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Current transport and dynamic models of carbon nanotube field-effect transistors are presented. A model of single-walled carbon
nanotube as interconnect is also presented and extended in modeling of single-walled carbon nanotube bundles. These models are
applied in studying the performances of circuits such as the complementary carbon nanotube inverter pair and carbon nanotube
as interconnect. Cadence/Spectre simulations show that carbon nanotube field-effect transistor circuits can operate at upper GHz
frequencies. Carbon nanotube interconnects give smaller delay than copper interconnects used in nanometer CMOS VLSI circuits.

1. Introduction

A good amount of work on modeling carbon nanotube
field-effect transistors (CNT-FETs) has been reported [1–4].
However, these models are numerical-based and require a
mathematical/software realization. Recently, Srivastava et al.
[5, 6] have obtained an analytical solution of current
transport model for the CNT-FET for analysis and design
of CNT-FET-based integrated circuits. Based on their work,
a dynamic model [7, 8] for CNT-FETs is obtained and
Verilog-AMS language [9] is used to predict static and
dynamic characteristics of CNT-FETs and integrated circuits.
Verilog-AMS requires less computational steps and easy to
experiment with the developing model equations. In our
work, we have used Verilog-AMS to describe the CNT-FET
static and dynamic models and simulated CNT-FET circuits
using Cadence/Spectre.

Fetter [10, 11] and Maffucci et al. [12] have inves-
tigated electron transport along the CNT and proposed
a two-dimensional fluid model. In this model [10–12],
electron-electron correlation, which is significant in CNT,
has not been considered. In a recent work, we have
made modification in two-dimensional fluid model to
include electron-electron repulsive interaction and built
a semiclassical one-dimensional fluid model [13], which

is relatively easy to solve and apply in CNT transmis-
sion line modeling. We have also proposed circuit mod-
els for single-walled carbon nanotubes (SWCNTs) bun-
dles as interconnects based on the one-dimensional fluid
model.

2. CNT-FET Model

2.1. Static Model. The structure of a CNT-FET shown in
Figure 1 [2] is similar to the structure of a typical MOSFET,
where an SWCNT forms the channel between two electrodes,
which work as the source and drain of the transistor.
The structure is built on top of an insulating layer and a
substrate which works as the back gate. The top gate is
metal over the thin gate oxide. Current transport equations
in a CNT-FET are developed in [5, 6] which are described
here as follows and include both drift current and diffusion
currents:

Ids = Idrift + Idiff

= β
[
fdrift

{
Ψcnt,s(L),Vgs

}
− fdrift

{
Ψcnt,s(0),Vgs

}]

+ β
[
fdiff

{
Ψcnt,s(L),Vgs

}
− fdiff

{
Ψcnt,s(0),Vgs

}]
,

(1)
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Figure 1: Plot of the vertical cross-section of a CNT-FET [2].

where

fdrift

(
ψcnt,s(x),Vgs

)
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(
Vgs +Vsb−Vfb

)
ψcnt,s(x)− 1

2
ψ2

cnt,s(x),

fdiff

(
ψcnt,s(x),Vgs

)
= kT

q
ψcnt,s(x),

β = γ
μCox1

L2
.

(2)

In (1), various parameters are defined as follows: we have
L: gate length, μ: carrier mobility, k: Boltzmann constant,
T: temperature,◦K,Vfb: flat-band voltage, Vgs: gate-source
voltage, Vsb: source-substrate voltage, ψcnt,s: surface potential
of CNT, and Cox1: gate-oxide capacitance per unit area. For a
carbon nanotube of length L and radius r in a CNT-FET, the
oxide capacitance is given by [14]

Cox1 = 2πεox1L

ln
((
Tox1 + r +

√
T2

ox1 + 2Tox1r
)
/r
) .

(3)

In (3), Tox1 is the thickness of the gate oxide and r is the
radius of the CNT. Equation (1) is modified to incorporate
channel length modulation through the parameter λ as in
a MOSFET. In saturation region, modified equation (1) is
described as follows [6]:

Ids = β
[
f
{
ψcnt,s(L),Vgs

}
− f

{
ψcnt,s(0),Vgs

}]
(1 + λVds).

(4)

2.2. Dynamic Model. The dynamic response of a CNT-
FET can be modeled using Meyer capacitance model [7, 8,
15, 16] as shown in Figure 2. Recently, we have obtained
capacitances: Cgs,Cgd, and Cgb based on current transport
modeling of CNT-FETs described by (1), which are as follows
[7, 8].

Cgb Cgs

Csb

Cgd

Cdb

Ids

S

G

B

D

Figure 2: Meyer capacitance model for CNT-FETs.
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(5)

where C denotes φ0 − (ΔEF/q) + (Ec/q) − (kT/q) + Vfb, A
denotes φ0 − (ΔEc/q) + (Ec/q) − (kT/q) + Vfb. In saturation
region,

Cgb = 0,

Cgs = 1
3
γμW|Ch|C′2ox1

β
,

Cgd = 0.

(6)

Considering Csb and Cdb to be equal to one half the insu-
lator capacitance, Cox2/2 in series with the depletion-layer
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Figure 3: Geometry of a single-walled carbon nanotube (SWCNT).

capacitance, Csubs/2 [17, 18], we obtain

Cox2 = 2πεox2L

ln
((
Tox1 + r +

√
T2

ox2 + 2Tox2r
)
/r
) ,

Csubs =
NAqεs

4Cox2

(
Vgb−φms−ψcnt

)

+

√
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√
8C2

ox2Vgb +NAqεs−8C2
ox2φms−8C2

ox2ψcnt

4Cox2

(
Vgb − φms − ψcnt

) ,

(7)

where εs is the permittivity of the semiconductor, Ws is the
depletion region width, and NA is the doping concentration.

3. SWCNT Interconnect Model

Figure 3 shows the geometry of an SWCNT interconnect.
Based on two-dimensional fluid model developed by Maf-
fucci et al. [12] we have proposed one-dimensional fluid
model to describe the electron transport in metallic CNT
and built a transmission line model of metallic CNT inter-
connects [13]. When compared with a two-dimensional fluid
model, one-dimensional fluid model is accurate and takes
into account electron-electron interaction. The Lüttinger
Liquid Theory [19] models SWCNT as a one-dimensional
conductor from quantum concept and takes into account
electron-electron correlation. However, our model is simple
in mathematical modeling and easier to extend in modeling
of CNT bundles as interconnections. The basic equation is
Euler’s equation, which is Newton’s Second Law applied in
fluid dynamics and is given by [13]

mn
(
∂

∂t
+ vz

∂

∂z

)
vz = −

∂p

∂z
− en

{
(1− α) Ez|s′

}
−mnvvz,

(8)

where n0 is the equilibrium electron density, vz is the electron
mean velocity, p is the pressure, m is the electron mass, e
is the electronic charge, and Ez is electric field. The second
term on the right-hand side represents Lorentz force and
includes electron-electron interaction through the parameter
α. The last term on the right-hand side represents the effect
of scattering of electrons with the positive charge background
and υ is the electron relaxation frequency, υ = vF/lmfp, where
lmfp is the mean-free path of electron in CNT and vF is the

Fermi velocity. Length of CNT is l and sgn(l) is the sign
function defined as follows:

sgn(l) =
⎧⎨
⎩

0 if l < lmfp,

1 if l ≥ lmfp.
(9)

The parameter α describes the classical electron-electron
repulsive interaction given by [13]

α ≡ EzP

Ez
= EP

E
= EP
EK + EP

, (10)

where EzP is the part of the electrical field which provides
potential energy to electrons in z direction. E is the total
energy of electrons. EP and EK are the potential and kinetic
energies of electrons, respectively.

The equation relating current density, charge density, and
electric field can be described as follows [13]:

∂ j(z, t)
∂t

+ ν j + u2
e
∂σ(z, t)
∂z

= e2n0

m
(1 + α)Ez. (11)

We consider a metallic single-walled CNT above a perfect
conducting plane and assume [12] that the propagating EM
wave is in quasi-TEM mode [12]. The voltage and current
intensity are then expressed as follows:

i(z, t) =
∮ ⇀
j · ⇀z dl ≈ 2πr j(z, t),

q(z, t) =
∮
⇀
σ ·dl ≈ 2πrσ(z, t).

(12)

Combining (12) and (11), following equation is obtained
as

Ez = Ri + LK
∂i

∂t
+

1
CQ

∂q

∂z
, (13)

whereR ≡ LK sgn(l)ν is the resistance per unit length of CNT,
LK ≡ m/[(1 + α)2πre2n0] is the kinetic inductance per unit
length, CQ ≡ 1/LKu2

e is quantum capacitance per unit length,
and ue = vF/

√
1− α is the thermodynamic speed of sound of

the electron fluid under neutral environment.
The magnetic inductance and electric capacitance per

unit length of a perfect conductor on a ground plane are
given by [20]

LM =
μ

2π
cosh−1

(
h

r

)
≈ μ

2π
ln
(
h

2r

)
,

CE = 2πε

cosh−1(h/r)
≈ 2πε

ln(h/r)
,

(14)

where h is the distance of CNT to the ground plane. Equation
(14) is accurate enough for h > 2r.
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Figure 4: Cross-section of SWCNT bundle interconnect wire.

4. SWCNT Bundle Interconnect Model

Carbon nanotube can also be fabricated in bundles. The
spacing between nanotubes in the bundle is due to the van
der Waals forces between the atoms in adjacent nanotubes
[21]. One of the most critical challenges in realizing high-
performance SWCNT interconnect is in controlling the
proportion of metallic nanotubes in a bundle. Current
SWCNT fabrication techniques cannot effectively control the
chirality of the nanotubes in a bundle [22, 23]. Therefore,
SWCNT bundles have metallic nanotubes that are randomly
distributed within the bundle. Avouris et al. [22] and
Liebau et al. [23] have shown that metallic nanotubes are
distributed with a probability β = 1/3 in a growth process.
The proportion of metallic nanotubes can, however, be
potentially increased using techniques introduced in [24, 25].

Figure 4 shows the cross-section of an SWCNT bundle.
Since the van der Waals force between the carbon atoms
in adjacent SWCNTs is negligible compared to covalent
bond between carbon atoms in an SWCNT [26], the one-
dimensional fluid model can be applied to each SWCNT in
the bundle with modification.

Considering one of the SWCNTs, assuming electrons in
SWCNT will be only affected by the electrons in the adjacent
metallic SWCNTs and semiconducting SWCNTs have no
effect on the conductance of the bundle. To calculate the
potential energy, we first consider the potential energy of
each SWCNT and then move them to be adjacent to each
other to compose for the SWCNT bundle. Average potential
energy of electrons in a single SWCNT can be described by
the following equation:

EP = 6
e2

2πε0

1
d

+ β
Γ∑

i=1

16e2

2πε0

1
db

, (15)

where d is diameter of CNT and db = δ + d is the distance
of the adjacent SWCNT shown in Figure 4. δ is the spacing
between the SWCNTs in the bundle corresponding to the van

der Waals distance between graphene layers in graphite. Γ
is the average number of SWCNTs neighboring an SWCNT.
The number of SWCNTs neighboring the corner SWCNT is
2, the number of SWCNTs neighboring the edge SWCNT is 4,
and the number of SWCNTs neighboring the inside SWCNT
is 6. Therefore, Γ = [(6NxNy−4Nx−4Ny−2[Ny/2])/(NxNy−
2[Ny/2])], where square brackets are the floor functions.

The kinetic energy of the electrons is described by

EK = 4× 1
2
mv2

F ≈ 7 eV. (16)

Therefore, electron-electron interaction parameter α for
SWCNT bundle can be calculated using (10). Total number
of metallic SWCNTs in a bundle can be described by N =
β(NxNy − [Ny/2]). Following the derivation of electric field
and current charge relation in [13], we get the similar
equation for the electric field as described below:

Ez = Ri + LK
∂i

∂t
+

1
CQ

∂q

∂z
, (17)

where R ≡ LK sgn(l)ν is the resistance per unit length of an
SWCNT in an SWCNT bundle.

In (17), LK ≡ π�/4e2vF is the kinetic inductance per
unit length of an SWCNT in a bundle and CQ ≡ 1/LKu2

e is
the quantum capacitance per unit length of an SWCNT in
a bundle. ue = vF/

√
1− α is the thermodynamic speed of

sound of the electron fluid under a neutral environment.
The SWCNTs at the bottom shield the upper SWCNTs

from the ground plane. Therefore, the electric capacitance
CE does not exist in the upper SWCNTs. However, there
exists electric capacitance per unit length Cb between the
neighboring metallic SWCNTs and its value is given by [20]

Cb = πε0

ln
(

(db/d) +
√

(db/d)2 − 1
) .

(18)

Figure 5 shows the equivalent circuit of an SWCNT
bundle as an interconnect wire. Nb = Nx is the number
of lowest level metallic SWCNTs, which shield upper levels
SWCNTs from ground plane. Na = N −Nb is the number of
upper levels metallic SWCNTs.

5. Result and Discussion

In a recent work [6], we have developed analytical CNT-
FET models for I-V characteristics and verified them with
the experimentally measured I-V characteristics. Table 1
summarizes some of the physical and electrical parameters
of CNT-FETs and comparison with equivalent MOSFET
parameters. CNT-FETs are described in [2, 6] and MOSFETs
in [27, 28], respectively. It is noticed from Table 1 that the
CNT-FET carries a higher current density compared with the
equivalent bulk silicon and SOI MOSFETs. In the following,
we have used our CNT-FET models [5–8] in studying the
performance of a ring oscillator circuit and compared it with
the measured performance.

Figure 6(a) shows schematic of a five-stage ring oscillator
circuit similar to one fabricated by Chen et al. [29].
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Figure 5: Equivalent circuit of SWCNT bundle interconnect.

Table 1: A comparison of modeled and measured parameters of CNT-FETs and MOSFETs.

FET Parameters
p-type CNT-FET∗ p-type CNT-FET∗ Bulk-Si p-MOSFET SOI p-MOSFET

Model [6] Measured [2] Measured [27] Measured [28]

Gate Length (nm) 260 260 15 50

Gate Oxide Thickness (nm) 15 15 1.4 1.5

Threshold Voltage (V) −0.3 −0.5 ∼ −0.1 ∼ −0.2

Subthreshold Swing (mV/dec) 110 130 100 70

On-Current per Unit Width (μA/μm) 2000 2100 265 650
∗Chiral Vector: (11, 9).

Figure 6(b) shows the simulation result of the ring oscillator
output waveform at 0.92 V supply voltage. Figure 6(c) shows
the oscillation frequency with varying supply voltage. The
modeled curve does not include the effect of channel length
modulation. The experimental data are taken from the
work of Chen et al. [29]. Modeled and experimental curves
show that the frequency of the ring oscillator is about
70–80 MHz at 1.04 V supply voltage. The frequency is low
because CNT-FETs in this ring oscillator are 600 nm long
and there are parasitic capacitances associated with the
metal wire in the ring oscillator. Shorter length of CNT-
FETs will increase the oscillating frequency as shown in
Figure 7.

SWCNT exhibits large contact resistance when used as an
interconnect wire [30]. However, CNT bundle gives low con-
tact resistance when used as the circuit interconnect wire [31,
32]. Contact resistance in a bundle, however, will depend on
the number of SWCNTs being metallic. Utilizing the models
of CNT interconnects, we have also studied the performance
of CNT-FET circuit inverter pair with different kinds of inter-
connects including the copper (Cu). One of the advantages
of CNT interconnect is its large mean-free path lmfp, which is
on the order of several micrometers (as compared to 40 nm
for Cu at room temperature). It provides low resistivity
and ballistic transport in short-length interconnects [33].
In this work, first we have simulated a CNT-FET inverter
pair with 0.1 μm Cu and SWCNT bundle as interconnect
wires using Cadence/Spectre. We have utilized the process
parameters from the 2016 node, 22 nm technology [34] and
assumed a 22 nm width and 44 nm height of the SWCNT
bundle. The spacing between nanotubes in the bundle is
due to van der Waals forces between the atoms in adjacent
nanotubes, which means that the spacing between adjacent

SWCNTs is 0.34 nm. If we assume diameter of an SWCNT in
a bundle is to be 1 nm, then there are nearly 500 SWCNTs
in the 22 nm (width) × 44 nm (height) bundle following
Figure 4.

Figure 8 shows input and output waveforms of a CNT-
FET inverter pair using SWCNT bundle as an interconnect
wire and comparison with the ideal interconnect (RC = 0)
and Cu interconnect. Input signal is a 4 GHz square wave
pulse. The average delay is 6 ps, which suggests that the CNT-
FET inverter pair can respond up to 100 GHz input signal.
The performance of SWCNT bundle as an interconnect wire
(β = 1) is close to Cu interconnect. It is due to contact
resistance and relatively larger capacitance in an SWCNT
bundle. The average delays are smaller for β = 1 than those
for β = 1/3 for SWCNT bundle interconnect. It can be
explained that there are more metallic SWCNTs in a bundle
when β increases.

Local interconnects are often used for connecting nearby
gates or devices with lengths of the order of micrometers.
Therefore, these have the smallest cross-section and largest
resistance per unit length compared to global interconnects.

Figure 9 shows output waveforms of a CNT-FET inverter
pair using 10 μm SWCNT bundle interconnect and the
comparison with the ideal interconnect (RC = 0) and
Cu interconnect wires. Input signal is a 15 MHz square
wave pulse. The performance of SWCNT bundle (β = 1)
interconnect is better than Cu interconnect. While the delay
of SWCNT bundle (β = 1/3) interconnect is larger than
the Cu interconnect due to contact resistance and relatively
larger capacitance in an SWCNT bundle, the average delays
are smaller when β = 1 than β = 1/3 for SWCNT bundle
interconnect wires. It can also be explained that there are
more metallic SWCNTs in a bundle when β increases.
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Figure 6: (a) Schematic of a 5-stage ring oscillator, (b) output
waveform of ring oscillator, and (c) oscillating frequency versus
supply voltage VDD. Dimensions of both the n- and p-types CNT-
FETs are d = 2 nm and L = 600 nm.

Global interconnects have larger cross-section and
smaller resistivity. The lengths are of the order of hundred
micrometers. Figure 10 shows output waveform of a CNT-
FET inverter pair with 500 μm SWCNT bundle interconnect
and comparison with the ideal interconnect (RC = 0) and
Cu interconnect wires. Here we have utilized the process
parameters from the 2016 node, 22 nm technology and
assumed 33 nm width and 87 nm height of an SWCNT
bundle [34]. It can be shown that there are nearly 1500
SWCNTs in the 33 nm (width) × 87 nm (height) bundle
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Figure 7: Oscillating frequency of a 5-stage ring oscillator versus
length of the CNT-FETs.
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Figure 8: Input and output waveforms of a CNT-FET inverter pair
with 0.1 μm length of different interconnect wires.

following Figure 4 assuming 1 nm diameter of an SWCNT.
Input signal is a 2 MHz square wave pulse. The performance
of SWCNT bundle (β = 1) interconnect is much better
than the Cu interconnect. While the delay of SWCNT bundle
(β = 1/3) interconnect is larger than the Cu interconnect,
the average delays are smaller when β = 1 than β =
1/3 for SWCNT bundle interconnects. This explains further
that there are more metallic SWCNTs in a bundle when β
increases.

Our results show that the CNT-FET circuits can poten-
tially operate up to 100 GHz. SWCNT bundle interconnect
(β = 1) has better performance than the Cu interconnect
contrary to bundle with β = 1/3. This result also compares
well with the work of Nieuwoudt and Massoud [35] showing
that the SWCNT bundle interconnects have larger delay
than Cu interconnects for β = 1/3. The proportion of
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metallic nanotubes can be potentially increased using tech-
niques introduced in [24, 25]; the delay of SWCNT bundle
interconnect can be smaller than that of Cu interconnect
when β approaches 1. The SWCNT bundle interconnect
can potentially replace Cu interconnect in future CNT-FET
circuits.

6. Conclusion

In this paper, static and dynamic models of CNT-FETs are
introduced and models for SWCNT bundle interconnects
are presented based on one-dimensional fluid model of
SWCNTs. These models have been used to study the behavior
of CNT-FET circuits such as ring oscillator and inverter pair

and compared with the corresponding experimental behav-
ior. The applicability of SWCNT bundle as interconnect
wires in future design of integrated circuits has been explored
theoretically and compared with the Cu interconnect wires
for 22 nm technology node. Simulation results suggest that
SWCNT bundle interconnect (β = 1) can replace Cu
interconnects as the technology scales down.
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