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Abstract— The Carbon Nanotube Field Effect Transistor (CNTFET) can be considered as one of the promising new transistors because it
can avoid most of traditional Metal Oxide Semiconductor Field Effect Transistor (MOSFET) limitations. In this work we present the
influence of temperature on the transfer and output characteristics of the MOSFET-Like Single-Walled Carbon Nanotube Field Effect
Transistor (SWCNTFET). The simulation results are performed using our four-subband model which is valid for high and low gate voltage,
up to 2 V. Our results prove that the higher subbands have a drastically effect on the saturation drain current especially for high gate
voltage. On the other hand, we clarify that the sub-threshold region characteristics are depended only on the first subband. Furthermore,
we study the onset-voltage, the on-/off-current ratio, and the sub-threshold swing of the SW-CNTFETs. Results show that, the onset-
voltage is decreased linearly with increasing the temperature. Moreover, the rate of change in the onset-voltage with temperature is almost
independent on the drain voltage. Unlike the silicon based transistor, both the on- and off-current are increased as the temperature
increased. In addition, we show that the on-/off-current ratio will be reduced dramatically when the temperature increased from T=100 K to
T=300 K. Moreover, results show that the sub-threshold swing is increased linearly with increasing the temperature and it is almost

independent on the drain-source voltage.

Index Terms— CNTFET characteristics, four-subband model, MOSFET-Like SW-CNTFET, SW-CNTFET, temperature effects.

1 INTRODUCTION

HE MOSFET devices will be reaching to its limits in 2020

when the channel length of MOSFET is below 10nm. For

this reason, researchers are looking for different materials
and devices replace the silicon-based field effect transistor [1].
Some novel nanoelectronic devices have been suggested to
replace the MOSFET such as CNFETs, Single Electron Transis-
tors (SETs) and resonant tunnelling devices [2]-[3].

Among the devices suggested, CNTFET appears as one of
the promising alternative devices because of both their semi-
conducting properties and their ability to carry high current.
Carbon nanotubes are two dimensional graphene sheet rolled
into cylindrical shape with diameter in nanometres scale. The
orientation in which the CNTs are rolled (chirality) can make
them behave like metallic or semi-conducting material.

Like the MOSFETs, the CNTFETs are three terminals de-
vice. The main difference is that CNTFETs employ the CNT as
a channel between the source and the drain terminals whereas
MOSEFETs channel is made of doped silicon. According to the
number of layer that used in the channel device, the CNTFETs
can be Single Wall (SW) or Multi Wall (MW). CNTFETs have
two modes of operation, the Schottky Barrier (SB) or MOSFET-
Like CNTFETs. In the SB-CNTFETs the gate voltage modu-
lates the current which flow in the channel by changing the
width of the barrier. But in MOSFET-Like CNTFETs the gate
voltage can be controlled in the drain current by changing the
height of the barrier. In this work, we treat with MOSFET-Like
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SW-CNTFETs [4]-[5].

There are varies numerical models concerned with only the
first subband current in order to investigate the performance
and the behaviour of CNTFET [6], [7], [8], [9]. In the latest our
work, we proposed an accurate model valid for low and high
gate voltage taking into account the higher subbands [10], [11],
[12]. In the present work, we used this model to study the
effect of temperature on the transfer characteristics curves of
MOSFET-Like SW-CNTFETs. Moreover, the influence of tem-
perature on sub-threshold swing, on-state current, and off-
leakage current are investigated.

2 CNTFETS SIMULATION MODEL

Generally, the total carrier density and the drain current in
CNTEFETs are dependent on the number of effective subbands
which calculated from the subband minima (A). We used the
tight binding method to construct the graphene band struc-
ture. Then we use the zone folding method to calculate the all
subband minima accurately [12]. Thus the induced carrier
density (AN) can be given by.

AN =gy Y fo ) [Ny, @) + Ny, (2)] dz -, @)
p

Where

1
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B
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sz(Z) =
[ 22+ 42+ (45, — Ap)]l @A)

1+exp[ KT J
B

Where Z is given by (4), y = (E - Ecp), g0 is the metallic density
of states, p is the number of effective subbands, A, is the pt
subband minima, T is the temperature in Kelvin, and Ay and
Ap are given by (5) and (6) respectively

z =\/(E—Ecp +4,)" +4,7 4
Af1= Ecp - Efl — Uscr (5)
Ap,=Ec, — Ep; — Uscr (6)

Where Eg and Ep is the source and drain Fermi level respec-
tively, Ecp is the conduction band edge for the pth subband and
Uscr is the self-consistent potential, given by [4]-[6].

q*AN
Cy

()

Uscr = [UL +

Where UL and Cy are the Laplace potential and the total
channel capacitance respectively.

Furthermore, the drain current (Ip) form all subbands can
be given by

2qKgT bt
o= [ 1,00+ 1, 0]y @®)
14

Where
1

hyoy=—"""Fa7

"k exp2 QB'AFH] (9)
1

by = (10)

1+ exp [y—lz—lﬁfz]

Equation (1) and (8) show that the number of subbands has a
drastically effect on the drain current calculations. It is also
obvious that the total induced carrier and the total drain cur-
rent are strongly dependent on the operating temperature and
the channel potential. In the following section we will investi-
gate the effect of the temperature in saturation and sub-
threshold regions.

3 RESULTS AND DISCUSSION

In this section, we study the temperature effects on the CNT-
FETs’ characteristics as well as the influence of number of
subbands in the drain current calculations. For all simulations,
we take CNT chiral vector equal to m = 26, n = 0 which is con-
sider as the most common used chirality [4]-[5]. Furthermore,
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we neglect the change in the subband minima due to the tem-
peratures variation. The reason is that when the temperature
changed from 0 to 400 K, the variation in the subband minima
is less than 0.006 eV which is neglected value [13].

Fig. 1 shows the output characteristics of MOSFET-like SW-
CNTFETs for different values of applied gate voltage at tem-
perature 300 and 500 K using one- and four-subband model.
The four-subband model means that the first four subbands
are used in order to calculate the drain current. It is evident
that as the gate voltage increased the amount of the change in
the saturation drain current between the two models is in-
creased. The reason is that, at low gate voltage, the channel
energy levels are shifted down slightly therefore the first sub-
band has a dominant effect in the drain current calculation.
However, for high gate voltage, more channel levels are
pushed down therefore more subbands will be participated in
the drain current calculation and consequently the saturation
drain current will be increased. For instance, at
Vias = Vg = 0.6 V, the four-subband model presents a drain
current higher than that presented by the one-subband model
with 25.6 %. Moreover, When the gate voltage increased to
1V, this percentage will be increased to 42.2 % at Vas = 0.6 V.
Unlike the MOSFET, when the four-subband model is used, it
is evident that the saturation drain current of SW-CNTFET is
increased with increasing the temperature. The reason is that,
in MOSFETs, the temperature dependency of the saturation
drain current originates from the carriers mobility which is
decreased with increasing the temperature. However, in
SW-CNFETs the dependency mainly originates from the
expansion that occurs in the Fermi function with increasing
the temperature. Therefore, the number of available states
which are contributed from all subbands will be increased.
Consequently, the saturation drain current will be increased.
This behaviour does not appear clearly if the one-subband
model is used because of the expansion that occurs in the
Fermi function has a slightly effect in the first subband.

T T ‘ T T
————— T = 300K, Four-subband model
77777 T = 500K, Four-subband model
T = 300K, One-subband model
T = 500K, One-subband model
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Drain-source voltage (V)
Fig. 1. The output characteristics of SW-CNTFET using one- and four
subband model at temperature 300 and 500 K.
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Fig. 2 depicts the influence of temperatures on the transfer
characteristics of MOSFET-Like SW-CNTFETs at V45 = 100 mV
using one- and four-subband model. For both models, in the
sub-threshold region, it is clear that the drain current will be
increased with increasing the temperature. The reason is that
when the temperature increased, the source-channel barrier is
decreased and then the number of transferred carriers from
the source to the channel will be increased. Generally, the sub-
threshold slope is a feature of the transistors’ transfer charac-
teristic and it can be calculated by reciprocating the sub-
threshold swing. From Fig. 2, it is clear that the slope of the
drain current at T = 300 K is higher than that at T = 500 K
where the sub-threshold swing is approximately
66 mV/decade and 126 mV/decade at temperature 300 and
500 K, respectively. Moreover, it is evident that, the sub-
threshold regions of one- and four-subband model are
coincident at the same value of temperature. This result
indicates that the drain current in the sub-threshold region is
depended only on the first subband. From the perspective of
circuit designer, it is important to know the gate voltage at
which the sub-threshold region departs from its linearity in
the logarithmic scale (which is corresponding to threshold
voltage in the MOSFET model). In this work, we named the
amount of this gate voltage as the onset-voltage. Our result
shows that the onset-voltage is independent on the number of
the subbands that used in the model. Thus, we can conclude
that the first subband is the only subband which responsible
for sub-threshold region.

Fig. 3 shows the influence of temperature on the onset-
voltage at Vgs = 100 mV and 1V. It is clearly observed that, the
onset-voltage is decreased almost linearly as the temperature
increased. We can notice that, the rate of change in the onset-
voltage with temperature is almost independent on the drain
voltage. Moreover, Fig. 3 depicts the dependency of the onset-
voltage on the drain voltage. This phenomenon likes the Drain
Induced Barrier Lowering (DIBL) effect in the MOSFET.
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Fig. 2. The transfer characteristics of SW-CNTFET using one- and four-
subband model at temperature 300 and 500 K.
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Fig. 3. The variation of the onset-voltage with temperature at Vds = 0.1 and
1v.

The off-leakage current (Iorr) and the on-state current (Ion)
are one of the most important parameters in the circuit design.
The off-leakage current is the drain current at Vg = 0 whereas
the on-state current (lon) is the drain current at Vg = V.. Fig. 4
illustrate the off-leakage and the on-state currents versus the
temperature at Vg = 100 mV, using the four-subband model.
Like the conventional MOSFET, it is clear that, the off-leakage
current is increased as the temperature increased. It is also
obvious that, at high temperature, the leakage current will be
very high and then the gate voltage will lose its control on the
channel. Unlike the conventional MOSFET, Fig.4 confirmed
that the on-state current is increased with increasing the
temperature.
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Fig. 4. The off-leakage current (Vg = 0) and the on-state current (Vg = Vas)
versus the temperature.
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As well known, the on-/off-current ratio is very important
to the circuit designers. Fig. 5 illustrates the on-/off-current
ratio versus the temperature for low and high drain-source
voltage. It is clear that by increasing the temperature the
on-/off-current ratio is decreased. For low drain voltage, at
Vas = 100 mV, we can notice that when the temperature
changed from 100 to 300 K, the on-/off-current ratio is
reduced approximately with three order of magnitude . There-
fore, the off-leakage current is more influenced with the tem-
perature spatially from T = 100 to 300 K whereas the incre-
ment in the off-current is comparable with the on-state current
from T = 300 till 500 K.
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Fig. 5. On-/off-current ratio versus the temperature at V4 = 100 mV and
1v.

The sub-threshold swing is very important parameter
where it displays the steepness of the switching response.
Using the four-subband model, the sub-threshold swing
versus the temperature for low and high drain voltage is
shown in Fig. 6. It is clear that the sub-threshold swing is
slightly affected with the drain voltage. Moreover, for low and
high drain-source voltage, the temperature has considerable
effect on the sub-threshold swing. It is obvious that the sub-
threshold swing will be increased with increasing the
temperature. At Vg = 1 and 0.1 V, the sub-threshold swing
will be increased approximately by 69 % when the tempera-
ture changed from 100 to 500 K. It also can be seen that the
sub-threshold swing is increased linearly with slope = 0.22
mV /K when the temperature increased.

1776

120

F Q-0 - ©Vds=100mV s
A—bh Vds=1V

Sub-threshold swing (mV/dec)

20 \ L | I | 1 \
100 200 300 400 500
Temperature (K)
Fig. 6. The effect of temperature on the sub-threshold swing at
Vgs=100mVand 1 V.

4 CONCLUSION

In this paper, we have investigated the effects of the tempera-
ture on the output and transfer characteristic of MOSFET-Like
SW-CNTFETs. Our results show that the number of contribut-
ed subbands has a great effect in the drain current calculation.
Moreover, the saturation drain current is increased by 42 % at
Vis = 0.6 V and Vg = 1 V when we use the four-subband
model instead of one-subband model. Furthermore, we
explain the effect of temperature on the onset-voltage where it
is decreased with slope = 0.5 mV /K with increasing the tem-
perature. Also, we observed that the sub-threshold swing is
increased by 0.22 mV/K even at high or low drain-source
voltage.
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