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Abstract
Optimization study of GNR TFET has been carried out to obtain 
high performance with respect to ON-OFF current ratio (Ion/Ioff), 
subthreshold swing(S), intrinsic gate delay (τint), gate capacitance 
(CG) and quantum capacitance (CQ) by varying the channel length 
from 20 to 100nm and ribbon width 2 to 10nm keeping effective 
oxide thickness and gate oxide thickness fixed at 0.5nm and 1nm 
respectively. Two-dimensional Poisson’s equation has been solved 
by finite difference method numerical technique in source, channel 
and drain regions separately to obtain the surface potential and 
On and Off state energy band diagrams. The optimized values 
of Ion/ Ioff, S, τint, CG and CQ are 4.959×107, 1.06mV/decade,  
68fs, 67aF/ µm, 66.05aF/µm(CQ calculated at supply voltage of 
-0.01v) respectively for channel width and length designed at 4nm 
and 85nm respectively. The results show that the performances 
of the proposed optimized GNR TFET excel that reported earlier 
by Qin Zhang [1].
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I. Introduction
Recently Graphene nanoribbon Tunnel field-effect transistors (GNR 
TFET) have been proposed and analyzed [1-2].These transistors 
are based on the one-dimensional semiconducting properties of 
GNRs. These devices are attracting wide attention because of 
their lower subthreshold swing much below the thermionic limit 
of 60mV/decade and also lower OFF-state leakage current than 
MOSFETs [3]. The band gap of Graphene nanoribbons can be 
tuned by varying the channel width of the transistor. Further ultra-
thin body layer of GNR TFETs is favorable for its application 
as tunnel transistor. Moreover these transistors are better than 
Carbon Nanotube (CNT) FETs as regards planar processing and 
large scale integration. In case of short channel GNR TFETs both 
the subthreshold swing Sand off-state current IOFF deteriorate 
as a result of direct tunneling from source-to-drain. For short 
channel lengths, the off-state behavior can be improved by using 
narrower ribbon width. It can be significantly improved in the 
long channel limit by suppression of direct tunneling. Zhang 
showed that GNR tunnel transistors in the long channel limit 
can operate at 0.1 V with an ultra-low subthreshold swing of 2.8 
mV/decade without considering the scattering mechanism [1]. The 
off-state behavior of GNR TFETs with narrower ribbon width can 
be improved considerably without affecting the on-state current 
density and speedup to certain limit. The on-state current density is 
not significantly affected when  the channel length is scaled down. 
Thus it provides favorable effect on the device optimization and 
sensitivity of the device with respect to width variations.
Zhang designed and modeled GNR tunnel transistors of 20 nm 
channel length and of 2 and 3 nm channel width to achieve high 
performance and low operating power simultaneously. Three 
important geometry variables are needed to design GNR TFETs. 
These variables are the ribbon width, the gate length, and the 
effective oxide thickness (EOT). 

The authors have designed and modeled a GNR TFET by varying 
the width and length of the channel of the transistor so that the 
transistor can provide optimum performance as regards higher 
ON-OFF ratio, lower subthreshold slope and reduced gate delay. 
Lower the subthreshold swing the less is the power dissipation in 
the device, thus enabling the use of lower supply voltage.
In the present work, the effective oxide thickness is 0.5 nm and the 
thickness of gate oxide, tOX=1nm. The permittivity of high-k gate 
oxide material (Y2 O3) is ɛOX= 16 ε0. The ribbon width and gate 
length are varied in the ranges of 2-10 nm and 20-100 nm for the 
optimum design of GNR FETs with respect to subthreshold swing, 
on-off ratio , current density, intrinsic gate delay and quantum 
capacitance.

II. Device Structure And Operation
A p+-channel GNR FET considered in the present study is shown 
in Fig. 1. The source and drain regions are both heavily doped 
and shown as n+ and p+ respectively. The device is fully depleted 
at zero gate bias. Surface potential of GNR is solved from the 
electrostatics of one-dimensional (1-D) geometry of the device. 
Let the surface potential of GNR be VF. 1-D Poisson’s equation 
(Eqn.1) is solved to obtain VF.

Fig. 1 Schematic cross section of an interband p-channel GNR 
TFET where the gate is placed over the fully- depleted p-side.

                   (1)               
Here, VG is the gate potential, qVBI=ξG/2-qVTln(N/ni) is the built-
in potential, the band gap energy, . is the 
ribbon width, VT is the thermal voltage, in is the intrinsic carrier 
concentration, N is the doping concentration; the ""+  sign is 
for donors, and the  ""− sign is for acceptors. The parameter 

has the dimension of length and it is the 
relevant length scale for potential variation;  and  
are the permittivity of GNR and oxide layer respectively, and 

 is the thickness of the GNR. lastly  is the gate 
oxide thickness.

Fig. 2: Energy Band Diagrams for a GNR p-TFET at (a) off-
state and (b) on-state with -0.1V Drain Voltage. The Gate Oxide 
Thickness is 1nm and Gate Length is 85nm.
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Here the effective oxide thickness is fixed at 0.5nm with high-k gate 
oxide Equation (1) is solved separately 
in source, channel and drain regions. The boundary conditions 
used for the solution are :(1) zero electric field at ; (2) 
continuous electric field and potential at the source/channel and 

drain/channel junction; (3) TCF qV=−xx at the
+n source, and 

 at the
+p drain; and (4) the valence band along the 

channel is aligned with the Fermi level at the source for zero gate 
bias. A MATLAB program is written for the numerical solution of 
Eqn. (1) by using Finite Difference Method (FDM). The simulation 
is carried out for a ribbon width , gate length LCH= 
85nm and .
 The energy band diagram of p+- GNR FET is then obtained for a 
supply voltage of 0.1V. The band diagrams for the OFF-state at 
VGS=0  and for  the ON- state at VGS=-0.1V are shown in Figs. 2(a) 
and 2(b) respectively, In the ON-state, the 1-D Zener tunneling 
current ID is obtained by integrating the product of charge flux 
and the tunneling probability within the energy limit, as 
follows:

 (2)

Where the group velocity  is the 1-D

density of states, and TWKB is the tunneling probability, calculated 
by applying WKB approximation in a triangular potential barrier 
with a height of [8]. The expression for tunneling probability 
is given by

   (3)
The tunneling probability is thus dependent on the bandgap , 
and the electric field  E across the tunnel junction. The OFF –state 
leakage current is calculated with the help of equation (4) and the 
measured    value from the energy band diagram (Fig. 2(a)

  (4)                  
From equation (4) substituting the simulated value of  VB(0.49V)
and other constant the OFF state leakage current turns out to be 
0.00952pA.
In a field-effect transistor, the subthreshold swing , S is defined 
as the voltage required to increase or decrease the drain current 
by one decade in the subthreshold region [8].

    (5)                         
Where DI is the subthreshold drain current and is the gate 
to source voltage. 
The subthreshold swing and OFFI decrease when channel length, 
LCH=85nm and channel width, w=4nm.The drain current density 
at room temperature is calculated as a function of gate-to-source 
voltage and shown in fig. 3 (a). The ON-OFF current ratio (IOn/
IOff) as a function of gate-to-source voltage is also calculated and 
shown in fig. 3 (b).

Fig. 3(a): On-state Current Density and (b) On to Off Current 
Ratio  vs. Vgs 
The charge injection from the source and the drain are 
calculated separately from the following expressions, [9]    

  (6)
and

 (7)

where  is the 

density of states for the first subband of the GNR Sf and Df
denote the Fermi-Dirac distributions at the source and the drain 
respectively.
The total injected charge IDIS QQQ += is added to the channel and 
the electro statistics are substituted in Eq.(1) to determine the 
band diagrams shown in Figures 2(a) and 2(b) for the On state 
and Off state respectively. 
The intrinsic gate delay is the ratio of the channel charge induced 
by the gate to the current required to turn the transistor on. It is 
an important figure of merit of high-performance GNR FET. The 
device scaling requires that the gate delay should be reduced by 
17% per year [10]. The intrinsic gate delay is calculated from 
the expression, , where is the on-state 
charge in the channel, OFFQ is the off-state charge,  is 
the supply voltage taken to be 0.1Vand  is the on-state current.  
According to ITRS requirement of 2012 the intrinsic gate delay 
should be less than 0.51 ps and Off state leakage current should 
be less than 18.3nA/µm for the channel length, LCH=20nm, 
ribbon width WGNR=2-3nm [11].The intrinsic gate delay has been 
optimized at LCH=85nm with a ribbon width of 4nm. Calculated  
parameters such as current density for ON state and OFF state, 
transistor ON-OFF ratio, subthreshold swing, intrinsic gate delay 
and gate capacitance value related to the optimized structure of 
GNR TFET has been given in Table 1.

Table 1:
SPEED AND POWER ESTIMATES of p-TFET
LCH=85nm, w=4nm, VGS=-0.1V,
Vdd=-0.1V(for ON state).

Parameters Value

Current Density ID/w (μA/μm)
(ON state) 590.1087

Current Density 
ID/w(μA/μm)(OFF state) 0.0119

Ion/Ioff ratio 4.959×107
SS(mV/decade) 1.06
Intrinsic gate delay τint(fs) 68.3154
Gate capacitance CG(aF/μm) 67
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Fig. 4: Calculated Gate Capacitance vs. VGS of GNR p-TFETs 
with LCH =85nm and wGNR =4nm.

Fig. 4 shows the gate capacitance vs. VGS of GNR p-TFETs with 
LCH= 85nm and w = 4 nm at VDS=-0.1V. The gate capacitance 
CG=dQ/dVGS for is the optimized 
performance parameter.
Initially gate capacitance CG is assumed to be equal to the gate 
oxide capacitance COX in the on state. At the off state the change 
of surface potential is zero for zero gate voltage. In the on state 
the surface potential FV is not equal to but less than VGS by Q/
COX. Thus

                                                   (8)                                                                                   
The rate of change of channel charge with gate to source voltage 
is given by

                                                     (9)                                                                                      
Now substituting equation (8) into equation (9) we obtain

   (10)                                                                         
Where has the unit of capacitance known as Quantum 
capacitance

   (11)                          
Therefore the Quantum capacitance CQ must be introduced to 
account for 2D electron states in the quantum well or in a 1D 
electron states in quantum wire [12].This capacitance is proposonal 
to the density of states [13].
Here the effective oxide thickness EOT is fixed at 0.5nm. The 
gate oxide capacitance density is defined as .The 
calculated value of gate oxide capacitance density of GNR p-TFET 
is 280aF/ for the designed channel width and length given by 
=w 4nm and L=85nm respectively.The gate  capacitance =GC

48.80aF/µm which is less than gate oxide capacitance density at 
VGS = -0.01V, VDS=0.02V and =GNRw 4nm.This shows that the 
quantum capacitance cannot be neglected. The calculated value 
of CQis  66.05aF/µm and the ratio of CG/CQ is 0.738. This ratio is 
close to the quantum limit of capacitance equal to 1.But at VGS = 
-0.04V the gate capacitance =GC 79.48aF/µm and =QC 146.4aF/
µm, so the ratio =QG CC 0.54.This shows at higher reverse voltage 
the ratio of CG to CQ is far away from the quantum limit of 
capacitance.

III. Conclusion & Discussion
A high performance 1-D GNR Tunnel Field Effect Transistor has 
been analyzed and designed for optimum performance with respect 
to higher ratio on to off current, lower sub threshold swing, lower 
intrinsic gate delay, and lower off state gate leakage current, and 
gate capacitance closer to quantum capacitance. This design has 
been made by varying channel length and ribbon widths, keeping 
effective oxide thickness, gate oxide thickness at fixed values 
of 0.5nm and 1nm respectively. The optimized values of Ion/
Ioff, S, τint, CG and CQ are 4.959×107, 1.06mV/decade ,68fs, 
67aF/ µm, 66.05aF/µm(CQ calculated at supply voltage of -0.01v) 
respectively for channel width and length designed at 4nm and 
85nm respectively. The optimum performance parameters of 
the designed GNR TFET are better than those reported by Qin 
Zhang.
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