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Abstract—In this paper, we investigate the transport proper-
ties of carbon nanotube field-effect transistors (CNTFETs), with
a nonequilibrium Green’s function (NEGF) method. Tunneling
leakage currents with respect to gate voltages are known effects
for MOSFET-like CNTFETs (MOSCNTs). To minimize this phe-
nomenon, we have proposed a structure with a simple modification
of the MOSCNT by using lightly doped regions between the
intrinsic channel and the highly doped source and drain regions,
which we call the “lightly doped drain and source CNTFET
(LDDS-CNTFET).” Simulations have shown that LDDS-CNTFET
characteristics are related to the lightly doped region concen-
tration. In comparison with an MOSCNT and a linearly doped
CNTFET (LD-CNTFET), an LDDS-CNTFET with appropriately
doped lightly doped drain and source regions has demonstrated
a larger ON current (Ion), a larger ON–OFF ratio (Ion/Ioff), a
superior ambipolar characteristic, a shorter delay time, and also a
smaller power–delay product. Furthermore, our results show that
the channel length for an LDDS-CNTFET is shorter than that
for an LD-CNTFET having the same OFF-state characteristics.
Finally, the effect of the unavoidable Schottky barriers at the
interface of the heavily doped source/drain regions and their
metal electrodes has been taken into account. Simulations have
demonstrated that these Schottky barriers have almost the same
deteriorating effects on the characteristics for both LD-CNTFETs
and LDDS-CNTFETs. Hence, all discussions regarding the supe-
riority of the proposed structure are also valid in presence of the
Schottky barriers.

Index Terms—Band-to-band tunneling (BTBT), carbon nan-
otube, lightly doped drain and source (LDDS), nonequilibrium
Green’s function (NEGF).

I. INTRODUCTION

CARBON NANOTUBES (CNTs) have received great at-

tention since their first discovery by Ijima [1]. By reach-

ing to physical limitations in MOS transistor scaling, CNT

field-effect transistors (CNFETs) became potential candidates

for replacing conventional MOSFETs, scaling down to 10 nm

and shorter [2]. Schottky barrier CNTFETs (SB-CNTFETs)

are well-known CNTFETs that have been given much atten-

tion. However, a large subthreshold swing, a low Ion/Ioff
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ratio, and a strong ambipolar behavior are major drawbacks

of SB-CNTFETs with very thin gate insulators [3]. MOSFET-

like CNTFETs (MOSCNTs) are alternative nanotube transistor

structures with improved performance. They have a higher

Ion/Ioff ratio, a smaller subthreshold swing, and transition

from ambipolar to unipolar behavior [4]. However, band-to-

band tunneling (BTBT) that occurs under high reverse gate

voltages and results in high leakage current remains to be

the major unresolved issue in MOSCNTs [5]. Variation of the

doping level, the use of linearly doped (LD) source and drain

extensions, and the use of nonsymmetric oxide thicknesses are

some efforts that have been undertaken to resolve the BTBT

issue in MOSCNTs [6]–[9].

In this paper, by employing lightly doped regions between

the intrinsic channel and the highly doped source and drain

regions of an MOSCNT, we have developed a new lightly doped

drain and source CNTFET (LDDS-CNTFET). Then, we have

used a nonequilibrium Green’s function (NEGF) method [10]–

[12] to simulate and study the behavior of the new device. This

method is usually employed to capture few-electron charging

effects, particularly for nanoscale systems with quasi-bound

states [13]. Then, we have compared the numerical results

obtained from the LDDS-CNTFET model with those of the

conventional MOSCNT, as well as the LD-CNTFET models

proposed in [8]. This comparison shows that our proposed

LDDS-CNTFET structure with appropriately doped lightly

doped drain and source (LDDS) regions, biased at 0.4 V as

desired for 10-nm technology [14], enjoys a larger ON–OFF

ratio (Ion/Ioff), a superior ambipolar characteristic, a shorter

delay time, and a smaller power–delay product (PDP). While

comparing the IDS–VGS characteristics of LDDS-CNTFETs

with those of LD-CNTFETs, we have also included the effects

of variations in the lengths of LDDS and LD regions. Finally,

we have studied the effects of LDDS regions on the device

characteristics in presence of the unavoidable Schottky barriers

(SBs) at the interface of source/drain (S/D) contacts.

The rest of this paper is organized in three sections:

Section II presents the proposed device structure and the sim-

ulation method, simulation results are presented with related

discussions in Section III, and we conclude this paper in

Section IV.

II. DEVICE STRUCTURE AND SIMULATION METHOD

Fig. 1 compares a schematic of our proposed LDDS-

CNTFET together with its doping profile [Fig. 1(a)] with those

of an MOSCNT, as well as an LD-CNTFET proposed in [8].

In Fig. 1(b), the solid lines represent the doping profile in
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Fig. 1. Schematic cross sections and doping profiles of (a) LDDS-CNTFET,
(b) LD-CNTFET (solid line), and MOSCNT (dash line).

the LD-CNTFET, while the dashed lines represent that in the

MOSCNT.

All three devices are supposed to be fabricated using the

same CNT and the same gate material. The CNT is assumed to

be constructed with a zigzag (16,0) of 0.63-nm radius. The gate

dielectric layer is a 2-nm-thick HfO2 with ǫr = 16. The doping

concentrations in the highly doped S/D contact regions and

LDDS regions are taken to be 2 × 109 m−1 and 2 × 108 m−1,

respectively, whereas the doping concentrations in the LD

regions are assumed to linearly vary up to 2 × 109 m−1.

In order to simulate the device characteristics, we have used

an NEGF formalism and solved the Schrödinger and Poisson

equations self-consistently. The band structure of CNT has

been calculated by the tight-binding method with only one

orbital coupling as in [15]. To reduce the computational cost

of our simulation, we have used the mode-space approach as in

[16]. Under the typical bias conditions, we have treated a few

modes relevant to the electronic transport in CNTs. We have

considered two subbands for this investigation.

In a practical device, an unavoidable SB forms between a

metal and the underlying heavily doped CNT. Nonetheless, in-

dependent experimental studies have shown that this barrier can

be reduced when a heavily doped CNT with potassium/nitrogen

is contacted with Pd as the metal contact yielding a high-

performance CNTFET [17], [18]. In our simulations, we have

also taken the effect of such unavoidable barriers at the inter-

faces of S/D regions and their respective metal electrodes into

account. In doing so, we have used the contacts’ transmission

coefficients as a fit parameter.

Fig. 2. Comparison of the simulated IDS–VGS characteristic (line) with that
obtained experimentally in [17]. The source-to-drain bias for both were the
same, i.e., VDS = 0.5 V.

Moreover, we have assumed that the gate contact to be

negligibly thin in comparison to the gate oxide and also that

the separation between the gate and the S/D electrodes is

large enough. These assumptions mean that fringing effects are

ignorable.

III. SIMULATION RESULTS

First, in order to demonstrate the accuracy of our model, we

have simulated an MOSCNT with the same configuration as

that reported in [17]. Fig. 2 illustrates the simulated IDS–VGS

characteristic of the MOSCNT (line) and compares it with the

experimental result (open circles) in [17]. The gate-metal work

function and the contacts’ transmission coefficients are used as

fitting parameters [19]. A comparison shows that our numerical

results fit the existing experimental data reasonably well.

Next, assuming ideal ohmic contacts for S/D electrodes,

we have simulated the IDS–VGS characteristics for an LDDS-

CNTFET, an LD-CNTFET, and a conventional MOSCNT, un-

der various VDS biases. Fig. 3 illustrates and compares these

results. As observed in this comparison, for a given bias, the

leakage current for the LDDS-CNTFET is three orders of

magnitude smaller than that for the MOSCNT and two orders of

magnitude smaller than that for the LD-CNTFET. This superior

behavior is due to the fact that presence of the LDDS regions

lowers the probability of tunneling between the heavily doped

S/D regions by widening the barriers between the channel and

the S/D regions on both sides. This can be demonstrated by

comparison of the corresponding energy band structures drawn

for a given VGS and VDS biasing condition.

Then, we simulated the electrons’ energy band structures

and corresponding population per unit energy across the three

aforementioned devices, biased at VGS = −0.4 V and VDS =
0.4 V. These results are illustrated in Fig. 4. The discrete quasi-

bound states, seen in this figure, are responsible for the afore-

mentioned leakage currents. As observed in this comparison,
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Fig. 3. Comparison of the IDS–VGS characteristics between (a) LDDS-
CNTFET and MOSCNT and (b) LDDS-CNTFET and LD-CNTFET, obtained
for the various VDS biasing.

in the presence of the LDDS regions the source-channel and

drain-channel barriers are both widened.

Furthermore, we calculated the IDS–VDS characteristics for

the three structures with VGS = 0.3 V, VGS = 0.4 V, and

VGS = 0.5 V. The numerical results are illustrated in Fig. 5.

Solid, dashed, and dash-dotted lines represent the charac-

teristics for the LDDS-CNTFET, the LD-CNTFET, and the

MOSCNT, respectively. As seen in this figure, for a given VGS,

the Ion of the LDDS-CNTFET is larger than those of the other

two devices. This, in fact, is due to the larger transmission rate

in the proposed LDDS-CNTFET.

For a further comparison, we evaluated the Ion/Ioff ratio ver-

sus Ion at a given VDS = 0.4 V. In this evaluation, Ion and Ioff

were calculated at VGS and VGS − 0.4 V, respectively. Fig. 6

illustrates the ON–OFF characteristics for all three structures.

As observed in this figure, over a wide range of the measured

currents (i.e., Ion ≤ 13 μA, the Ion/Ioff ratio for the LDDS-

CNTFET is larger than that for the LD-CNTFET, which, in

turn, is superior to that of MOSCENT over the entire range of

the calculated currents. This figure also shows that the Ion/Ioff

ratio has a maximal critical point for each device. The critical

Fig. 4. Color-scaled plot for the number of electrons per unit energy along
the CNT axis for (a) LDDS-CNTFET, (b) LD-CNTFET, and (c) MOSCNT.
The biasing conditions for all three cases are the same, i.e., VGS = -0.4 V and
VDS = 0.4 V. The solid lines indicate the band diagram of the first subband.

value of Ion, which is a function of VGS, varies from one

structure to another. In fact, increasing VGS beyond this critical

bias point has no effect on the source-channel barrier while it

increases Ioff .
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Fig. 5. Comparison of the IDS–VDS characteristics obtained by LDDS-
CNTFET, MOSCNT, and LD_CNTFET as a function of VDS for various VGS.

Fig. 6. Ion/Ioff ratio as a function of Ion for different structures, for
VDS = 0.4 V.

Two key parameters of the device ON–OFF behavior are

the delay time and the PDP that are defined by τ =
(QON−QOFF)/Ion and PDP = (QON−QOFF)VDD, respec-

tively. In these definitions, QON/OFF represents the total device

charge during the ON/OFF state. The charge also includes the

charges in the source and drain regions. The parameter PDP is

also known as the energy transferred per switching event in a

switching device [7], [19]. We evaluated these two parameters

versus Ion/Ioff ratios for the three aforementioned devices all

biased at VDS = 0.4 V. Fig. 7 illustrates and compares these

characteristics. This comparison shows that, among the three

device structures, the LDDS-CNTFET has both the shortest

delay time and the smallest PDP. These superior switching

behaviors make the LDDS-CNTFET a more appropriate can-

didate for high-speed and low-power applications.

Demonstrating the superiority of our proposed LDDS-

CNTFET over the MOSCNT and the LD-CNTFET, we have

investigated the effects of LDDS doping concentrations on the

device characteristics. Fig. 8 illustrates an example of such

Fig. 7. (a) Delay time and (b) PDP, as a function of Ion/Ioff for different
structures.

effects on the IDS–VGS characteristic of the LDDS-CNTFET

when the doping concentrations in LDDS regions vary from

6 × 107 cm−1 to 8 × 108 cm−1. The plots are all obtained

for the same bias of VDS = 0.4 V. As observed from these

plots, the variations in the doping concentration of the LDDS

regions have a significant effect on the IDS–VGS characteristic

only for near-zero and negative VGS biasing conditions. These

anomalous effects are due to the variations in the BTBT condi-

tions. In order to explain these effects, we have simulated the

energy band structures across three LDDS-CNTFETs that only

differ in their LDDS doping concentrations (1 × 108 cm−1,

2 × 108 cm−1, and 4 × 108 cm−1). All three devices are biased

in the same way–– i.e., VDS = 0.4 V and VGS = -0.6 V. Fig. 9

illustrates the simulated band structures versus the position

along the three LDDS-CNTFETs. As observed in this figure,

under the given biasing condition, depending on the doping

concentration, BTBT can occur in either region “A” or region

“B.” As the doping concentrations of the LDDS regions in-

crease, the tunneling region around point “A” extends over a

wider range, whereas that around point “B” behaves conversely.

Hence, one can conclude that the high leakage currents ob-

served in Fig. 8, for devices with LDDS doping concentrations
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Fig. 8. Comparison made between the IDS–VGS characteristics for LDDS-
CNTFET with lightly doped regions of various doping concentration, all biased
at VDS = 0.4 V.

Fig. 9. Band structure of LDDS-CNTFET for three lightly doped region
concentrations with VDS = 0.4 V and VGS = -0.6 V.

of ND > 2 × 108 cm−1, are due to the dominance of the BTBT

around point “B.” On the other hand, for the lower doping

concentrations, the dominance of BTBT around point “A” can

be the main cause for the smaller leakage currents. Simulations

show that ND = 2 × 108 cm−1 is, in fact, the optimum con-

centration for LDDS regions of the proposed structure. Such

an LDDS-CNTFET experiences the minimum total BTBT. The

dominance of the BTBT around point “B” when LDDS doping

concentrations increase causes the dependence of the ambipolar

current on VGS to increase with an increase in the LDDS doping

concentrations.

Fig. 10 demonstrates the effects of LDDS doping concentra-

tions on the device delay time and PDP. Fig. 10(a) shows the

variations in the delay time versus Ion/Ioff ratios for the same

LDDS-CNTFETs as in Fig. 8. This figure demonstrates that the

delay time is minimal for the optimum doping concentration of

ND = 2 × 108 cm−1, over the range of the applied VGS. The

variations in τ with the LDDS doping concentrations, in fact,

Fig. 10. Comparison made between (a) the delay time and (b) the PDP
characteristics for LDDS-CNTFET at the different lightly doped region con-
centrations, as a function of Ion/Ioff with VDS = 0.4 V.

can be explained by the corresponding variations in the barriers

between the channel and the LDDS regions on both sides, as

well as the corresponding variations in (QON–QOFF). The lat-

ter increases with the LDDS doping concentrations. Fig. 10(b)

illustrates the PDP variations versus Ion/Ioff ratios, also for the

same devices and under the same biasing conditions. This figure

shows that an increase in ND increases the PDP. This is due to

the increase in (QON–QOFF). This figure also shows that the

PDP for ND = 2 × 108 cm−1 is almost constant over the entire

range of the applied VGS.

Realizing the effects of the LDDS region doping concentra-

tions on the proposed device I–V characteristics, as well as its

switching behavior, we investigated the effects of variations in

widths of these regions on the device IDS–VGS characteristics.

These results were compared with those results from variations

in widths of LD regions in LD-CNTFETs with similar dimen-

sions. Fig. 11 illustrates such a comparison. As shown in this

figure, solid lines with symbols represent the characteristics
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Fig. 11. Comparison of the IDS–VGS characteristics obtained by LDDS-
CNTFET (solid lines with symbols), LD-CNTFET (broken lines with symbols)
and MOSCNT (broken line), for the various lightly doped and LD region widths
with VDS = 0.4 V.

for the LDDS-CNTFETs, while the broken lines with symbols

demonstrate the characteristics for the LD-CNTFETs.

Also shown in this figure are the I–V characteristics for

an MOSCNT (broken lines with no symbol) under the same

biasing conditions. As can be observed, the leakage currents

for both LD-CNTFETs and LDDS-CNTFETs increase with

increasing widths of LD or LDDS regions. This is because the

widths of the tunneling barriers on both sides of the channel

decrease. However, the proposed device structure experiences

less leakage and ambipolar current than the LD-CNTFET with

similar dimensions. Moreover, as can be seen from this figure

the current for either structure with 5-nm wide LD/LDDS

regions is smaller than that for the MOSCNT. A comparison of

the OFF states for LD-CNTFETs and LDDS-CNTFETs shows

that, in order to have the same OFF-state characteristics, the

width of the LD regions in the former device should be larger

that of the LDDS regions in the latter structure.

Finally, we have included the effect of unavoidable SBs

at the interfaces of the heavily doped S/D regions and their

corresponding metal electrodes in our calculations. In doing

so, we have modeled a SB with an equivalent transmission

coefficient that is smaller than unity for the corresponding

contact. Because of the separation between the gate and the

S/D contacts, the SBs could not be modulated by the applied

gate voltage. We have studied these effects on the I–V char-

acteristics of LD-CNTFETs and LDDS-CNTFETs of similar

dimensions, such as those given in Fig. 2, under the same bi-

asing conditions. Fig. 12 illustrates the calculated results of the

IDS–VGS (for VDS = 0.4 V) and IDS–VDS (for VGS = 0.4 V)

characteristics for both LD-CNTFETs and LDDS-CNTFETs

with various transmission coefficients. As seen from this fig-

ure, the device characteristics deteriorate as the transmission

coefficient decreases (i.e., the larger the SB, the worse the

device characteristics). Nevertheless, for a given transmission

coefficient, the degree of the deterioration for both structures is

Fig. 12. (a) Comparison of the IDS–VGS characteristics obtained by LDDS-
CNTFET (lines) and LD-CNTFET (symbols), for the various SB transmission
coefficients with VDS = 0.4 V. (b) Comparison of the IDS–VDS characteris-
tics for VGS = 0.4 V, obtained by LDDS-CNTFET (lines) and LD-CNTFET
(lines with symbols), for the various SB transmission coefficients. The device
dimensions are the same as those in Fig. 2.

almost the same. Hence, when the SBs are the same, the LDDS-

CNTFET structures experiences superior I–V characteristics

and switching behavior in comparison with its MOSCNT and

LD-CNTFET counterparts. Therefore, all previous discussions

are valid even in the presence of the unavoidable SBs.

IV. CONCLUSION

An NEGF formalism with an uncoupled mode space has

been used in order to simulate the electronic properties of

the proposed CNTFET structure with LDDS regions, namely,

“LDDS-CNTFET.” The simulated characteristics were com-

pared with those of the LD-CNTFET and the MOSCNT with

similar dimensions. Simulations show that presence of the

LDDS regions reduces the BTBT of electrons existing between

the S/D regions and the channel. As a consequence, the reduc-

tion in the BTBT results in a reduction in the device leakage
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current near-zero and negative VGS biases. Appropriately de-

signed LDDS regions have resulted in a larger Ion/Ioff ratio,

a superior ambipolar characteristic, a shorter delay time, and

a smaller PDP for the LDDS-CNTFET in comparison with

those of the LD-CNTFET and the MOSCNT with similar

dimensions operating under the same biasing conditions. The

effects of LDDS dimensions and doping concentration on the

device characteristics were also investigated. The optimum

doping concentrations for the LDDS regions are found to be

about 2 × 108 cm−1. Simulations also demonstrate that the OFF

states for the proposed structure with various LDDS widths are

superior to those of the LD-CNTFET counterparts with similar

dimensions.

Finally, the effect of the unavoidable SBs at the interfaces of

the heavily doped S/D regions and their metal electrodes are

taken into account. Simulations demonstrate that these barriers

have almost the same deteriorating effects on characteristics of

LD-CNTFETs and LDDS-CNTFETs.
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