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Abstract
In this paper, SiC and Si Nanowire Field Effect Transistors (NW-FETs) with SiO2 and HfO2 gate oxide materials are simulated 
in various gate oxide thicknesses and channel diameters. In order to study the performance of these transistors in logic 
applications, the effect of channel material and diameter and also oxide material and thickness changes on the important 
switching parameters like delay time (τd), Power Delay Product (PDP) and Sub-threshold Swing (SS) are investigated. 
Results show that calculated parameters are sensitive to these changes. But the dependence of the parameters to the 
type of oxide material is higher in which by changing the oxide material to HfO2τd decreases considerably. In addition, 
the optimum feature for the best switching speed is obtained. This study shows that SiC-NWFETs are comparable with 
Si-NWFETs in logic applications.
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1.  Introduction

SiC has been extensively studied because of its physical 
properties such as wide band gap, high breakdown field, 
high thermal conductivity, high saturated drift veloc-
ity of the carriers and high temperature stability. Many 
researchers have been worked on SiC and its applications 
in various device fabrications. One of the SiC important 
applications is the Nanowires devices1–6. Some studies 
have investigated the Si and SiC effect on NWFETs per-
formance1–10. Simulation and experimental results have 
shown that SiC NWFETs and Si NWFETs have identi-
cal performance. A comparison between their electrical 
characteristics have shown that their Sub-threshold Swing 
(SS) and also their on current (Ion) are approximately in 
the same level. In addition, SiC NW has higher thermal 
conductivity, higher band gap, higher electron drift veloc-
ity, higher breakdown electric field, and better physical 
and chemical stability. Also, appear to be competitive in 
electrical transport properties and could be an excellent 

candidate for future high power and high frequency 
nanoelectronic applications1–10. 

On the other hand, the gate insulator material of 
NWFETs has a great significance. One of the most widely 
used materials is SiO2. But, one of the disadvantages of 
SiO2 in comparison with SiC is its small dielectric con-
stant (2.5 times smaller). Also the week interface of SiC/
SiO2 results in an inconvenient increase in the gate oxide 
electric field in comparison with semiconductor. So need 
for novel oxide with higher or at least comparable dielec-
tric constant with SiC in device applications. HfO2 is the 
promise candidate for replacement of SiO2

11–13.
In this paper, performances of NWFETs in logic 

applications will be investigated. In this regard, a ballis-
tic model based simulation is applied on NWFETs with 
two different channel materials including Si and SiC, with 
different diameters. Then the impact of substituting HfO2 
for SiO2, and variation of oxide thickness on some impor-
tant parameters like SS, PDP, and τd will be investigated 
and compared. It should be mentioned that tight binding 
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some important parameters in logic application will be 
calculated and investigated in the following section.

3.  Results and Analysis
In this section, we investigate some important parameters 
for logic applications such as SS, PDP, and τd. The various 
materials of channel, diameters of channel and oxide 
thicknesses are strategies for improving the performance 
of parameters. 

3.1  Delay Time
One of the important criteria for evaluating transistor 
switching speed is delay time (τd) that is defined by

	
td

on off

onI
=

−(Q Q )

� (2)

In which Qon, Qoff, and Ion are channel charge in on 
state, channel charge in off states and channel current in 
on state, respectively14,17. Figure 2 shows τd versus Ion/Ioff for 

method is used to calculate effective mass and energy 
bad gap because the energy bad diagram of Nano wire is 
dependent to its diameter.

The rest of paper includes 4 sections. The device struc-
ture and simulation method are presented in Section 2. 
Results and analysis are presented in section 3 and finally, 
conclusions are drawn in section 4.

2. � Device Structure and 
Simulation Method

Figure 1 illustrates a schematic representation of cylindrical 
Gate-All-Around (GAA) semiconductor Nanowire FET. 
The channel semiconductor material supposed to be Si or 
SiC and the gate oxide material is supposed to be SiO2 or 
HfO2. The channel length (Lch) and drain-source voltage 
(VDS) are supposed to be 10 nm and 0.4 V, respectively. 
In this study, the channel diameter (dch) supposed to be 
0.61, 0.92, 1.23 nm, and the gate oxide thickness (tox) is 
supposed to be 0.7 and 1.5 nm for each device.

At the first step of simulation, energy band structures 
of cylindrical Si and SiC Nanowire are calculated using 
tight binding method, for various diameters dch = 0.61, 
0.92, 1.23 nm. Due to energy band structure, the electron 
effective mass can be calculated using following equation
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In which m* = m0mt, and m0 is electron rest mass in 
free space, mt is the electron effective mass in the transport 
direction8. The electron effective mass is calculated at vari-
ous diameters dch = 0.61, 0.92, 1.23 nm, for materials Si and 
SiC8,15. The simulation results are shown in Table 1. At the 
next step, based on the energy band structure (the electron 
effective mass and energy band gap) for each diameter and 
material of NW, the IDS –VGS characteristics of the device of 
Figure 1 are calculated using the ballistic model14,16. The 

Figure 1.  Schematic representation of cylindrical gate-all-
around semiconductor NWFET14.

Table 1.  The electron effective mass for 
Si and SiC NW at three different diameters 
dch = 0.61, 0.92 and 1.23 nm.

Channel  
diameter (nm)

Electron effective mass
SiC Si

0.61 0.66 0.55
0.92 0.57 0.46
1.23 0.49 0.41

Figure 2.  τd versus Ion/Ioff ratio for SiC as the NW of the 
channel and SiO2 as gate oxide with t = 0.7 nm in different 
channel diameters dch= 0.61, 0.92 and 1.23.
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the transistor of Figure 1 with the SiC and SiO2 as material 
of channel and gate oxide, respectively. The diameters of  
channel dch = 0.61, 0.92, 1.23 nm and oxide thickness tox = 0.7 
nm. As it can be seen increase in channel diameter increases 
switching speed. As higher switching speed is desired in 
logic applications, to reach improved performance, the best 
state of this simulation is selected (dch = 1.23 nm) for the 
next stage of simulating (will be shown in Figure 3).

Figure 3 illustrates the device with SiC-NW channel is 
simulated in the best channel diameter of 1.23 nm, and it 
aims to investigate the dependence delay time to the oxide 
material in different thicknesses. Changing from SiO2 to 
HfO2 it can be seen that the slope of delay time increases 
which shows higher sensitivity of τd to HfO2. Based on the 
curves of this Figure shown it can be inferred that HfO2 
has better performance on the device speed. In addition, 
by decreasing oxide thickness τd decreases for both oxide 
materials. Consequently, HfO2 with thickness of 0.7 nm and 
the channel with diameter of 1.23 nm are the best alterna-
tive for the device of Figure 1. The effect of channel material 
on the switching speed is shown in Figure 4. It is shown 
delay time in SiC channel material is more than Si so that 
SiC decreases switching speed. Consequently, it is obvious 
that the best oxide is HfO2 with thickness of 0.7 nm and the 
best channel material is Si with diameter of 1.23 nm. 

Simulation results can be justified and analyzed based 
on analytical ballistic model of FETs. Based on equation 
(2) it is seen that time delay is in inverse proportion with 
on current (Ion). Ion relation is7,18.
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In which vT is electron velocity, m* is the electron 
effective mass in the transport direction, kB,T and Cox 

are Boltzmann constant, the ambient temperature, the 
gate oxide capacitance, respectively. As it is shown in 
Table 1, effective mass decreases as channel diameter 
increases. Consequently, considering equation (4) veloc-
ity increases. On the other hand, according to equation 
(5) by increasing the channel diameter and the decreas-
ing oxide thickness gate capacitance increases which in 
turn leads to an increase in on current (Ion) and a decrease 
in time delay, as shown in equation (2). In addition, if 
gate oxide changes to HfO2, dielectric constant and as a 
result gate capacitance and on current (Ion) increase. This 
leads to an improvement in switching speed. Moreover, 
if channel material changes in to SiC the energy band 
structure changes, so that effective mass increases and 
consequently, based on equation (4) and (3) velocity and 
on current (Ion) decrease. Finally, according to equation 
(2) delay time increases.

Figure 3.  τd versus Ion/Ioff forSiC as the NW of the channel 
with the best inferred diameter of 1.23 nm and SiO2 and 
HfO2 as gate oxide with t = 0.7 and 1.5 nm. It can be inferred 
that HfO2 with thickness of 07 nm is the best oxide.

Figure 4.  The τd versus Ion/Ioff ratio for SiC and Si as two 
NW of the channel with diameter of 1.23 nm and HfO2 as 
better gate oxide with tox = 0.7 nm.
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3.2  Power Delay Product
Power Delay Product (PDP) is another important crite-
rion of device performance in logic applications. These 
parameters show the needed amount of energy for a 
logic gate to switch output voltage from one logic state to 
another state17. The PDP is defined as17

	 PDP V I QDD on on off DD= = − ⋅t (Q ) V � (6)

In this work VDD is supposed to be 0.4 V. Figure 5(a) 
illustrates PDP variations versus Ion/Ioff  in different channel 
diameters for SiC-NWFET in which SiO2 gate oxide has 
0.7 nm thickness. It is obvious that PDP has downward 
trend when Ion/Ioff increases. Also, PDP has lower amounts 
for higher channel diameters. Moreover, the effect of 
oxide material changes on PDP of SiC-NWFET is shown 
in Figure 5(b) in which the channel diameter is 1.23 nm  

and both SiO2 and HfO2 are used with two different  
thicknesses. As it can be seen, HfO2 oxide material repre-
sents higher PDP and more curve slopes. The latter shows 
that PDP is more sensitive toward HfO2 changes. 

This effect can be justified by equation (3) and (5).  
A decrease in channel diameter causes a decrease in gate 
oxide capacitance that in turn causes a decrease in Ion. 
Thus, according to equation (6), PDP decreases. In addi-
tion, as it can be inferred from Figure 5(b) PDP increases 
if oxide thickness decreases. Based on analytical models 
corresponds to equation (5), a decrease in oxide thick-
ness and an increase of εr due to HfO2, causes an increase 
in Cox so that based on equation (3) Ion increases and 
consequently, PDP increases according to equation (6). 

PDP changes versus the change of channel material 
from SiC to Si are depicted in Figure 6. The optimum 
features for delay Time, which is the channel diameter of 
1.23 nm and HfO2 with thickness of 0.7 nm, are selected 
for this simulation. It is obvious that the PDP for channel 
of SiC is slightly more than Si.

However, simulation results show that the lowest PDP 
is 0.28 eV and 0.29 eV for Si and SiC, respectively, which 
are obtained for SiO2 gate oxide material with thickness of 
1.5 nm and channel diameter of 0.61 nm. 

3.3  Subthreshold Swing
Sub-threshold Swing (SS) is another important parameter 
to evaluate switching performance of a semiconductor 
NWFET. SS value can be obtained by15

	 SS VDS GS= ∂( )−
∂(log )I

1
� (7)

Figure 5.  (a) The PDP versus Ion/Ioff in channel diameters 
of 0.61, 0.92 and 1.23 nm for SiC-NWFET in SiO2 gate oxide 
thickness tox= 0.7 nm. (b) SiC-NWFET in which the channel 
diameter is 1.23 nm and both SiO2 and HfO2 are used with 
thicknesses of 0.7 and 1.5 nm.

Figure 6.  PDP variations versus Ion/Ioff for Si and SiCNWFEt 
with 0.7 nm thick HfO2 gate oxide and 1.23 nm channel 
diameter.
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Figure 7(a), (b) and (C) show SS variation versus various 
channel diameters in different features. As it can be seen, 
sub-threshold swings of all three Figures have downward 
trends and semi-linear behaviors versus channel diameter 
increase. Figure 7(a) shows the effect of changing oxide 
material from SiO2 to HfO2 on SS of the SiC-NWFET 
with tox of 0.7nm. Results imply that SS is reduced by 
diameter increase and the slope of changes for HfO2 is less 
than SiO2. Figure 7(b). shows SS dependence to the oxide 

thickness. In this simulation, the channel material is SiC 
and the oxide is HfO2. As it can be inferred by reducing 
oxide thickness SS reduces and switching speed improves. 
Also, if SiO2 is replaced by HfO2 the switching speed is 
better due to lower SS represented by HfO2. 

The influence of channel material including SiC and Si 
on SS is investigated in another simulation represented in 
Figure 7(c). According to pervious simulation results, HfO2 
is opted as oxide material with tox of 0.7 nm. By changing SiC 
to Si, SS decreases that shows Si has better performance.

As a conclusion, it can be said that simulation results 
show that estimated parameters are highly sensitive to 
channel diameter, oxide thickness, and oxide material 
changes. However, these parameter dependencies upon 
oxide material changes are more significant. It was shown 
that an increase in the channel diameter caused an increase 
in switching speed, thus according to the simulation val-
ues, dch =1.23 nm was chosen as the best value for further 
simulations. Then, another simulation depicted that HfO2 
oxide has better switching speed performance in com-
parison with SiO2. In addition, it was shown that oxide 
thickness reduction can help to have better switching 
speed. Consequently, based on performed simulations, the 
best oxide with optimum thickness and the best channel 
diameter was selected that are HfO2 with 0.7 nm thickness 
and 1.23 nm channel diameter. Conversely, PDP simula-
tions depicted that PDP for the optimum selection is high, 
so that for the best switching speed higher energy con-
sumption is needed. Table 2 illustrates numerical results 
of delay time, PDP and SS of SiC-NWFET and Si-NWFET 
for SiO2 and HfO2 oxide materials, dch =1.23 nm and  
tox= 0.7 nm. 

In order to show, the effect of channel material on 
NWFET logic performance a numerical comparison 
is shown in Table 2 for Si and SiC. Table 2.A is for SiO2 

Figure 7.  Subthreshold swing variation versus channel 
diameter with (a) oxide materials of SiO2 and HfO2 for 
thickness of 0.7 nm, (b) Oxide material HfO2 with thicknesses 
of 0.7, 1 and 1.5 nm and (c) channel materials of SiC and Si 
for HfO2 thickness of 0.7 nm.

Table 2.  Comparison between the logic performance 
of SiC and Si NWFETs based on logic important 
parameters. Simulations were performed in dch = 1.23 
nm and tox = 0.7 nm.
Table 2.A.  A. For SiO2

Prameters SiC-
NWFET

Si-
NWFET

Ion/Ioff 0.57×105 0.61×105

τ 119.55 fs 108.79 fs
SS 67/95  

mV/dec
67.93  

mV/dec
PDP 0.5 eV 0.49 eV

� Table 2.B.  For HfO2

Prameters SiC-
NWFET

Si-
NWFET

Ion/Ioff 0.16 × 106 0.16 × 106

τ 104 fs 94.52 fs
SS 67.759  

mV/dec
67.758  

mV/dec
PDP 1.25 eV 1.17 eV
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and Table 2.B is HfO2 oxide material. It is obvious from 
Table 2 that HfO2 oxide represents better switching  
speeds.

As the aim of this study was investigation of NWFETs’ 
logic performance, the Ion/Ioff ratio was estimated between 
0 up to 0.4 V for VGS. It should be noted that the value of 
VDD in our simulations was 0.4 V. This study proves that 
SiC NWFETs can have an acceptable performance in logic 
applications.

4.  Conclusion 
In order to investigate NWFET performance, a numerical 
simulation based on ballistic model has been utilized. The 
channel and the gate oxide have been considered to be SiC 
or Si and SiO2 or HfO2, respectively. The channel diam-
eters have been considered to be 0.61, 0.92, and 1.23 nm 
and the gate oxide thicknesses have been considered to be 
0.7 and 1.5 nm based on the done researches. Accordingly, 
some important parameters like delay time, power delay 
product, and sub-threshold swing have been compared in 
various states. In our simulation the tight binding method 
used to calculate the electron effective mass. It has been 
shown that switching speed increases by an increase in the 
channel diameter and switching speed can be modified by 
substituting HfO2 for SiO2 and also decreasing the oxide 
thickness. The results have shown that mentioned param-
eters are highly sensitive to the channel diameter, oxide 
material and thickness, but, they have greater dependency 
to the type of oxide material such that by changing oxide 
from SiO2 to HfO2 switching speed increases sharply. In 
addition, the optimum oxide thickness and channel diam-
eter to have the best switching speed have been obtained. 
Numerical comparisons of the mentioned parameters 
have shown that best switching speed can be achieved by 
HfO2 gate oxide with 0.7 nm thickness and 1.23 nm chan-
nel diameter in which its value for Si and SiC NWFET is 
94.52fs and 104fs, respectively. In this state, the PDP value 
for Si and SiC-NWFET is 1.1 eV and 1.25 eV, respectively. 
Finally, this study has shown that SiC-NWFET performance 
in logic applications is comparable with Si-NWFET.
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