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Abstract
In this paper, the performance of a CNT-JLTFET under different values of torsional strains of 0, 3, and
5 degrees has been investigated. Simulation has been carried out using non-equilibrium Green’s function
(NEGF) formalism in the mode-space approach and in the ballistic limit. The simulation results indicate
that, under torsional strain, an increase occurs in the energy band-gap, and thus the on- and off-currents are
reduced, thought that reduction has a greater percentage in the off-current, resulting in the increase in the
ON/OFF current ratio. Besides, the switching characteristics of the device including power-delay product
(PDP) and intrinsic delay (τ) have been studied.
Keywords: Band-Structure-Limited Velocity; Intrinsic Delay (τ); Mode-Space; Power-Delay-Product (PDP);
Torsional Strain.
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INTRODUCTION
By reducing the channel length to lower than
20 nm, fabrication of the conventional MOSFETs
is facing serious problems due to the need for
ultra-steep doping profile at the drain and source
junction regions [1, 2].
Stringent demands on fabrication has
rendered any further scaling of the MOSFETs
almost impossible [3, 4]. Therefore, for devices
with a channel length below 20 nm, junctionless
transistors (JLT) are needed. Junctionless
transistors are a reliable device for the future
technology since they reduce complexities and as
much the fabrication costs [5]. In order to optimize
the JLT performance, some new design methods
such as SOI-JLT, gate all around, bulk planer JLT
and nano wire JLT have been proposed [6-10].
The MOSFETs capability for switching from the
off to the on-state has been shown by the slope
of the ID-VGS characteristic curve in sub-threshold
performance region, which is called sub-threshold
* Corresponding Author Email:salehghoreyshi@gmail.com

slope. The sub-threshold slope (ss) in the MOSFETs
is limited thermally to 60 mV
while it is possible to
dec
reach a sub-threshold slope below 60 mV using
dec
alternative transistors such as tunneling field-effect
transistors (TFET) [11, 12]. Although conventional
TFETs have a better sub-threshold slope than the
MOSFET structures, but they also have a lower oncurrent [13, 14].
Carbon nanotubes (CNTs) and graphene
nanoribbons (GNRs) have unique properties, such
as very low effective mass, direct energy bandgap, low thickness and high mobility of electrons
and holes, making them suitable for band-to-band
tunneling (BTBT) devices applications [15-19].
Strain engineering is a method for changing
the energy band-gap in carbon nanotubes and
graphene nanoribbons [20]. Effects of the uniaxial
strain and torsional strain on the performances of
the conventional MOSFETs, TFETs and MOS-like
JLTs have been investigated [21, 22]. According to
the results, the uniaxial and torsional strains can
affect the electrical properties of the devices since
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they change the energy band-gap, band-structurelimited velocity and density of states (DOS) of
carriers in CNTs and GNRs.
The present study has explored the torsional
strain effects on the performance of a CNT-based
tunneling field-effect transistor. The effects of
torsional strain on the on-current, off-current,
intrinsic delay (τ), and power-delay product (PDP),
have also been discussed and analyzed.
This paper is organized as follows. The device
structure and simulation method are introduced
in Section 2. The simulation results are presented
and discussed in Section 3. Finally, this paper is
concluded with a conclusion in Section 4.

activation concept (method) is a conventional
method wherein the desired doping profile is
created by applying an appropriate external bias
voltage for polarity gate (P-Gate).
In order to simulate the above coaxial
structure, the non-equilibrium Green’s function
(NEGF) procedure in the ballistic regime and
with an uncoupled mode-space approach has
been employed. In this method, the Poisson
and Schrödinger equations are solved in a selfconsistent manner [23, 24]. In order to calculate
the potential distribution of the device, the Poisson
equation in cylindrical coordinates [25] through
the finite difference discretization approach is
changed to a set of nonlinear equations, which
are subsequently solved by the Newton-Raphson
method [26].
Now, the Green’s function for q-th mode is
calculated by the potential distribution as follows
[24]:

DEVICE STRUCTURE AND SIMULATION METHOD
Fig. 1 shows the structure of the carbon
nanotube junctionless tunneling field-effect
transistor (CNT-JLTFET). Each of the source, channel
and drain regions has the same length of 15 nm. A
−1
zigzag single-walled carbon nanotube with chirality
 (1)
( E + i 0+ ) I − H q − Σ Sq − Σ Dq 
G
=
q
(16, 0) is used throughout the structure. Due to the
junctionless structure of the transistor, a uniform
where, E, 0+, I and Hq are energy, a positive
N-type doping profile with a high concentration of
infinitesimal number, the identity matrix and the
109 m −1 is used for the source, channel, and drain.
Hamiltonian matrix of the isolated channel for the
The structure involves two separate gates isolated
q-th mode, respectively. The connection between
from each other by a SiO2 layer, called a spacer,
the source and the drain with the channel is
with a dielectric constant of ε OX = 3.9 and a length
modeled by two self-energy matrices ∑ Sq and
of 3 nm. In the other regions, HfO2 with a dielectric
∑ Dq , respectively.
constant of ε OX = 16 is used as an oxide. The work
The tight-binding approximation with only
function of gate materials is chosen to be similar
one Pz orbital for each atom is used to get the
to that of the carbon nanotube. The main gate is
Hamiltonian matrix for q-th mode, as follows [27]:
the control gate (CG), which modulates the width
of the tunneling potential barrier. The polarity
U1 b2 q 0 0 … 0 
gate (PG) with a constant voltage of -0.8 V and a


(2)
H q  b2 q U 2 b1q 0… 0
length of 12 nm is used to create a P+ region=
as the

source region. The charge plasma or electrically
   






Fig. 1. Schematic view of a CNT-JLTFET.

Fig. 1. Schematic view of a CNT-JLTFET.
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b1q

and b2q are the coupling vectors of two farther and nearer ad

Besides, t0 signifies the C-C hopping parameter, which is equal to 2.7 e

In this study, the torsional strain angle 𝜃𝜃 is considered to be lowe

response of the carbon nanotube in this range of torsion angles [28].
Based on relation ν = −

∆𝑟𝑟

( 𝑟𝑟 )
∆𝑙𝑙
𝑙𝑙

( )

𝜀𝜀

= − 𝑐𝑐, the Poisson’s ratio is def
𝜀𝜀𝑡𝑡

circumferential strain (𝜀𝜀𝑐𝑐 ) to the transverse strain (𝜀𝜀𝑡𝑡 ) [30]. 𝑟𝑟 and 𝑙𝑙 a

the carbon nanotube in the unstrained state, respectively, and ∆𝑟𝑟 and ∆

changes of the carbon nanotube after applying strain. Since torsi
Fig. 2. Band-gap
versus
torsional strain
strain forfor
CNTs
withwith
chirality
(16, 0). (16, 0).
Fig. 2. Band-gap
versus
torsional
CNTs
chirality

transverse strain, the carbon nanotube radius is also modified by the to

where Ui is the potential in the i-th ring and
t0, b1q=t0 and b = 2t cos  π q  are the coupling values
 n 
between two adjacent carbon atoms and two
farther and two nearer adjacent rings, respectively.
The self-energy matrices are obtained in the
ohmic contact approximation, which models the
contacts as semi-infinite metallic nanotubes [25].
In order to introduce the torsional strain into
the NEGF procedure, the suggested method in Ref.
[28] is utilized. By applying torsional strain, the
change in the carbon nanotube bond vectors [20]
leads to the change of the hopping parameters
by the Harrison’s formula [29], and therefore
the mode-space coupling parameters in the
Hamiltonian matrix are altered as follows:
2q

𝑏𝑏1𝑞𝑞 = 𝑡𝑡0 cos2 (𝜃𝜃) 

(3)

4

4

the Poisson’s ratio. In this study, ν is assumed to be 0.2 [28].
After
Green’s function
function by
by Eq.
Eq. (1), the local density
After calculating
calculating the
the Green’s
(1), the local density of states due to the source
anddrain
draincontacts
contactsare
are calculated
calculated according
according to
to Eq.
Eq. (4) as follows:
and
(4) as follows:
D

= G q Sq ( Dq )Gq †

Sq ( Dq )

DSq ( Dq=
Gq Γ Sq ( Dq )Gq † 
)

(4)

where Γ𝑆𝑆𝑆𝑆(𝐷𝐷𝐷𝐷) = 𝑖𝑖(∑𝑆𝑆𝑆𝑆(𝐷𝐷𝐷𝐷) − ∑†𝑆𝑆𝑆𝑆(𝐷𝐷𝐷𝐷) ) isis the
thesource (drain) broade
where
source (drain) broadening function. Finally, the
charge density filled by each contact is calculated by the following equ
charge density filled by each contact is calculated

by the following equation:
QSq(Dq) (z ) =
−e  D Sq ( Dq ) (E , z )f (E − E FS ( D ) )dE +
∞

EN

QSq(Dq) ( z ) =
−e ∫ DSq (EDqN ) ( E , z ) f ( E − EFS ( D ) )dE +
EN



EN

e

D

Sq ( Dq )

(E , z )(1 − f (E − E FS ( D ) ))dE

−

e ∫ DSq ( Dq ) ( E , z )(1 − f ( E − EFS ( D ) ))dE (5)
−∞

2𝜋𝜋𝜋𝜋
𝑒𝑒 −𝑖𝑖 𝑛𝑛 |

𝑏𝑏2𝑞𝑞 = 𝑡𝑡0 |
2+
2
where e and EENN(3)are the
theelectron
electroncharge
chargeand
andthe energy neutralizati
where
1 + (√3 + tan 𝜃𝜃)
1 + (√3 − tan 𝜃𝜃)
2 (𝜃𝜃)
the
energy
neutralization
level,
respectively.
𝑏𝑏1𝑞𝑞 = 𝑡𝑡0 cos

charge density in the channel resulting from q-th mode is calculated
charge
in the channel resulting
b1q and b2q are the4 coupling vectors of 4two farther and
adjacent
rings, density
respectively.
2𝜋𝜋𝜋𝜋nearerThe
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2𝜋𝜋𝜋𝜋
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𝑡𝑡0 | b are the coupling
(3)of the by
b1q= and
vectors of
−𝑖𝑖 𝑛𝑛 𝑏𝑏2𝑞𝑞
−𝑖𝑖
2+
2 𝑒𝑒two |
(𝑧𝑧).
and
𝑄𝑄
The
sum
charges
resulting
from
q-th
mode
is
calculated
the sum
of thefrom all modes is us
2q
𝑛𝑛
𝐷𝐷𝐷𝐷
𝑒𝑒
(3)
|
𝑒𝑒
(3)
|
Besides,
t
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C-C
hopping
parameter,
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2.7
eV
in
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unstrained
state.
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4
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where Γ𝑆𝑆𝑆𝑆(𝐷𝐷𝐷𝐷) =
𝑖𝑖(∑(𝑆𝑆𝑆𝑆(𝐷𝐷𝐷𝐷)
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function.
Finally, the
E
(4)
(4)
(5)
†
E
density
filled
by each contact is calculated by the following equation:
DSq ( Dq=) G q charge
(4)
Sq ( Dq )G
q
N

e

N

D

−

Sq ( Dq )


(E , z )(1 − f (E − E FS ( D ) ))dE



QSq(Dq) (z ) =
−e D Sq ( Dq ) (E , z )f (E − E FS ( D ) )dE +
††
is the
the source
source (drain)
(drain) broadening
broadening function.
function.
Finally, the
the
Finally,
EN
𝑆𝑆𝑆𝑆(𝐷𝐷𝐷𝐷))) is
𝑆𝑆𝑆𝑆(𝐷𝐷𝐷𝐷)
†
(5) the
where Γ𝑆𝑆𝑆𝑆(𝐷𝐷𝐷𝐷) = 𝑖𝑖(∑𝑆𝑆𝑆𝑆(𝐷𝐷𝐷𝐷) − ∑𝑆𝑆𝑆𝑆(𝐷𝐷𝐷𝐷)E)N is the source (drain) broadening function. Finally,
where e and EN are the electron charge and the energy neutralization level, respectively. The

ct is
is calculated
calculated by
by the
the following
following equation:
equation:
ct
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3. IGS
-VGS characteristics
CNT-JLTFET forfor
different
values
of torsional
strain
at VDSat=0.4
Fig. 3.Fig.
ID-V
ofof
thethe
CNT-JLTFET
different
values
of torsional
strain
VDSV.
=0.4 V.
D characteristics

This procedure has been implemented in
MATLAB, and the accuracy of the program was
also confirmed in our previous works [22, 31].
RESULTS AND DISCUSSION
Fig. 2 represents the diagram of energy bandgap in terms of torsional strain for a carbon
nanotube with a chirality of (16, 0). As this figure
shows, by increasing the degree of torsional strain,
the energy band-gap in the carbon nanotube
increases.
Fig. 3, illustrates the ID-VGS characteristic of the
junctionless tunneling transistor introduced in the
previous section for different values of torsional
strain (0o,3o,5o) at VDS=0.4 V. As shown by this figure,
by increasing the torsional strain, the off and ambipolar current decreases. To explain this behavior,
diagrams of the carrier density at different energy
levels along the device at the off-state (VDS=0.4
V and VGS= -0.4 V) have been depicted under the
strain-free and torsional strains of 3o and 5o in
Figs. 4(a), (b), and (c), respectively. The off-current
and am-bipolar behavior of the tunneling FET are
caused by the tunneling of the carries from the
valence band of the channel to the conduction
band of the drain. As is clear from Fig. 2, by
increasing the torsional strain, the energy bandgap increases, which in turn increases the width
of the tunneling barrier on the drain-channel side
resulting and in a reduction tunneling leakage and
am-bipolar current.
In the following, in Fig. 5, the ID-VDS characteristic
of the junctionless transistor at VGS=0.4 V has been
simulated. As it is clear from this figure, the oncurrent has been decreased by increasing the

torsional strain. Similarly, this behavior can also be
explained by depicting carriers density at different
energies along the device in the on-state for the
typical voltage of VDS=0.4 V and VGS=0.4 V. Figs.
6 (a), (b), and (c) represent the strain-free and
torsional strains of 30 and 50 , respectively.
The on-current in the tunnel structure is caused
by the tunneling of the carriers from the valence
band of the source to the conduction band of
the channel and their moving towards the drain.
As the torsional strain is increased, the tunneling
barrier width on the source-channel extension
increases and hence the on-current is reduced.
I
For further comparison, the I diagram in
terms of the on-current at a specific bias point,
VDS=0.4 V, has been given in Fig. 7. As is evident, by
increasing the torsional strain, the ON/OFF current
ratio increases and the above-mentioned tunnel
structure for a strain of 5o has a considerably
higher ON/OFF current ratio compared to the
other states.
𝐼𝐼
Fig. 7. 𝑂𝑂𝑂𝑂 ratio versus ION for a CNT-JLTFET under d
𝑂𝑂𝑂𝑂𝑂𝑂
Finally, in order to demonstrate 𝐼𝐼the
effect of
VDS=0.4 V.
applying torsional strain on the switching properties
of the aforementioned device,
delay (
Finally,the
in intrinsic
order to demonstrate
the effect of applyi
τ ) and PDP in terms of II for different values of
properties of
the aforementioned
torsional strain are respectively
given
in Figs. 8 (a) device, the intrinsic de
and (b). In order to simulate
effect
torsional
differentthe
values
of of
torsional
strain are respectively given
strain on the switching characteristics of the
simulate the effect of torsional strain on the switching char
device, the approach used in Ref. [32] has been
in Ref. [32] has been adopted. The intrinsic delay has
adopted. The intrinsicused
delay
has been calculated
based on the relation 𝜏𝜏 = 𝐶𝐶𝐺𝐺 𝑉𝑉𝐷𝐷𝐷𝐷 = 𝐼𝐼∆𝑄𝑄 ,, which
∆Q isis the charge variation thro
which Q
𝑂𝑂𝑂𝑂
the charge variation throughout the device in any
event.toAccording
Fig.intrinsic
8 (a), the intrinsic delay at a given
switching event. According
Fig. 8 (a),tothe
I
delay at a given I ratiotheis torsional
an increasing
strain. function
This issue of
can be justified by referrin
the torsional strain. This issue
𝐼𝐼𝑂𝑂𝑂𝑂 can be justified by
ON

OFF

ON

OFF

ON

OFF
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ratio, by increasing the value of the torsional

current and therefore the charge and discharge speed o
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Therefore, the intrinsic delay increases.
Another reason fo
band-structure-limited velocity, due to the torsional strain,

(n=3p+1) used in this structure, which reduces the veloc
resultantly increases the intrinsic delay.

PDP is defined based on the relation 𝑃𝑃𝑃𝑃𝑃𝑃 = ∆𝑄𝑄 . 𝑉𝑉𝐷𝐷𝐷𝐷 =
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Fig. 4. Energy band diagram (white lines) and the carriers density along the CNT-JLTFET in the off-state for different values of torsional
strain (a) θ = 00 , (b) θ = 30 and (c) θ = 50 . The scale bars on the right indicate the density of electrons.
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Fig. 5. ID-VDSFig.characteristics
of theofCNT-JLTFET
different
values
of torsional
5. ID-VDS characteristics
the CNT-JLTFET forfor
different
values
of torsional
strain at Vstrain
=0.4 V.at VGS=0.4 V.
GS

Fig. 6. Energy band diagram (white lines) and the carriers density along the CNT-JLTFET in the on-state for
Fig. 6. EnergyFig.
band
(white
lines) and
thelines)
carriers
alongdensity
the CNT-JLTFET
the on-state for
values
6. diagram
Energy band
diagram
(white
anddensity
the carriers
along theinCNT-JLTFET
in different
the on-state
for of torsional
different values
of torsional
strain (a) 𝜃𝜃0 = 00 , (b) 𝜃𝜃 = 30 and (c) 𝜃𝜃 = 50 . The scale bars on the right indicate the
0
0
different
values
(a)(c)
𝜃𝜃 =θ 0=05,0(b)
𝜃𝜃 =
30 and
=5
. The
scale bars
on the right
indicate. the
. The
scale
bars(c)
on𝜃𝜃the
right
indicate
the
density
of
electrons
strain
(a) of
θ =torsional
0 , (b) θ strain
= 3 and
density of electrons.
density of electrons.
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Fig. 7.

I ON
I OFF

𝐼𝐼

ratio
for a CNT-JLTFET
values of under
torsional
strain at VDS=0.4 V.
Fig. versus
7. 𝑂𝑂𝑂𝑂IONratio
versus IONunder
for adifferent
CNT-JLTFET
different
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂

values of torsional strain at VDS=0.4 V.

Fig. 8. Illustration of (a) intrinsic delay and (b) PDP versus

Ion

for a CNT-JLTFET
under different values of torsional strain.
𝐼𝐼𝐼𝐼𝐼𝐼

Fig. 8. Illustration of (a) intrinsic delay and (b) PDPIoff
versus

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

for a CNT-JLTFET under different values of

torsional strain.
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der to demonstrate the effect of applying torsional strain on the switching

aforementioned device, the intrinsic delay (𝜏𝜏) and PDP in terms of

𝐼𝐼𝑂𝑂𝑂𝑂

𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂

for

f torsional strain are respectively given in Figs. 8 (a) and (b). In order to
of torsional strain on the switching characteristics of the device, the approach

Moghadam et al.
has been adopted. The intrinsic delay has been calculated based on theS. relation

which Q is the charge variation throughout the device in any switching
N., (2010), Nanowire transistors without junctions. Nat.
referring to Fig. 7. As this figure shows, in a given
𝐼𝐼𝑂𝑂𝑂𝑂
I
Nanotechnol. 5: 225-229.
ratio,
by
increasing
the
value
of
the
torsional
o Fig. 8 (a), the intrinsic
delay
at
a
given
ratio
is
an
increasing
function
of
I
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂
[6] Han M.-H., Chang C.-Y., Chen H.-B., Wu J.-J., Cheng Y.-C.,
strain imposed on the device, the on-current
Wu, Y.-C., (2013), Performance comparison between bulk
n. This issue can be justified
by referring
Fig. 7.
Asdischarge
this figurespeed
shows,ofin a
and therefore
the to
charge
and
ON

OFF

gatetorsional
capacitance
reduced.
Therefore,
the ony increasing the valuethe
of the
strainare
imposed
on the
device, the
intrinsic delay increases. Another reason for this
behavior is
the reduction
the band-structurefore the charge and discharge
speed
of the gateofcapacitance
are reduced.
limited velocity, due to the torsional strain, in the
insic delay increases. Another reason for this behavior is the reduction of the
chirality of the carbon nanotube (n=3p+1) used in
ited velocity, due to the
torsional
strain,
in thereduces
chiralitythe
of the
carbonofnanotube
this
structure,
which
velocity
the
carriers
in
the
device
and
resultantly
increases
the
this structure, which reduces the velocity of the carriers in the device and
intrinsic delay.
es the intrinsic delay.
PDP is defined based on the relation
based on the relation 𝑃𝑃𝑃𝑃𝑃𝑃 = ∆𝑄𝑄 . 𝑉𝑉𝐷𝐷𝐷𝐷 = 𝜏𝜏. 𝐼𝐼𝑂𝑂𝑂𝑂 . 𝑉𝑉𝐷𝐷𝐷𝐷. As shown
shown in
in Fig.
Fig. 88 (b),
(b), PDP is a decreasing function of the torsional
ng function of the torsional strain. This can be justified by the reduction of Q
strain. This can be justified by the reduction of
∆Q due to the torsional strain. Moreover, the
dominant effect of the on-current reduction with
respect to the increase of the intrinsic delay is
another reason for this behavior.
CONCLUSION
Numerical studies on carbon nanotube
junctionless TFET (CNT-JLTFET) have indicated
that due to the torsional strain, band gap and
band structure limited velocity have changed.
Accordingly, under torsional strain, as compared
to an unstrained case, both on- and off-currents
have decreased but the ON/OFF current ratio has
increased. Power-delay product (PDP) and intrinsic
delay (τ) have also been investigated. Simulation
results show that under torsional strain, τ and PDP
have increased and decreased, respectively.
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