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ABSTRACTS 

The electrostatics of nanowire transistors are studied by solving the Poisson 

equation self-consistently with the equilibrium carrier statistics of the 

nanowire. For a one-dimensional, intrinsic nanowire channel, charge transfer 

from the metal contacts is important. We examine how the charge transfer 

depends on the insulator and the metal/semiconductor Schottky barrier height. 

We also show that charge density on the nanowire is a sensitive function of 

the contact geometry. For a nanowire transistor with large gate underlaps, 

charge transferred from bulk electrodes can effectively “dope” the intrinsic, 

ungated region and allow the transistor to operate. Reducing the gate oxide 

thickness and the source/drain contact size decreases the length by which the 

source/drain electric field penetrates into the channel, thereby, improving the 

transistor characteristics.  
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I. INTRODUCTION 

 

With the scaling limit of conventional silicon transistors in sight, there is rapidly 

growing interest in nanowire transistors with one-dimensional channels, such as carbon 

nanotube transistors [1,2] and silicon nanowire transistors [3]. Due to the one-

dimensional channel geometry, the electrostatics of nanowire devices can be quite 

different from bulk silicon devices. Previous studies of carbon nanotube p/n junctions and 

metal/semiconductor junctions demonstrated unique properties of nanotube junctions [4-

6]. For example, the charge transfer into the nanowire channel from the metal contacts (or 

heavily doped semiconductor contacts) can be significant [4, 5].  

 

In this paper, we extend previous studies by looking at the dependence of the charge 

transfer on the metal/semiconductor Schottky barrier height, the insulator dielectric 

constant, and the metal contact geometry. We show that if an intrinsic nanowire is 

attached to bulk metal contacts at two ends, large charge transfer can be achieved if the 

Schottky barrier is low and the insulator dielectric constant is high. If, however, the 

intrinsic nanowire is attached to one-dimensional metal contacts, the charge density on 

the nanowire depends critically on the electrostatic environment rather than the properties 

of the metal contacts. Reducing the gate oxide thickness and the contact size decreases 

the distance over which the source/drain field penetrates into the nanowire channel and 

can, therefore, help to suppress the short channel effects and improve the transistor 

performance.  
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II. APPROACH 

We simulated the coaxially gated carbon nanotube transistor shown in Fig. 1. 

Although the calculations are for carbon nanotube transistors, the general conclusion 

should apply to other nanowire transistors with one-dimensional channels. The 

equilibrium band profile and charge density were obtained by solving the Poisson 

equation in cylindrical coordinates self-consistently with the equilibrium carrier statistics 

of the carbon nanotube. The charge density per unit length on the nanotube, QL (z), is 

calculated by integrating the “universal” nanotube density-of-states (DOS) [7], )(ED , 

over all energies, 

 

             ))](~)[(sgn()()sgn()()( ∫
+∞

∞−
−⋅⋅−= zEEEfEDEdEezQ FL ,             (1) 

where e  is the electron charge, )sgn(E  is the sign function, and )()(~ zEEzE mFF −=  is 

the Fermi energy level minus the middle gap energy of the nanotube, )(zEm . Since the 

source/drain electrodes are grounded, the Fermi level is set to zero, 0=FE . The 

nanotube middle gap energy is computed from the electrostatic potential at the nanotube 

shell, ),()( cntm rrzeVzE =−= , where cntr  is the nanotube radius. The electrostatic 

potential, V, satisfies the Poisson equation, 

 

ε
ρ

−=∇ ),(2 rzV         (2) 

where ρ  is the charge density, ε  is the dielectric constant. The following boundary 

conditions were used, 
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eEgV bn /)2/( φ−=  at the left metal contact, 

 eEV bng /)2/( φ−=  at the right  metal contact, and 

 GVV =  at the gate cylinder (the flat band voltage is assumed to be zero), 

 

where gE is the nanotube bandgap, bnφ  is the Schottky barrier height for electrons 

between the source/drain and the nanotube, and GV  is the gate voltage.  

 

We numerically solved the Poisson equation by two methods, 1) the finite difference 

method and 2) the method of moments [8]. In order to improve the convergence when 

iteratively solving eqns. (1) and (2), the Netwton-Ralphson method (with details in Ref. 

[9]) was used. The results obtained by the finite difference method and by the method of 

moments agree well. 

 

III. RESULTS 

We first compare the charge transfer from bulk contacts to the one-dimensional 

carbon nanotube to the charge transfer to a bulk silicon channel. We simulated two cases: 

1) an intrinsic bulk Si channel sandwiched between two metal contacts as shown in Fig. 

2a, and 2) an intrinsic carbon nanotube channel between metal contacts as shown in Fig. 

2b. In both cases, the Schottky barrier heights between the metal contacts and the 

semiconductor channel are zero, which aligns the metal Fermi level of to the conduction 

band edge of the semiconductor. Electrons are transferred from metal contacts into the 

intrinsic channel due to the work function difference between the metal and the 

semiconductor. Fig. 2c plots the conduction bands, and Fig. 2d plots the charge densities 
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in the unit of electron per atom for the bulk Si and nanotube channel. Compared to the 

bulk Si channel, the barrier in the nanotube is much lower, and the charge density is 

much higher. Although the nanotube is mµ3  long, the charge density at the center of the 

tube is still as high as 10-4e/atom , about 5 orders of magnitude higher than that of the 

bulk Si in terms of electron fraction. As the result, the carbon nanotube channel is more 

conductive.  

 

The charge transfer to the tube is significant because the charge on tube doesn’t 

effectively screen the potential produced by the bulk contacts. Compared to the bulk 

channel, the charge element on the nanotube only changes potential locally. For example, 

in the bulk channel, the charge element is a two-dimensional sheet charge, which 

produces a constant field. The charge dipole formed by charge sheet in bulk Si and metal 

contacts shifts the potential far away. In contrast, for the nanowire channel, the charge 

element is a point charge, which produces a potential decaying with distance ~1/r and has 

little effect far away ( the potential of a point charge dipole decays even faster as ~1/r2 ) 

[4]. As the result, for the one-dimensional channel, the potential produced by the bulk 

contacts is not screened by the charge on the nanotube near the metal/semiconductor 

interface. The bulk contacts tend to put the conduction band edge near the Fermi level 

over the whole mµ3 -long tube if the metal/CNT barrier height is zero.  

 

We next estimate the charge density in the channel. The estimation provides a simple 

way to understand how the charge density of the tube varies with the contact and 

insulator properties. For the device structure shown in Fig. 2b, if the metal contacts are 
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grounded, and the metal/semiconductor work function difference is MCNTU φφ −=0 , 

where CNTφ  ( Mφ ) is the nanotube (metal) work function, the electron density is 

 

))(()( 0 zUUDzn −= ,        (3) 

 

where U(z) is the electron potential energy produced by charge in the channel, and D  is 

the average density-of-states for the energy between the nanotube middle gap energy and 

the Fermi level. The charge element in the one-dimensional channel only shifts the 

potential locally, we approximately relate the potential, U(x), to the electron density at the 

same position, ),(zn  

 

insCznexU /)()( 2=         (4) 

 

where Cins is the electrostatic capacitance per unit length between the nanotube and the 

bulk contacts. The electron density due to the charge transfer from the bulk contacts can 

be obtained from eqns. (3) and (4) as 

 

Qins CC
eU

xn
/1/1

/
)(

2
0
+

= ,        (5) 

 

where the quantum capacitance [10, 11] is defined as, DeCQ
2= , which is proportional 

to the average DOS of the nanotube. Equation (5) can be interpreted in a simple way. The 
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bulk electrodes modulate the charge density of the nanotube through an insulator 

capacitor, insC , which is in series with the quantum capacitance of the nanotube.    

 

We now examine how the charge transfer varies with the Schottky barrier height and 

the insulator dielectric constant. Fig. 3, which plots the charge density at the center of the 

tube as shown in Fig. 2b vs. the barrier height, shows that when the barrier height 

decreases, the charge density first increases. Fig. 4, which plots the charge density at the 

center of the tube vs. the insulator dielectric constant, shows that the charge density 

increases as the dielectric constant increases. The dependence of the charge density on 

the barrier height and the dielectric constant can be easily understood based on eqn. (5). 

Lowering the barrier height increases the metal/CNT work function difference, 0U , and 

increasing the insulator dielectric constant increases insC , both of which increase the 

electron density, )(xn (or hole density if the metal/semiconductor barrier height is lower 

for holes). 

 

The importance of charge transfer into the carbon nanotube channel by one-

dimensional metal contacts has been previously discussed in Ref. [4]. We, however, 

reached the same conclusion that charge transfer into the one-dimensional channel is 

significant for a different contact geometry (the bulk contacts). We also explored the one-

dimensional contacts. In this case, the results are quite different from bulk contacts. The 

charge density of the nanotube channel is critically determined by the electrostatic 

environment (i.e., the potential and location of nearby bulk contacts) rather than the 

metal-contact properties, as will be discussed in detail next. 
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Fig. 5 illustrates the important role of the contact geometry. We simulated: 1) a CNT 

between grounded bulk contacts as shown in Fig. 5a, and 2) a CNT between grounded 

wire contacts as shown in Fig. 5b. In both cases, the tube length is mµ3  and a grounded, 

coaxial gate cylinder is far away with a radius of mµ30 . The S/D contacts have zero 

Schottky barrier heights for electrons thus tend to dope the tube n-type, while the gate has 

a high work function and zero barrier height for holes thus tends to modulate the tube to 

p-type. For the bulk contact case, the whole tube is doped to n-type by bulk contacts and 

the charge density on the tube is independent of the voltage on the gate cylinder. In 

contrast, for the wire contacts, the tube is lightly modulated to p-type and the charge 

density on the tube is very sensitive to the potential on the gate, although it is far away. 

The results shown in Fig. 5 can be explained as follows. For the bulk contacts, because 

the gate cylinder is far away, the bulk contacts at the ends collect all field lines and image 

all charge on the tube, as shown in Fig. 5a. For the wire contacts, however, the potential 

produced by the charge on the one-dimensional wire decays rapidly with distance, thus 

several nanometer away from the metal/semiconductor interface, the wire contacts have 

little effects. On the other hand, the capacitance between the gate cylinder and the tube 

decays slowly (logarithmically) with the tube radius, thus several nanometer away from 

the metal/semiconductor interface, the charge on the tube images on the gate rather than 

the wire contacts nearby. As a result, the charge density is determined by the potential on 

the gate. The charge density on the nanotube channel is essentially determined by the 

electrostatic environment. 
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One consequence of the significant charge transfer is that nanowire transistors with 

large gate underlap can still operate. Fig. 6a shows a coaxially gated CNTFET with a 

500nm gate underlap and the bulk electrodes. Fig. 6b plots the conduction band profile at 

0=GV  and 0.3V. At the off state ( VVG 0= ), a large barrier is created in the channel and 

the transistor is turned off. At the on-state, ( VVG 3.0= ), the barrier under the gate is 

pushed down. Because the low dimensional charge on the ungated nanotube doesn’t 

effectively screen the potential produced by the gate and S/D electrodes, the potential at 

the ungated region is close to the Laplace potential produced by the source and gate 

electrodes. The conduction band edge is approximately linear in the ungated region. If the 

Schottky barrier height between S/D and the channel is ~50meV, the barrier height at the 

ungated region at the on-state is low enough to deliver an on-current of ~1 Aµ . This 

mechanism provides a possible explanation for the operation of the n-type CNTFET in a 

recent experiment by Javey et al. [12], in which a n-type CNTFET with large, intrinsic 

gate underlaps still had a good on-off ratio.    

 

One concern about the nanowire transistors with low meta/CNT Schottky barriers is 

that due to the significant charge transfer, it might be difficult to turn off the transistor. 

To examine this concern, we simulated the coaxially gated CNTFET as shown in Fig. 7a 

with different gate oxide thickness. Fig. 7b, which plots the equilibrium band profile, 

shows that when the gate oxide thickness is the same as the channel length, the 

source/drain field penetrates into the channel the channel and the transistor cannot be 

turned off. When the gate oxide is thin, however, the gate still has very good control over 

the channel and the transistor is well turned off. By solving the Poisson equation for the 
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CNTFET in Fig. 7a [13, 14], the length by which the drain field penetrates into the 

channel (the scaling length [15]) is estimated to be the radius of the cylindrical gate, 

GR~Λ . If the ratio between the channel length and the gate oxide thickness is large, the 

transistor can be well turned off.  

  

Another way to reduce the penetration of the lateral field is to reduce the size of the 

source/drain contact. Fig. 8, which plots the equilibrium band profile for the CNTFET (in 

Fig. 7a) with 20nm-thick gate oxide and different contact radius, shows that the screening 

length for lateral fields from S/D contacts decreases when the contact radius decreases. In 

the limit when the source/drain electrodes are reduced to wires with the same radius as 

the tube, the transistor can be well turned off, although the oxide thickness is large. As 

discussed earlier, the reason it that the potential produced by wire contacts decays rapidly 

with distance. Improving transistor performance by engineering contacts has been 

discussed by Heinze et al, when they study the Schottky barrier CNTFETs. Smaller 

contacts produce thinner Schottky barriers and improve the transistor performance [2]. 

 

IV. CONCLUSIONS 

 

The electrostatics of nanowire transistors were explored by self-consistently solving 

the Poisson equation with the equilibrium carrier statistics. For an intrinsic nanowire 

attached to bulk contacts, charge transfer is significant if the metal/semiconductor barrier 

height is low and the insulator dielectric constant is high. The contact geometry also 

plays an important role. If the contacts are metal wires rather than bulk contacts, the 
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charge density of the nanowire channel is essentially determined by the electrostatic 

environment rather than the contact properties. The penetration distance of the 

source/drain field can be engineered by the gate oxide thickness and the contact size, 

which may provide ways to suppress the electrostatic short channel effects. 
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FIGURES 

 
 
Fig. 1 The modeled, coaxially gated carbon nanotube transistor. The intrinsic nanotube 

channel has a diameter of 1.4nm and the gate work function is zero. The cylindrical 

coordinates for solving the Poisson equation is also shown. 

 

Fig.2 The schematic plots for (a) a bulk Si structure where the cross-sectional area is 

assumed to be large and (b) a carbon nanotube channel between bulk metal 

electrodes. The Schottky barrier heights for electrons are zero. (c) The conduction 

band edge and (d) the electron density in the units of doping fraction. Results for 

the bulk Si structure are shown as dashed lines and for the nanotube as solid lines. 

 

Fig. 3 The electron density (the dashed line) and hole density (the solid line) at the center 

of the 3 mµ -long CNT (in Fig. 2b) vs. the Schottky barrier height for electrons, bnφ , 

and that for holes, bpφ . The left axis shows the charge density in the unit of number 

of electrons (holes) per unit length and the right axis shows the same quantity in the 

unit of charge fraction.  

 

Fig. 4 The electron density at the center of the mµ3 -long tube (in Fig. 2b) vs. the 

insulator dielectric constant. The Schottky barrier height for electrons, bnφ , is zero. 

 

Fig.5. Contact geometry. A mµ3 -long CNT between (a) the bulk contacts and (b) the 

one-dimensional wire contacts. The tube diameter is 1.4nm. and Schottky barrier 
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heights for electrons are zero. A coaxial gate far away with a mµ30  radius is 

grounded. The workfunction of the gate metal equals to the semiconductor affinity 

plus the band gap, so that the gate tends to dope the CNT to p-type. (c) The band 

profile (a). (d) The band profile for (b). 

 

Fig. 6. (a) A coaxially gated CNTFET with bulk electrodes and a large gate underlap. (b) 

The conduction band profile at VG=0V and 0.3V. The metal/CNT barrier height for 

electrons is 50meV, the ZrO2 gate oxide thickness 8nm, the tube diameter is1.4nm, 

the gate length is 2 mµ , and the gate underlap is 500nm. 

 

Fig.7. (a) A coaxially gated CNTFET with a 20nm-long, intrinsic channel. The 

source/drain radius, RC, is equal to the oxide thickness. The metal/CNT barrier 

height for electrons is zero, the tube diameter is 1.4nm and the dielectric constant of 

the gate insulator is 25=ε  (b) the equilibrium conduction band edge at VG=0 for 

the gate oxide thickness tox=2nm, 8nm and 20nm.  

 

 

Fig. 8. The equilibrium conduction band edge at VG=0 for the CNTFET as shown in Fig., 

7a. The gate oxide thickness is kept constant at 20nm and the source/drain contact 

radius, RC =0.7nm, 8nm, and 20nm. 
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Fig. 1 The modeled, coaxially gated carbon nanotube transistor. The intrinsic nanotube 

channel has a diameter of 1.4nm and the gate work function is zero. The cylindrical 
coordinates for solving the Poisson equation is also shown. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
D

Gate

Gate

 
SO 

r 

z

Intrinsic CNT 



17 

 
Intrinsic Si 

 
M 

 
M

GUO et al. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Fig.2 The schematic plots for (a) a bulk Si structure where the cross-sectional area is 

assumed to be large (b) a carbon nanotube channel between bulk metal electrodes. 
The Schottky barrier heights for electrons are zero. (c) The conduction band edge 
and (d) the electron density in the units of doping fraction. Results for the bulk Si 
structure are shown as dashed lines and for nanotube as solid lines. 
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Fig. 3 The electron density (the dashed line) and hole density (the solid line) at the center 

of the 3 mµ -long CNT (in Fig. 2b) vs. the Schottky barrier height for electrons, bnφ , 
and that for holes, bpφ . The left axis shows the charge density in the unit of number 
of electrons (holes) per unit length and the right axis shows the same quantity in the 
unit of charge fraction.  
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Fig. 4 The electron density at the center of the mµ3 -long tube (in Fig. 2b) vs. the 
insulator dielectric constant. The Schottky barrier height for electrons, bnφ , is zero. 
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Fig.5. Contact geometry. A mµ3 -long CNT between (a) the bulk contacts and (b) the 
one-dimensional wire contacts. The tube diameter is 1.4nm. and Schottky barrier 
heights for electrons are zero. A coaxial gate far away with a mµ30  radius is 
grounded. The workfunction of the gate metal equals to the semiconductor affinity 
plus the band gap, so that the gate tends to dope the CNT to p-type. (c) The band 
profile (a). (d) The band profile for (b). 
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Fig. 6. (a) A coaxially gated CNTFET with bulk electrodes (with a  radius of 500nm) and 

a large gate underlap. (b) The conduction band profile at VG=0V and 0.3V. The 
metal/CNT barrier height for electrons is 50meV, the ZrO2 gate oxide thickness 
8nm, the tube diameter is1.4nm, the gate length is 2 mµ , and the gate underlap is 
500nm. 
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Fig.7. (a) A coaxially gated CNTFET with a 20nm-long, intrinsic channel. The 

source/drain radius, RC, is equal to the oxide thickness. The metal/CNT barrier 
height for electrons is zero, the tube diameter is 1.4nm and the dielectric constant of 
the gate insulator is 25=ε  (b) the equilibrium conduction band edge at VG=0 for 
the gate oxide thickness tox=2nm, 8nm and 20nm.  
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Fig. 8. The equilibrium conduction band edge at VG=0 for the CNTFET as shown in Fig., 

7a. The gate oxide thickness is kept constant at 20nm and the source/drain contact 
radius, RC =0.7nm, 8nm, and 20nm. 
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