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ABSTRACT

We have proposed a new concept of 3D architecture

using four-terminal electrical switches (FES), which can

replace CMOS logic without self-organized bottom-up

process. Ultra high speed FES can be realized by nanoscale

electrical mechanical system based on carbon nanotube.

Nonvolatile FES can also be realized by modifying two-

terminal nonvolatile memory devices, such as solid

electrolyte memory using chalcogenide phase change

memory. All kinds of CMOS logic can be built by 3D-

stacked FES logic gates with a smaller number of devices

compared to that in the case of CMOS. Also, due to 3D, far

wider parallel data path can be used than that for 2D-

CMOS logic. Logic data can flow not only horizontally but

also vertically in the case of 3D circuit of FES. Thus 3D

FES logic architecture has a strong possibility of becoming

superior to CMOS logic in future.

Keywords: 3D architecture, switching device, carbon

nanotube, emerging memory, post-silicon technology.

1 INTRODUCTION

After the lithography limit on increasing the number of 

switching devices such as transistors is reached, new

nanoscale transistors such as carbon nanotube (CNT) with

self-organized bottom-up process are expected to be applied.

However, prospects for alignment for bottom-up process

that can be used for manufacturing are not good. A more

promising technology for increasing the number of

switching devices is 3D architecture, where switching

devices are stacked three-dimensionally. This article

describes a new concept of four-terminal electrical switches

(FES) suitable for 3D architecture, which can replace 2D

CMOS logic without self-organized process.

2 WHAT IS FES? 

FES is a switching device that acts like a mechanical

switch controlled by the voltage between the front-gate

(FG) and the back-gate (BG). Figure 1 shows the principle

(a) and ideal current-voltage characteristic (b), and a

symbol (c) of FES used in this article. The switch is turned

on and off by changing FG voltage relative to BG voltage.

BG voltage is a reference voltage fixed to some value.

Silicon- (Si-) MOSFET is a typical FES with gate,

source, drain and substrate terminals. 3D stacking 

technologies for Si-MOSFET, using Si layer monolithically

stacked by means of various crystal growth techniques or

wafer bonding, have been studied. However, stacked silicon 

layer usually has small mobility of electrons and holes, and

bandwidth for vertical data transfer is weak due to the

limited number of vertical interconnects in the case of

wafer bonding. The application of such 3D circuits is 

therefore limited. Thus FES that can be fabricated using

other materials easily 3D-stacked is suitable for 3D

architecture capable of replacing CMOS architecture.

3 HIGH SPEED FES 

3D FES having ultra high operation speed can be

realized by a nano-electromechanical system (NEMS) 

based on a bundle of metallic CNTs. Although the

operation speed of NEMS switch is generally not high, that

of CNT-NEMS switch is as high as that of MOSFET, due

to outstanding mechanical characteristics. Figure 2 shows

cross-sectional schematic illustration of CNT-NEMS based

FES. The bundle of CNTs is bent by electric field between

FG and BG.

It is essential for stable logic operation of FES that On-

Off threshold voltage of FG is almost unaffected by the

voltage level of input and output electrodes. For this

requirement, a floating gate should be built in the bundle of

CNTs and the floating gate should be electrically shielded

from input and output electrodes. Thus, the bundle of CNTs

is bent by electrostatic force between the floating gate and

FG or BG.

The elastic constant, kc, and resonant frequency, fc, are

respectively given by the formulas below:
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where w, l and d are width, length and thickness of the

bundle of CNTs, respectively, and E and  is Young’s

modulus and density of the bundle of CNTs, respectively. E

is around 1 TPa and  is 1.3 g/cm3. When w is 50 nm and l 

is 50 nm and d is 1 nm, fc is about 27 GHz, indicating ultra
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high switching speed is feasible. The kc is about 1.25 x10-8

N/nm, indicating only extremely small force is needed to 

bend the CNT bundle. Such force is induced by applying 

less than 0.5V to FG under dimensions of input-output 

electrode fabricated based on 50 nm feature size. 

4 NONVOLATILE FES 

Nonvolatile FES can be realized by modifying two-

terminal nonvolatile memory devices, such as solid 

electrolyte memory using chalcogenide [1, 2], phase change 

memory [3] or electrical mechanical CNT memory [4]. 

These emerging memories are expected to be not only high 

density nonvolatile memory but also 3D stackable memory.  

Device structures are shown in Fig. 3. As for the first 

example, when positive bias is applied to FG over BG, 

silver ion migrates along surface of the insulating AgGeSe, 

then silver metal segregates at the BG, thereby forming 

silver whisker from BG toward FG, as shown in Fig. 3 (a). 

Since the source and the drain are set between FG and BG, 

the source and drain can be electrically connected through 

the silver whisker, as shown in Fig.3 (a). On the contrary, 

when negative bias is applied to FG over BG, source and 

drain can be electrically cut off through the migration of 

silver ion in the opposite direction. 

Figure 3 (b) shows FES modifying two-terminal phase 

change memory using GeSeTe(GST). Forward current (VF 

= VDD ) and backward current ( VF = 0) can be set so that 

phase of GST can be changed stably and  reversibly from 

crystal to amorphous by selecting suitable VB. The 

resistivity of amorphous GST is more than 4 orders larger 

than that of crystal GST.  

Though the nonvolatile feature is not essential for FES, 

nonvolatile FES logic acts as nonvolatile logic, which is 

very promising in terms of decreasing power consumption 

for LSI, since power supply can be shut down for non-

operating logic blocks just waiting for data [5]. In general, 

there is tradeoff between switching speed and retention 

time. For example, the switching speed of FES using 

AgGeSe or GeSeTe is estimated to be several tens of 

nanoseconds from operation speeds of memory devices. 

This speed is inferior to both that of FES based on CNT-

NEMS and that of Si-MOSFET. Thus this nonvolatile FES 

is suitable to low power applications where even low 

performance is acceptable. 

5 LOGIC CIRCUITS UING FES  

CMOS is composed of n-MOSFET and p-MOSFET. 

Since they act as a normally-ON-FES (ON-FES) and 

normally-OFF-FES (OFF-FES), respectively, CMOS can 

be replaced simply by FES. Inverter composed of single 

CMOS is equivalent to combination of an ON-FES and 

OFF-FES, as shown in Fig. 4. The NAND gate and NOR 

gate can be composed by the combination in the same way. 

However, it should be noted that ideal complementary FES 

(CFES) can be used based on “positive logic”, since voltage 

drop corresponding to the threshold voltage for the 

MOSFET does not occur in principle. Hence, AND gate 

can be formed by only four FES, whereas it is formed by 

six MOSFET, as shown in Fig. 5. Typical logic gate XOR 

is composed of two NOT-gates two AND-gates and one 

OR-gate, as shown in Fig. 6, where the XOR gate is 

composed of only 12 FES. 

Figure 7 shows the simulation result of XOR operation 

using CNT-NEMS based FES by SPICE simulator. Device 

model for FES is substituted by that for FET whose 

switching time is about 27 GHz. However, the primary part 

of operation time is RC delay between FES rather than the 

switching. The operation time for XOR logic based on the 

ideal CFES is as short as that based on CMOS. 

Since the function of one FES is the same as that of a 

pass transistor using MOSFET, FES can also be used for 

pass transistor logic architecture. 

6 3D CIRCUITS BASED ON FES 

Figures 8 show a 3D half-adder and full-adder circuits 

designed using FES. The circuit area of them is the same 

due to 3D circuit. It should be noted that logic data can flow 

not only horizontally but vertically in the case of 3D circuit, 

whereas data flows only horizontally in the case of 2D 

circuit. Based on FES process, high density vertical 

interconnects can be easily fabricated. Since far wider 

parallel data path can be therefore used than that for 2D-

CMOS logic, performance of logic operation by 3D-NEMS 

based FES can be much higher than that by 2D-CMOS.  

Also, it should be noted that logic data can flow not only 

horizontally but also vertically in the case of 3D circuit of 

FES. Thus 3D FES logic architecture has a strong 

possibility of becoming superior to CMOS logic in future. 

7 SUMMARY

We have proposed a new concept of 3D architecture 

using FES. Ultra high speed FES can be realized by NEMS-

CNT. Nonvolatile FES can also be realized by modifying 

two-terminal nonvolatile memory devices. All kinds of 

CMOS logic can be built by 3D-stacked FES logic gates. 

Also, due to 3D, far wider parallel data path can be used 

than that for 2D-CMOS logic. Logic data can flow not only 

horizontally but also vertically in the case of 3D circuit of 

FES. Thus 3D FES logic architecture has a strong 

possibility of becoming superior to CMOS logic in future. 
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Figure 1. Principle(a) and ideal IV characteristic (b), 

symbol (c)  of  four-terminal electrical switch (FES). 
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Figure 3 (b): FES modifying two-terminal phase 
change memory using GeSeTe(GST). 
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Figure 3 (a): Plan view of FES modifying two-
terminal  solid electrolyte memory device using Ag/ 
AgGeSe/Ti . 
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Figure 2: cross-sectional schematic illustration of CNT-
NEMS based FES. Bundle of CNT, where floating gate 
is included, is bended by electric field between FG and 
BG.
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Figure 7 . Simulation result of XOR logic operation by 
CNT-NEMS based FES .
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Figure8. Bird’s view of 3D “half-adder” (a) and “full-
adder” (b). It should be noted that circuit area of them 
is the same due to 3D circuit.
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Figure 5: AND gate formed by CMOS logic and 
CFES logic. AND gate can be formed by only four 
FES, whereas it is formed by six MOSFET, whereas 
it is formed by six MOSFET
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Figure 6: Typical logic gate XOR is composed of two 
NOT-gates, two AND-gates and one OR-gate.
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