and the2k states are populated accord
ing to the source Fermi levelms and the drain Fermi levelmD , respectively.
2 © 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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beginning of the channel,QL , is equal to its value at equi
librium and is independent of the drain voltage. In an el
trostatically well-designed, short-channel transistor,QL is
approximately independent of drain voltage, except that
value of VT may be shifted by two-dimensiona
electrostatics.15 We may, therefore, assume that an approp
ately shifted, equilibriumQL vs VG relation holds at the top
of the source-channel barrier. The magnitude of the resul
VT is selected to achieve the specifiedI off . This approach
captures the essential physics of the device, but a two
three-dimensional solution of Poisson’s equation will be n
essary to evaluate the magnitude of theVT shift and the
output conductance, and to address the scaling limit
CNTFETs.16

At the top of the barrier, the1k states are populated b
injection from the source and the2k states by injection from
the drain, as shown in Fig. 1~c!. Therefore, the electron den
sity for the i th conduction band is

ni5E
E01D i

1` Di~E!

2
@ f ~E2mS!1 f ~E2mS1qVD!#dE,

~1!

wherems is the source Fermi level and,f (E) is the Fermi
function, and the density of states is17

Di~E!5
8

3pbt

uE2E0u

A~E2E0!22D i
2

Q~ uE2E0u2D i !, ~2!

whereb'1.44 Å andt'2.5 eV are the C–C bonding dis
tance and energy, respectively, andQ(x) equals 1 for posi-
tive x and 0 otherwise. The parameter,E0 , is the middle gap
energy, andD i is the bottom of thei th conduction band
relative to E0 .17 Summation of electron densities over a
conduction bands gives the total electron density. If we
the source Fermi level to zero, then the only unknown in
above expressions isE0 . Its value is adjusted iteratively to
maintain the previously computed, shifted equilibriu
charge density,QL(VG). Finally, having determinedE0 , the
currents in the positive and negative halfk states are evalu
ated by integration over energy, and their difference gives
drain current. The details of this procedure and its validat
by detailed simulations are discussed by Natori10,11 and
Lundstrom.16

Figure 2 showsI –V characteristics of the ballistic, co
axially gated CNTFET assuming a power supply voltage
0.4 V, which is appropriate for high density, digital applic
tions in the future.18 The left axis of Fig. 2~a! shows the
computed log(ID) vs VG . As noted earlier, the value of th
threshold voltage was selected~by adjusting the gate elec
trode work function! to produce 1022 mA of off-current.
~The off-current specified for 2016 node of ITRS,I off

510mA/mm,18 times the nanotube diameter,d51 nm.! The
on-current is 11.2mA, well-below the 25mA obtained for
metallic nanotubes19 because of the limited amount of charg
that can be induced with a low power supply voltage and
modest dielectric constant assumed. Comparisons with
ventional, planar MOSFETs are difficult because of the d
ference in device geometries, but we note that the on
current ratio (I on/I off'1120) outperforms that of a 10 nm
ballistic MOSFET with the same insulator and power sup
(I on/I off'110).
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The right axis of Fig. 2~a! shows that the transconduc
tance of the coaxially gated CNTFET atVG50.4 V is 63mS,
about two orders of magnitude larger than the value repo
in a recent study2 ~;0.342mS! due to two reasons. First, ou
use of coaxial geometry with thin insulator offers better g
controlled electrostatics and about an order of magnit
largerCG than the planar geometry with thick gate insulat
used in Ref. 2. Second, the average carrier velocity at the
of the barrier (;2.73107 cm/s) of the ideal, ballistic
CNTFET is larger than the value (;63105 cm/s) in the
experimental CNTFET, which has a channel length of ab
1 mm and is likely to be affected by scattering. The largergm

of the ballistic, coaxial CNTFET suggests that better elect
static design and downscaling the device, would allow it
operate closer to the ballistic limit and substantially impro
its performance.

The drain current saturation displayed in the output ch
acteristics@Fig. 2~b!# occurs ~as for a ballistic MOSFET!
when the drain bias is large, so that negativek-states at the
top of the barrier are not occupied. The inset in Fig. 2~b!
shows, however, that the low-bias channel conductan
GCH, versus gate voltage behaves differently than that o
MOSFET. For a MOSFET in the degenerate limit,GCH

5M (2e2/h), whereM is the number of occupied transvers
modes.20 Because the width of a MOSFET is typically larg
the number of transverse modes, and thereforeGCH, in-
creases continuously with gate voltage. For the CNTF
however, the channel conductance versus gate voltag
quantized in units ofG054e2/h, because only two mode
per subband can propagate.~This effect has been discusse
by Yamada.21! The transition between conductance steps
broadened at room temperature such that for low volt
operation, the channel conductance is approximately pro
tional to gate voltage.

FIG. 2. I –V characteristics of the coaxially gated CNTFET.~a! Computed
log(ID) vs VG ~on the left axis! and transconductance vsVG ~on the right
axis! at VD50.4 V. ~b! The computedI D vs VD characteristic with gate bias
as a parameter.~VG50.1– 0.4 V, 0.1 V/step.! The inset shows the quantize
channel conductance vs gate voltage atT5300 K. The normalization con-
ductanceG054e2/h, wheree is the electron charge andh the Planck con-
stant.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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Because the charge at the beginning of the channe
determined by metal–insulator–semiconductor electrosta
it is useful to express the on-current as the product of cha
times the injection velocity@y inj[I on/QL(0)#, which is sim-
ply the average carrier velocity at the top of the barrier. F
ure 3 plots the injection velocity~on the left axis! and the
percentage of charge in the first subband~on the right axis!
versus gate voltage atVD51.0 V. Under low gate voltage
(VG,0.8 V), the relatively small amount of charge at t
top of the barrier occupies only the first subband. As the g
voltage increases fromVG50 V, the Fermi level,EF , moves
to a steeper part of the band, and the injection velocity
creases rapidly untilEF hits the bottom of the second sub
band. The band structure of a carbon nanotube allows hig
injection velocities than that for silicon MOSFETs, but on
at high gate voltages for which the Fermi level is well abo
the bottom of the first subband.

Finally, we compare the idealized, ballistic CNTFET
an idealized, ballistic single-gate silicon MOSFET with t
same gate insulator thickness and dielectric constant.
comparison is most readily done for the planar nanotube
ray. We assume the nanotube diameterd51 nm, insulator
thicknesst ins51 nm, dielectric constantk54, and spacing
between neighboring nanotubeS52d.2 ~Reducing the spac
ing to S5d does not double the device performance beca
each nanotube image to a narrower width on the g
plane.14! The gate work functions of the planar CNTFET a
MOSFET are adjusted to produceI off510mA/mm.10 The
resulting ballistic on-current of the planar CNTFET atVDD

50.4 V, 790 mA/mm, is less than that for the silico
MOSFET, 1100mA/mm. The difference occurs for two rea
sons. First, when the gate oxide is thin, an array of cylind
cal nanotubes~with charge almost uniformly distribute
around nanotubes because most of the charge occupie
first subband! is not as effective as the planar silicon MO
capacitor in gating charge into the nanotube array.14 Second,
although the nanotube band structure allow a upper limi
y inj'83107 cm/s ~carrier velocity in graphene!, at VG

50.4 V the limited amount of charge only occupies the b
tom of the first subband and results iny inj'1.83107 cm/s.

The performance of the CNTFET, with respect to silic
MOSFETs, may be improved with better gate electrostat
For example, insulators applicable to CNTFETs~e.g.,
Al2O3 , dielectric constant of 9.4! can have higher dielectric
constant than SiO2 and imbedding the nanotube in the ga
insulator may increaseCG somewhat.4 Such changes im

FIG. 3. The injection carrier velocity~on the left axis! and the percentage o
charge in the first subbandn1 /nL ~on the right axis! vs the gate voltage a
VD51 V for the coaxially gated CNTFET.
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prove the gate capacitance and result in comparable ball
on-current to silicon MOSFETs. Even more effective elect
static gating may allow the CNTFET to outperform th
MOSFET. For example, the coaxially gated CNTFET del
ers an on-current~11.2 mA! that much higher than the on
current per nanotube for the planar array~1.6 mA!. The use
of a higher dielectric constant would also benefit the CN
FET, and if high gate voltages can be used, the ballistic c
rents should be substantially greater than that of a co
sponding MOSFET because both the injection charge den
and velocity increase.

In summary, the ballistic limit performance of CNTFET
was evaluated. TheI –V characteristics are similar to thos
of a conventional MOSFET, except for the occurrence o
quantized channel conductance. The on-current and tr
conductance of the computed ballistic CNTFET are w
above the values currently being obtained experiment
~due to our assumption of ideal metal-nanotube contacts,
listic channel transport, and better gate controlled electros
ics!, suggesting possibility to improve the performance su
stantially by better device design. For low voltage operati
the ballistic CNTFET with a planar gate geometry shows
advantage over the ballistic silicon MOSFET in terms
on-current, significantly better performance, however,
achieved with a coaxially gated geometry.

This work was supported by the National Science Fo
dation, Grant No. EEC-0085516. Helpful discussions with
McEuen, through the MARCO/DARPA Focused Resea
Center on Materials, Structures and Devices, are ackno
edged.

1R. Martel, T. Schimidt, H. R. Shea, T. Hertel, and P. Avouris, Appl. Ph
Lett. 73, 2447~1998!.

2R. Martel, H.-S. P. Wong, K. Chan, and P. Avouris, Tech. Dig. - I
Electron Devices Meet.2001, 159 ~2001!.

3V. Derycke, R. Martel, J. Appenzeller, and P. Avouris, Nano Letters9, 453
~2001!.

4A. Bachtold, P. Hadley, T. Nakanishi, and C. Dekker, Science294, 1317
~2001!.

5F. Leonard and J. Tersoff, Phys. Rev. Lett.83, 5174~1999!.
6A. A. Odintsov, Phys. Rev. Lett.85, 150 ~2000!.
7F. Leonard and J. Tersoff, Phys. Rev. Lett.84, 4693~2000!.
8B. Winstead and U. Ravaioli, IEEE Trans. Electron Devices47, 1241
~2000!.

9F. Leonard and J. Tersoff, Phys. Rev. Lett.85, 4767~2000!.
10K. Natori, J. Appl. Phys.76, 4879~1994!.
11K. Natori, IEICE Trans. Electron.E84C, 1029~2001!.
12F. Assad, Z. Ren, D. Vasileska, S. Datta, and M. Lundstrom, IEEE Tra

Electron Devices47, 232 ~2000!.
13Z. Ren, R. Venugopal, S. Datta, M. Lundstrom, D. Jovanovic, and

Fossum, Tech. Dig. - Int. Electron Devices Meet.2000, 175 ~2000!.
14J. Guo, S. Goasguen, M. Lundstrom, and S. Datta~unpublished!.
15Y. Taur and T. H. Ning,Fundamentals of Modern VLSI Devices~Cam-

bridge University Press, Cambridge, 1998!.
16M. Lundstrom and Z. Ren, IEEE Trans. Electron Devices49, 133

~2002!.
17J. W. Mintmire and C. T. White, Phys. Rev. Lett.81, 2506

~1998!.
18International Technology Roadmap for Semiconductors, available at

http://public.itrs.net~SEMATECH, Austin, TX, 2001!.
19Z. Yao, C. L. Kane, and C. Dekker, Phys. Rev. Lett.84, 2941

~2000!.
20S. Datta, Electronic Transport in Mesoscopic Systems~Cambridge

University Press, Cambridge, 1995!.
21T. Yamada, Appl. Phys. Lett.76, 628 ~2000!.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp


