
 

 
Fig. 1:  (a) Schematic diagram of a double-gate heterojunction graphene 
nanoribbon tunneling field effect transistor.  The gate insulator is silicon 
dioxide with a thickness (tins) of 1 nm in this work. (b) The top view of the 
GNR HJTFET. The source and drain are doped with holes and electrons 
respectively and different ribbon width in the channel are used. The 
channel length of the device is kept constant at 16 nm.  

 
Fig. 2:  The I-V characteristics of GNR HJTFET with different doping 
concentrations of (a) 3.83×108 m-1

 (black, solid), (b) 4.98 ×108 m-1
 (red, 

dash) and (c) 7.10×108 m-1
 (blue, dash-dot). 
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1. Introduction 

The complementary metal-oxide semiconductor (CMOS) 
transistors based on silicon (Si) are reaching the 
fundamental limits. This drives considerable research on 
new channel materials and novel functional devices [1] to 
enable further increase in device density and reduction in 
supply voltage. The tunneling field-effect transistors 
(TFETs) are one of the potential candidates for low power 
consumption applications due to its ability to achieve sub-60 
meV/decade subthreshold swing (SS).  However, ON-state 
currents (ION) of Si based TFETs are much lower than the 
requirement [2] due to the relatively large bandgap and 
tunneling mass of carriers. Materials with smaller carrier 
tunneling mass and new TFET structures are required to 
enhance ION. 

Recently, one dimensional armchair graphene nano- 
ribbons (AGNRs) have attracted great attention due to their 
unique benefits, such as higher carrier velocities and low 
carrier effective masses [3].  AGNRs can also be patterned 
to form heterojuction structures with non-uniform widths in 
resonant tunneling diodes (RTDs) and heterojunction TFETs 
(HJTFETs) devices [4-5]. Compared with the case of the 
homogeneous structure, GNR HJFETs are able to provide 
higher ION [5]. Hence, there is considerable interest to 
exploit and identify the optimum geometrical configuration 
in the HJTFET. 
  In this work, we present a computational study on how 
the I-V characteristics of HJTFET are influenced by doping 
concentrations in Source/Drain (S/D) region and 
geometrical parameters by performing the self-consistent 
nonequilibrium Green’s function (NEGF) and quasi-2D 
Poisson solver [5-6]. 

2. Simulation Model 

Fig. 1 shows the device structure and the top view of the 
GNR HJTFET, whose part of channel region is composed of 
GNR with a larger width to form the smaller bandgap. The 
width (WHJ) and length (LHJ) of this wider GNR shown in 
Fig. 1(b) is used as a parameter for optimization of HJGNR 
devices to achieve the better performance.  

The device physics and performance is modeled by a 
mode-space quantum transport simulator based on the 
self-consistently non-equilibrium Green’s function (NEGF) 
based on Dirac equation, and Poisson equation with surface 
potential approximation [5-6]. Transverse moment operator 
(ky) in Dirac equation is treated as a particular mode-space 
parameter that corresponds to the same electronic band 
structures generated by the π–orbital tight-binding 
calculation of GNR within an energy range of interest.  

3. Results and Discussion 
Firstly, we investigate the effects of different doping 

level in the S/D on device performance. We consider the 
device structure with intrinsic doped channel and the source 
(drain) as the heavily p-type (n-type) to form a p-i-n 
structure. Fig. 2 presents the IDS-VGS characteristics at 
different doping concentration Ns = Nd = 3.83, 4.98 and 
7.10×108 m-1

 (which is defined by EV - EF =0.12, 0.18 and 
0.25eV) by solid, dashed, and dash-dotted curves, 
respectively.  The value of SS depends strongly on doping 
concentration. It can be attributed to tunneling contributed 
by thermal electrons. With increasing doping concentration 
is high, i.e. the larger EV - EF window, the thermal electrons 
can play an important role to determine the subthreshold 
current like the MOSFETs, resulting in increasing SS.  

Furthermore, we observe another interesting 
phenomenon which is contrary to the characteristics of 
homogenous TFETs whose lowest OFF-state current (IOFF) 
and ION monotonically decreases as doping concentration 
decreases. From Fig. 2, we find in the cases of HJ TFETs, 
IOFF roughly remains constant with the different doping 
concentrations, and ION slightly increases (inset) as doping 
levels decreases. The reason of the latter can be attributed to  

-894-

Extended Abstracts of the 2010 International Conference on Solid State Devices and Materials, Tokyo, 2010, pp894-895

J-5-2



 

 
the competition between the tunneling width and the 
available injection carriers around the Fermi level at the 
source side. Based on the quantum transport’s point of view, 
the current is contributed by the available states and the 
tunneling rates. Although as doping concentration decreases, 
the tunneling width increases, this effect is diminished by 
HJ structure. Furthermore, due to the unique feature of 1D 
material, the density of state always peaks at the subband 
edge. Coupled with the effect of the Fermi distribution, 
more electrons are available to transport in the low doping 
cases. Therefore, ION slightly increases.  

Next, we explore the geometry effects of the HJ structure 
with the different width (WHJ) and length (LHJ) on device 
performance.  First, LHJ is fixed to 2.0 nm and WHJ is varied 
from 2.2 to 3.3 nm. As shown in Fig. 4, ION increases by 
37% with the increase of WHJ from 2.2 to 3.3 nm, while the 
IOFF remains relatively constant at the order of 10-8 mA/μm. 
The changes of ION and IOFF can be understood by the 
band-to-band tunneling mechanism (BTBT). As VGS 
increases, the EC and EV at the channel-drain interface is 
being pulled apart and the BTBT at the drain side decreases, 
and at VGS = 0.3 V, the current is mainly due to the direct 
tunneling between the source and the drain, thus the 
constant IOFF is due to the constant effective source to drain 
tunneling width. As VGS increases further, the EC of the 
channel is pulled below the EV of the source and BTBT 
occurs at the source-channel interface. The increase in ION 
can be ascribed to this enhancement of the BTBT at the 
source-channel interface due to the decrease in EG (ranging 
from 0.46 to 0.31 eV). Lastly, LHJ is varied from 2 nm to 14 
nm and WHJ is fixed at 2.5 nm. As shown in Fig. 5, ION stays 
relatively constant in the range of few mA/μm, as the 
tunneling probability does not change much at the 
source-to-channel interface. On the other hand, IOFF 
increases exponentially with LHJ due to the decrease in the 
effective source-to-drain tunneling width as shown in Fig. 6. 
Clearly, the HJ region with smaller EG should be as short as 
possible to minimize the degradation of IOFF performance. 

 

4. Conclusion 
The influence of doping concentration and geometrical 
parameters on the current-voltage characteristics of HJ GNR 
TFETs has been theoretically investigated. Using Dirac 
NEGF approach, we have demonstrated that ION as well as 
SS can be enhanced by controlling the doping concentration. 
Furthermore, it has shown that the feasibility of improving 
the device performance by changing the geometrical 

parameters in the configuration. ION can be increased by 
increasing the width of the HJ region at the channel and the 
IOFF can be decreased by shortening the length of the HJ 
region within the channel region. The results will facilitate 
the development of HJTFETs devices. 
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Fig. 5: The comparison of HJGNR energy spectra with different 
doping level of 0.06, 0.12, 0.18 and 0.25. VDS is set as 0.6V. 

    
Fig. 4: The current characteristics of GNR HJ TFET at the different
WHJ. The upper and lower insets show the IOFF and ION as a function 
of WHJ respectively. There is a 37% increase in ION as WHJ changes 
from 2.2 to 3.3 nm while the IOFF decreases as WHJ changes from 2.5 
to 3.3 nm. 

 
Fig. 5: The IDS-VGS characteristics of the HJ device as the length of 
the HJ region increases. The ION stays at the same order of 
magnitude while the IOFF increases exponentially with the increase 
in LHJ, as shown in the inset. 

 
 
Fig. 6:  The band diagram and current flux of the GNR HJ TFET at 
OFF-state with LHJ equal to (a) 2, (b) 6, (c) 10, and (d) 14 nm to 
understand the increase in the IOFF. The effective tunneling width for 
the S/D tunneling at OFF-state decreased with increasing LHJ. This led 
to an increasing IOFF as the S/D tunneling current increased. The plots 
have different maximum contrast (Max) which is shown in each plot.
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