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Fig. 5.26 The (a) current-voltage and (b) capacitance-voltage dependence of the realistic 
top gated CNTFETs consist of 8 n-i-n MOSFETs in the 32nm-width substrate. Different 

parts of the capacitance are shown in (b). The device is operated in the sub-threshold 
region. 

 

 

 
Fig. 5.27 The (a) current-voltage and (b) capacitance-voltage dependence of the realistic 
top gated CNTFETs consist of 8 p-i-n MOSFETs in the 32nm-width substrate. Different 

parts of the capacitance are shown in (b). The device is operated in the sub-threshold 
region. 
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5.5.2    Results of Circuit Simulation with Parasitics  

 

 Finally, after including the parasitic capacitance extracted from the realistic top 

gate structure discussed in section 5.5.1, we run PETE to see how the parasitics affect our 

device performance. In this section the p-i-n TFET and n-i-n MOSFET are a group of 8 

parallel CNTs with spacing of 4nm between each other.  

 

 The PETE simulations shows that the performance of the two FETs is degraded 

by parasitics (Figure 5.28). But the advantage of the p-i-n TFET over the n-i-n MOSFET 

still remains. This is intuitive because both the current and intrinsic capacitance goes up 8 

times larger, and the parasitic capacitance will gives both devices the same amount of 

degradation at each VDD.  

 

 
Fig. 5.28 Delay vs. VDD for (a) an inverter driving another identical inverter and (b) 10-

stage NAND chain and 8-bit carry adder with phonon scattering. 
 

 

 The parasitic capacitance acts as an extra load to the logic gate, that consumes 

energy during every switching process. Figure 5.29 shows the switching energy of an 

inverter driving another inverter at different VDD. The switching energy of the p-i-n TFET 

is smaller than the n-i-n MOSFET. Comparing with the Figure 5.21 (b), the switching 
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energy here is almost one order of magnitude larger because here we have 8 CNTs in one 

FET. The parasitic capacitance is also added on the total switching capacitance.  

 

 
Fig. 5.29 The switching energy vs. VDD of the top gated p-i-n TFET and n-i-n MOSFET. 

 

 

 The potential of the low power application of p-i-n TFET can also be observed 

even with the parasitic capacitance. Figure 5.30 gives the operation power and delay for 

two different VDD in the inverter driving a large constant load case for these two devices. 

As each device contains 8 CNTs, we put a larger constant load than the one of the 

intrinsic case (Figure 5.23). Including the parasitic capacitance in the simulation, the p-i-

n TFET still appears to consume ~3x less power as we fix the delay of these two devices, 

or in the same power consumption situation, it has ~2x smaller delay than the n-i-n 

MOSFET. 
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Fig. 5.30 The operation power vs. delay of the top gated p-i-n TFET and n-i-n MOSFET. 

The p-i-n TFET operate at lower VDD than the n-i-n MOSFET. 
 

 

 In summary, with a realistic top gate structure and reasonable parasitic 

capacitance, the p-i-n TFET still behaves better in the sub-threshold region than the n-i-n 

MOSFET. Also the parasitic capacitance degrades the performance of both devices with 

a factor of 2, the p-i-n TFET still has 10~15x smaller delay than the n-i-n device at the 

same VDD condition. If we want to apply the devices in the low power circuits, the p-i-n 

device is a better choice for its lower operation power with the same performance.  

 

 

5.6   Summary 

 

 In this chapter we compared CNT BTBT FETs with the p-i-n geometry to CNT 

MOSFETs with the n-i-n geometry from the device level to the circuit level. We reach 

the conclusion that the p-i-n TFET is more suitable for low power application than the n-

i-n MOSFET.  

 

 We first study the single cylindrical gated CNTFETs with phonon scattering. We 

found that the p-i-n TFET has a <60mV/dec sub-threshold slope which gives it a higher 

current than the n-i-n MOSFET at the same IOFF condition. The intrinsic gate to channel 
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capacitance of the p-i-n device is highly dependent on the drain bias, because the drain 

region contributes most of charge in the channel. Finally we took into consideration the 

commonly used top gate CNT array as a CNTFET and analyzed the different part of the 

parasitic capacitance for this structure and found that the parasitic capacitance is 

comparable to the intrinsic gate to channel capacitance.  

 

 In summary, PETE simulations were used to compare the performance and power 

consumption of two field effect transistors - BTBT FETs (p-i-n TFETs) and conventional 

MOSFETs (n-i-n MOSFETs). In the ideal case without parasitics, the p-i-n TFET has a 

better voltage transfer characteristics and consumes ~3x less energy for the same 

performance as the n-i-n MOSFETs. In the realistic case with top gate structure and 

parasitic effect, we can see that the parasitic capacitance degrades the performance and 

consumes more power in both devices, but the advantage of the p-i-n TFET over the n-i-n 

MOSFET in the low power application still remains. Finally, we emphasizing that all 

comparisons were done under sub-threshold conditions because of the difficulty of 

achieving on-current in the BTBT FETs. 
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6.  CONCLUSION AND FUTURE WORK 

 

 
6.1   Conclusion 

 

Circuit level benchmarking of silicon CMOS and carbon nanotubes field effect 

transistors are the major emphasis of this thesis. A SPICE model is developed to capture 

the characteristic of the 45nm CMOS proposed by Intel at IEDM 2007 [7]. It is then put 

into a 2-input, FO4 NAND gate chain which was brought up by our colleagues of 

Nanoelectronics Research Initiative (NRI) for the circuit performance. A group of circuit 

metrics for the 45nm CMOS, such as density, gate delay, operation power, standby power, 

switching energy, etc. are obtained from the SPICE simulations. In order to save the time 

spent on compacting modeling and still achieve accurate results, a simple way of 

benchmarking using the tool Purdue Exploratory Technology Evaluator (PETE) [5] is 

introduced and applied to the 45nm CMOS. The results are shown to be reasonably close 

to the SPICE calculation. The affect of CMOS scaling on the circuit performance is 

investigated as the same benchmark circuit of 45nm CMOS is applied to a 15nm CMOS 

SPICE model which is developed based on a MIT projection [3]. The circuit metrics are 

lumped into one globle figure of merit (FOM) which stands for the number of operations 

in unit area, with unit energy and within unit time interval. The comparison of the 45nm 

and 15nm CMOS suggests that the scaling will bring about ~30x improvement in terms 

of this FOM, but the parasitic effect will dominate as the CMOS scales down. In order to 

further explore the effectiveness of the circuit level benchmarking, a rigorous study is 

made on the CNT MOSFET and BTBT FET. CNT BTBT FET seems to be more suitable 

for the low power sub-threshold logic application.  
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This thesis has rendered a straightforward way to benchmarking new devices. 

Exploring device characteristics, constructing device models, running circuit level 

simulations and drawing the meaningful conclusions out of the results are the main steps 

of the whole benchmarking procedure. Studying the device physics is important in 

understanding how the device behaves in a highly ideal circumstance. But the realistic 

characterization and understanding of the devices ought to be done in the circuit level 

since they will be applied to different circuits for various functions. SPICE simulation is 

a bridge connecting the device models and circuit analysis, while PETE, as introduced in 

chapter 3, is another tool that gives the first order estimation in a more convenient 

manner. The simulations will give several important circuit metrics such as gate delay, 

operation power, switching energy, etc. that capture the performance and power-saving 

ability of the devices. One global metric is in need for a general description. In this thesis 

we have proposed a FOM standing for the number of operation that can be done in unit 

area with unit energy with unit time, which tells us more of the high performance aspect 

of the devices.  

 

There are some assumptions and uncertainties in this benchmarking work. First of 

all, the 15nm CMOS device model is based on the projection of the MIT’s work[3], in 

which the future models are rooted on a carefully studied historical CMOS development. 

But the prediction can always bring in uncertainties such as device structure and channel 

material. Secondly, the tool PETE treats the devices as the 2D I-V and 1D C-V tables 

without taking into consideration the drain bias dependence of the device capacitance. 

Our 2D to 1D C-V transformation, as described in section 5.4.1, is a reasonable 

approximation for the weak capacitance-drain bias dependence, but a direct treatment of 

the 2D C-V is in need for a more accurate simulations as short channel effect worsens 

with the device scaling. Another concerning about the benmarking study is the choice of 

the FOM. While the # opt/μm2-sec-eV we use in this thesis put more emphasis on the high 

performance aspect, other ones, such as # opt/μm2 -eV or # opt/ μm2-sec|P=fixed value, 

are also commonly used for the low power or other more general description of the 

devices.  
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6.2   Future Work 

 

 One of the promising substitutions of the CMOS being intensively studied is the 

MQCA logic gate. It utilizes a clocking magnetic field and the field produced by the 

neighboring magnet to switch on and off. The benchmarking working of MQCA against 

CMOS has by Supriyo Datta and Kaushik Roy groups at Purdue University [20]. The 

deployment of the reasonable clocking scheme, which consumes a large portion of the 

dynamic power of MQCA switching, can greatly reduce the total power consumption and 

make MQCA superior to the traditional CMOS switch [20]. It has been challenging to 

come up with a realizable way to clock the signal which ought to be taken into the 

consideration of benchmarking MQCA against CMOS technology. 

 

 Spin-based devices are considered to be one of the most promising alternatives to 

the charge-based CMOS logic devices. An initial quantum-mechanical simulation of the 

spin FET with Schottky barriers in the source and drain and spin relaxation in the channel 

has been carefully studied [21]. The circuit-level benchmarking of this device can be 

done through the numerical simulator PETE and the results will be compared with the 

CMOS to see the whether or not the spin FET gives an advantage over CMOS.  
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A.  MAJOR PARASITIC CAPACITANCE OF A MOSFET 
 
The different components of the parasitic capacitance is illustrated in Figure A1. 

 

 
Fig. A1. Different parasitic capacitance of a MOSFET. Only drain side is shown in this 

figure (Taken from [3]). 

 

 

The expression of the total parasitic capacitance is 

 

            02 3( )T
PAR if ov side pp top

DD

VC C C C C C
V

= + + + +    Eqn. A1 

 

Cif is the inner fringing capacitance. 

 

Cov is the gate to source (or drain) overlap capacitance per unit width. It is calculated as 

Cov=Cinvlov, lov~LG/10. 
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Cside is the outer fringing capacitance. 

 

Cpp is the parallel plate capacitance due to the height of gate and the spacing between 

gate and contact. 

 

Ctop is the irregular top fringing capacitance. 

 

The term Cov+Cside+Cpp+Ctop is on both source and drain side of the MOSFET. 

Taken into account of the Miller effect, the capacitance coupling between the gate and 

the drain will become twice as much as it originally is. Totally we have 

3(Cov+Cside+Cpp+Ctop) in the Eqn. A1.  

 

 For Cif, it’s only present in the MOSFET at the off state. Therefore Cif is taken 

into account in the sub-threshold region when VGS<VT0. During the whole switching 

process, the effective inner fringing capacitance is (VT0/VDD)Cif. There is no Miller effect 

for the Cif because it only appears in the sub-threshold region while the Miller effect is 

not obvious. 
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