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Abstract

Theoretical calculations predict transition frequencies in the terahertz range
for the field-effect transistors based on carbon nanotubes, and this shows their
suitability for being used in high frequency applications. In this paper, we
have designed a field-effect transistor based on carbon nanotube with high
transition frequency suitable for ultra-wide band applications. We did this by
optimizing nanotube diameter, gate insulator thickness and dielectric con-
stant. As a result, we achieved the transition frequency about 7.45 THz. The
environment of open source software FETToy is used to simulate the device.
Also a suitable model for calculating the transition frequency is presented.

Keywords
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1. Introduction

There is a tangible demand in the semiconductor industry for progressively di-
minution in the dimensions of electronic circuits, and consequent increase in the
circuits speed due to RC delay reduction. But as the dimensions of circuits
shrink, fabrication processes become more complicated. And silicon-based
manufacturing technology encounters problems such as inefficiency of the
Dennard’s method in design [1], leakage current increase, arduous impurities
control, and more erroneous placement in submicron scale. On account of these,
researchers are looking for new methods of manufacturing and modeling and
also new materials to fabricate the electronic devices. One of the proposed solu-
tions is using field effect transistors with carbon nanotube as channel material.

Carbon nanotubes, due to their extra ordinary properties such as high mobility
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carriers (electrons and holes), the symmetry of the valence and conduction band,
high electric conductivity, ability to withstand high current density and resistive
to electron immigration, one-dimensional conduction (only forward and back
scattering), nearly ballistic transport over less than 100 nm lengths, the adjusta-
ble energy gap seem to be a good candidate to replace silicon as the channel ma-
terial [2] [3].

2. Materials and Methods

2.1. Theoretical Framework

Theoretical calculations predict transition frequencies in the terahertz range for
the field-effect transistors based on carbon nanotubes. And this shows their sui-
tability for being used in high frequency applications. It should be noted that
measurements from manufactured samples show only a few tens of gigahertz
transition frequency. These differences may be result from the relatively ideal
model, weakness of the manufacturing process and measurement problems.
Several structures, for geometry of transistors based on carbon nanotubes, are
suggested that each has its own advantages and disadvantages. One of the inter-
esting structures is transistor with coaxial gate structure. With Coaxial gate
structure, more gate control on the channel will be obtained [4]. Here coaxial
structure is designed and simulated with FETToy software, appropriate values of
various circuit parameters have been investigated to achieve the maximum tran-
sition frequency. Then, using the appropriate values of parameters, an optimal
transistor, with maximum transition frequency was designed. The transistor de-

signed with FETToy, shows transition frequency of 7.45 THz.

2.2. Modeling and Simulation

Here, FETToy software was used for simulations. FETToy has been created to
simulate carbon nanotube transistor with coaxial gate structure. An example of
coaxial structure is shown in Figure 1. In this structure, gate wraps all around

carbon nanotube which yields high gate control on transistor channel.

‘ Gate Metal Contact ‘

Drain Metal Contact ‘ ‘ Carbon Nanotube

S W)

‘Source Metal Contact ‘

’ Gate Insulator ‘

Figure 1. Carbon Nanotube transistor with coaxial gate structure.
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In FETToy software, carrier transport is considered as ballistic, and circuit
model has two capacitors, one is an electrostatic capacitor (), and the other a
quantum capacitor (Cp). According to the ballisticity of transistor model, capa-
citors are in farad per meter. An electrostatic capacitor is composed by a sum of
the three capacitors, the gate capacitor (), source capacitor (Cy) and drain ca-
pacitor (Cp) that are represented in Figure 2. This figure represents a 2D circuit
model for ballistic transistors. The potential at the top of the barrier, Usy (self-
consistent potential), is controlled by the gate, drain, and source potentials
through the three capacitors shown. The mobile charge at the top of the barrier
is determined by U and by the location of the two Fermi levels. The nonlinear
semiconductor (or quantum) capacitance is not shown explicitly but is implicit
in the treatment of band filling [5].

Gate capacitor is a cylindrical capacitor and is calculated from Equation (1.a).
Equation (1.b) shows relations between source capacitor, drain capacitor, gate
capacitor and electrostatic capacitor in the FETToy model. We present o as
input to software and Cg is calculated regarding the nanotube diameter. The
source capacitor and drain capacitor and electrostatic capacitor can be calculated
from Equation (1.b). o, represents the gate control on the transistor channel.
Indeed, FETToy software takes the nanotube diameter (d), insulator thickness
(9, dielectric constant (g) and effectiveness coefficient of the gate capacitor on

the electrostatic capacitor (a,) as input. Equation (l.c) shows the quantum

G
capacitance, where D(E) is local density of states, f(E—E,) is Fermi-func-

tion in equilibrium and E_ is Fermi-level [5].

C, =2me/In((t+d/2)/(d/2)) (1.a)
aS=CS/CE’aD=CD/CZ7aG=CG/CE (lb)
C, =d(aN)/d(-U,, /a)=q*[" D(E)(-of (E-E,)/oE)dE (1.c)

FETToy software, alone, does not have the ability to calculate the transition

frequency. Also, this software performs the calculations for a single point of in-

VG

CG

EF1 ©2 vos
Q,,=-q(N1+N2)
VS
cs 0 EF2=EF1-qVDS
scf
—
_—

Figure 2. The 2D circuit model for ballistic transistors [5].
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put parameters. The inputs of this software comprise insulator thickness, dielec-
tric constant, nanotube diameter, device temperature, gate bias and drain bias
and the number of the calculation points, the Fermi level of the source, effec-
tiveness coefficient of the gate and drain capacitors on the electrostatic capacitor.
To calculate the transition frequency, Equation (2.a) was used. In this equation
g,, istransconductance of the transistor, C, is the effective capacitor of tran-
sistor per unit length and L is the channel length of transistor. Effective capacitor
was calculated from Equation (2.b) and g, was calculated from Equation (2.c)
[6]. Some changes were applied to software that can perform calculations for

more than one point.

f. =g,/(2nLCy) (2.)
Cos =C.(C, +C, +C,)/(C, +Cy) (2.b)
g, =di, /dv, (2.0

2.3. Nanotube Diameter

To evaluate the effect of nanotube diameter on the frequency behavior of the
transistor in FETToy model, a transistor with length of 32 nm, insulator thick-
ness of 1.5 nm, dielectric constant of 3.9, the source Fermi level of —0.32 eV and
gate effectiveness coefficient of 0.88, at the temperature of 300°K and at the bias
of Vgs=1V and Vps =1V is contemplated. Carbon nanotube diameter swept
from 0.4 nm to 3.6 nm and the curves of the energy band gap, capacitors, tran-
sconductance and transition frequency have been achieved.

Changing the diameter of carbon nanotubes, affects two parts, one is the
energy gap of the nanotube, and the other is electrostatic capacitor of the circuit,
in cylindrical gate structure. Band gap of carbon nanotubes is driven by impos-
ing boundary conditions on the graphene equation of the energy-momentum.
Equation (3) displays, the approximate value of the energy gap for semicon-
ducting carbon nanotubes, where d is the diameter of the nanotube [2]. From
Equation (3) it can be concluded that the energy gap is reversely related to the
nanotube diameter, and if the diameter is increasing, then the nanotube energy
gap will be decreasing. In FETToy model; the energy gap has been calculated

from Equation (3), and chirality has not been considered.

E, =08/d 3)

In some geometrical structures of carbon nanotube transistor, changing the
diameter of carbon nanotubes may lead to changes in the electrostatic capacitor
of the circuit, too. In FETToy model, where gate capacitor is cylindrical in shape,
with an increase in the diameter of carbon nanotube the surface area of the gate
capacitor will increase. Equation (1.a) shows the formula of the gate capacitor
for the cylindrical structure of the gate. In denominator of the Equation (1.a),
expression In((t+d/2)/(d/2)) is observed. The value of fraction
(t+d/2)/(d/2) decreases with increasing d, thus increasing the amount of d

increases Cg. In Figure 3, the energy band gap change for carbon nanotubes by
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Figure 3. Variation of the energy gap for carbon nanotube by changing its diameter in
FETToy model.

diameter in FETToy is displayed. With increasing diameter from 0.4 nm to 3.6
nm, energy gap is reduced from 2.2 eV to 0.25 eV, as expected from Equation (3),
and for the metallic cases energy gap is zero [7]. Zero energy gap for metallic
carbon nanotubes results from position of their Fermi level [2].

Figure 4 shows the effect of changing the diameter on the capacitors of the
circuit (quantum capacitor (CQ), electrostatic capacitor (C-SIG) and effective
capacitor (cgs)), in the FETToy model. In FETToy model, the gate structure is
cylindrical, Equation (1.a), indicates the formula for calculating the value of gate
capacitor, thereby, increasing the diameter of the circuit, the capacitor surface
has increased, and the value of electrostatic capacitor of the circuit, has increased
(It should be noted, these results are derived for cylindrical structure, and for the
different structures, different results may be achieved). Quantum capacitor, in-
dicating the relationship between the change of channel potential and the carri-
ers density, which decreases with increasing diameter; or in other word, the po-
tential impact on carrier density is reduced, this may mean reduction of gate
control on the channel. Effective capacitor, that represents the effects of all the
capacitors, is increased; while its increase has lower slope than the curve of the
electrostatic capacitor. According to Equation (2.a), increasing the effective ca-
pacitor means to lower transition frequency. Figure 5 shows the effect of chang-
ing the diameter of the nanotube on the transconductance, in the simulation
with FETToy. Diameter increases is associated with increase in transconduc-
tance. In this figure the transconductance increases from 0.24 pO in diameter
0.4nmto 0.97 pO in diameter 3.6 nm.

Figure 6 shows change of transition frequency, in FETToy model, on the
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Figure 4. The effect of changing the diameter on the circuit capacitors (quantum capaci-
tor (CQ), the electrostatic capacitor (C-SIG), the effective capacitor (cgs)) in FETToy
model.
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Figure 5. The effect of nanotube diameter change on transconductance in simulation
with FETToy.

effect of changing the diameter. This graph is calculated for a transistor with a

channel length of 32 nm. Results of FETToy Model indicate a maximum for frin

diameter of 2.3 nm, with a value of 2.4 THz respectively. According to the Equa-
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Figure 6. Variation in transition frequency duo to variation in the diameter in FETToy
model (o).

tion (2.a), for the FETToy, transition frequency depends directly to the tran-
sconductance, and inversely proportional to the effective capacitor of the circuit;
as Figure 4 and Figure 5 represent, with increase in diameter both have in-
creased. Effective capacitor is increased with a constant rate. However, tran-
sconductance at first has greater rate of increases, and then reaches almost satu-
rated value. This justified the increasing rate of the transition frequency before

the peak, and then its decrease.

2.4. Insulator Thickness and Dielectric Constant

For evaluating the effect of gate insulator on transistor frequency behavior in
FETToy model, a transistor with the length of 32 nm, diameter of 1 nm, the
source Fermi level of —0.32 eV, and gate effectiveness coefficient of 0.88, at tem-
perature of 300°K, and in bias of Vgs=1V and Vps= 1V is contemplated. in
this simulation, dielectric constant and insulator thickness have been swept from
1 to 40 and from 1 nm to 5.5 nm respectively.

Equation (1.a) shows how to calculate the electrostatic gate capacitors per unit
length for a cylindrical gate structure , that ¢ =¢,5, which &, is the vacuum
permittivity and &, is coefficient of the relative permittivity or in the other
words is the dielectric constant, and dis the diameter of carbon nanotubes, and ¢
is the insulator thickness, this equation is used in FETToy model. Equation (1.a)
shows that the gate dielectric constant and its thickness are effective on electros-
tatic capacitors of the circuit and are also expected to affect characteristics de-

pend on the electrostatic capacitors.

28

K2
o5
“2:0

Scientific Research Publishing



R. Nouri-Bayat, A. R. Kashani-Nia

The graphic on Figure 7 shows the variation of the electrostatic capacitor ob-

tained by changing the gate insulator thickness for different dielectric constants

in the FETToy model. Increase in the insulator thickness reduces electrostatic

capacitors. Figure 8 shows the variation of quantum capacitors according to
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Figure 7. Curves of the electrostatic capacitance variations in the terms of gate insulator
thickness for different dielectric constants in FETToy model.
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Figure 8. Curves of the variation of quantum capacitance in the terms of gate insulator
thickness for various dielectric constants of FETToy model.
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the change of the gate insulator thickness for different dielectric constants, in
FETToy model; where the quantum capacitors increases with increasing thick-
ness of the insulator, this increase is more for smaller dielectric constants. Fig-
ure 9 shows the variation of the effective capacitors, depending on change of
thickness of the gate insulator, for different dielectric constants in FETToy mod-
el; here the effective capacitors decreases with increasing thickness of the gate.

Figure 10 shows the variation of transconductance versus gate insulator thick-
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Figure 9. The variation of the effective capacitance depending on the thickness of the gate

insulator for different dielectric constants in FETToy model.

4.5

transconductance [ 1/0hm ]

1
1 1.5 2 25 3 3.5 4
Insulator Thickness [m]

Figure 10. The variation of the transconductance in terms of the gate insulator thickness

for different dielectric constants in FETToy model.
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ness change for different dielectric constants in the FETToy model. transcon-
ductance decreases with increasing thickness of the insulator. This increase is
lesser for smaller dielectric constants. Table 1 shows a summary of these results.
Figure 11 shows the variation graph of frequency of transition depending on
change of gate insulator thickness for different dielectric constants in FETToy
model. It appears from these curves it can be deduced that for every value di-
electric constants, there is a value for insulator thickness which the transition
frequency becomes maximum. A similar issue can be seen in Figure 12. Figure
12 shows graphs of transition frequency according to changes of dielectric con-
stant for different gate insulator thicknesses in the FETToy model. Each of
curves, which are drawn for a given thickness of insulator, becomes maximum in
a point of dielectric constant. These peaks in Figure 11 and Figure 12 show the
value of 1.18 THz for transition frequency. It is also appears that in these points
for greater insulator thicknesses maximum frequency is obtained in greater di-

electric constant. Figure 13 shows Color map of transition frequency according

Table 1. Insulator effects on property.

Effects on property
Property
Dielectric constant increases Insulator thickness increases
Electrostatic capacitor Increase (Figure 7) Reduction (Figure 7)
Quantum capacitor Reduction (Figure 8) Increase (Figure 8)
Effective capacitor Increase (Figure 9) Reduction (Figure 9)
Mutual conductance Increase (Figure 10) Reduction (Figure 10)

Table shows the effect of the insulation constant and thickness increase on various properties in the FET-
Toy model.
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Figure 11. Variation of the transition frequency according to the gate insulator thickness
for different dielectric constants in FETToy model.
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cient in FETToy model.

to insulator thickness and dielectric constant in FETToy model. In Figure 13,

points with more reddish colors show larger transition frequencies. Also some of

these points are marked. In this form also it is obvious that maximums for

greater insulator thicknesses happen at greater dielectric constants. In other

word, we must choose a suitable value for insulator thickness by considering the
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dielectric constant of gate material that we use, or select a suitable material for
gate insulator by considering insulator thickness that we have. A trading off be-
tween these two properties is necessary. Table 2 represents to some of these

points.

3. Results and Discussion

For designing a transistor with high transition frequency was necessary to calcu-
late proper values of circuit parameters. For this purpose, in the simulation, each
parameter is swept until the point, where the transition frequency is maximum,
can be found [8], and these points are used in the design. Thus in this order have
been tried to design a transistor with maximum transition frequency. FETToy
software was used in this work for designing and simulating.

In the FETToy code that has been developed in MATLAB, thickness and di-
electric constant of the gate insulator, the nanotube diameter, bias, temperature,
source Fermi level and gate effectiveness coefficient parameters are investigable.
Each of these parameters has been swept and the appropriate values of them for
achieving maximum transition frequency are selected. And a transistor has been
designed based on these values. As from Equations (2.a), (2.b) and (2.¢), it is
clear that for assessing the effect of a parameter on the transition frequency it is
appropriate that the effect of that on the transconductance and the capacitors
should also be investigated.

The value of source Fermi level has been chosen to be —0.32 eV, that gives a
threshold voltage of 0.25 V. In the case of gate effectiveness coefficient, its value
can change from 0 to 1. Indeed the higher values of gate effectiveness coefficient
show more gate control on channel, but in practice, it may be impossible to
achieve the value 1. The value of gate effectiveness coefficient is assumed to be
0.88.

4. Conclusions

We investigated the effect of various parameters on the transition frequency of
transistor. Table 3 summarizes these results. In this table the values of parame-

ters, those are necessary to achieve high-transition frequency, are given, which

Table 2. Points with the maximum transition frequency.

Maximum Transition Points

Frequency Dielectric Thickness Dielectric Constant

1L1x10°m 8

1.3x 107 m 9

1.8 x 10 m 10

2.7%x10°m 12

1.18 THz 3x10°m 13

3.5x10°m 14

41x10"m 15

4.6x10° m 16

5x10°m 17

The number of points with the maximum transition frequency in the FETToy model.
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Table 3. Result summary.

Parameter (change manner)

Effect of parameter on

Proper value in

transition frequency CNTFETToy model
Bias (increase) Increase 1V
Nanotube’s diameter Has a maximum in one point 2.3 nm
Nanotube’s length (increase) Decrease 17 nm
Insulator thickness Has maximums 4.1 nm
Dielectric constant Has maximums 15 (Y203)
Temperature (increase) Decrease 300°K
og coefficient (increase) Increase 0.95
Source Fermi level Affects the threshold voltage -0.32
Summary of results.
Table 4. Comparison of results.
Transistor Transition frequency
This design 7.45 THz
Array CNTFET [9] (manufactured) 5.5 GHz
Array CNTFET [7] (model) 110 GHz. pm (for lengh of 17 nm 6.47 THz)
CNTFET [8] (model and manufactured) 8 GHz

Comparison between performances of several transistors.

proper transistor can be designed using them. If based on the parameter values
in Table 3, in FETToy software, a transistor is simulated, the transition fre-
quency of 7.45 THz will be achieved. Table 4 is configured to compare the per-
formance of different transistors. This table displays transition frequency of
transistors from several models and manufacturing from different references.
What is clear from this table is the large distance between the results from mod-
els and measurement. While the theoretical values anticipated transition fre-
quency about terahertz range, in practice, measured values are not above ten gi-
gahertz. This suggests that future challenges are about improving the efficiency
of these types of transistors, more relevant to their manufacturing technics than
simulating them.

One issue, which should be noted about difference between practical and
theoretical results, is that it is possible grow closer together these results with in-
creasing the accuracy of models. For example, in FETToy model carrier scatter-
ing effect and the effect of chirality of the nanotubes, metallic nanotubes must be
added to model and also model can be developed for array of nanotubes and
multi-walled nanotubes. Also, defects in lattice structure, which depends on the
manufacturing process are created and can also be added to the model for mak-

ing results closer to the actual values [10] [11].
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