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Table 1.  Structure parameters of n-type TMOSFET.
Parameter Symbol Value
Source length Lg/nm 20
Source thickness Tep/nm 10
Source | doping (P7) Ng1/(10* ¢cm~3) 1
Source Il doping (N*) Ny /(10" em=?) 1
Channel I length L¢ /nm 30
Channel Il length Ly /nm 50
Channel I doping (N¥) Ngi/(10% em=3) 1
Channel T doping (N*)  Ncy/(10' cm~3) 1
Drain length Lp/nm 20
Drain doping (N*) Np/(10% ¢cm=3) 1
Gate oxide thickness Tox/nm 2
Gate WorkFunction [ WF | /eV 3.37
Gate WorkFunction I WF/eV 5.02
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Fig. 1. Structure diagram of n-type TMOSFET.
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Fig. 2. Iy- Vg characteristic curve of nTMOSFET.
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Fig. 3. (a) Energy band diagram along cutline A4, and (b) contour mapping of electron BTBT rate and current density at Vg = 0.3 V.
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Fig. 4. (a) Energy band diagram along cutline A4, and (b) contour mapping of the electron BTBT rate and current density at Vi = 0.9 V.
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Table 2. Structure parameters of p-type TMOSFET.
Parameter Symbol Value
Source length Lg/nm 20
Source thickness Tcp/nm 10
Source | doping (N*) Ng1/(10Y cm=3) 9
Source Il doping (P+) Ny /(10Y em=3) 1
Channel | length Loy /nm 30
Channel Il length Loy /nm 50
Channel I doping (P*) Ny /(10 cm=3) 1
Channel II doping (P*) Ny /(10 cm=?) 1
Drain length Lp/nm 20
Drain doping (P) Np/(10" cm=3) 1
Gate oxide thickness Tox/nm 2
Gate WorkFunction [ WF | /eV 5.9
Gate WorkFunction I WF | /eV 4.25
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Fig. 8. Ip- Vi, curves of ternary inverters: (a) Vpp = Vium; (b) Vop = 0.9 V; (¢) Vpp = 2Viyn = 1.2 V; (d) Vpp =14 V.
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Fig. 11. (a) VTC curves of ternary inverter and (b) variation of Ry/Vp and Ry/ Vpp with Vpp at different Vi,
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Fig. 13. (a) Transient response and (b) current curves of ternary inverter at different WEy.

FAHAS RS M AP P ae g, dORE AR R, (2
D& AT DRE N N 1, SEPR AR ZE BT 7
TR F S A T s e RS T . URE DR ]
PEFT TR i

e, TR IR, P AR SR il
it — S 2R T2, B2 i m
PH, MELIE RS AR BE ZE L, P Sl i B s 2F
SR E R, #1753 TFET 2$1F 28 60 mV /dec
TP BB A0 (SS) 0 IRk, X 2 4 T 252k
R, (AR 1 A9 TMOSFET 45494, TFET
FETARAE AR R R X [R], /2 SS
BRI, I IEAER ARG SS, xR K
FERE [ FRAR T X285 RE A0 LSRR 1 48 T 2 X
JE. 5%, TMOSFET # {25 f fai 28 il 45 T 206
s 2T CMOS 1.2, I, A SC#H i TMOS
FET JCit MR PR RIS S il 5 T2 7 i # th e 4t
) TFET B 455 5.

AR SOR B BE 2R DL R R Bl 45 &
%mth{ﬁé ML 9 TMOSFET, X H: T4 J5 38

1T TIR A0, TMOSFET 1 1% 5 th £ B A %
M\% AR TFIF SRS Z g Rl 2, 3 3 Fil
R, XIS A T = EE2 R
Ah, RICGEBFFE T 3T TMOSFET ) = {42 # 2
FHES I TAEIRHEE, S0 B T ROAH g = 28050 i 2514,
RIYE TAERIE Vpp SEAFBITHIE Vi, 2
Von/ Vi = 1.4 B, —{EIZ 5 SOM &8 i 11 /9 3 F
RS X 7 i A LR FBLAE XY BEAk, 8 Hr T 4%
PRRRE XS AR AR R I | R LA K T FE R sZ ), BF

SRR TR e AR R SO T B —E S
ZAH.

S 3k

(1] Lu B, Wang D W, Chen Y L, Cui Y, Miao Y H, Dong L P
2021 Acta Phys. Sin. 70 218501 (in Chinese) 5, TR, B
T, AR, UM, ARG 2021 PRI 70 218501

[2] Roy K, Mukhopadhyay S, Mahmoodi-Meimand H 2003 Proc.

IEEE 91 305

] Frank D J 2002 IBM J. Res. Dev. 46 235

] Srivastava A, Venkatapathy K 1996 VLSI Design 4 75

| Hurst 1984 IEEE Trans. Comput. C-33 1160

| Jo S B, Kang J, Cho J H 2021 Adv. Sci. 8 2004216

] Zhu Y, Lu H, Zhang Y, Sun J, Lyu Z, Lu B 2022 IEEE 16th

International Conference on Solid-State & Integrated Circuit
Technology Nangjing, China, October 25—28, 2022 pl
[8] Tavanaei A, Ghodrati M, Kheradpisheh S R, Masquelier T,
Maida A 2019 Neural Networks 111 47
[9] Ghosh-Dastidar S, Adeli H 2009 Int. J. Neural Syst. 19 295
[10] Esser S K, Merolla P A, Arthur J V, Cassidy A S,
Appuswamy R, Andreopoulos A, Berg D J, McKinstry J L,
Melano T, Barch D R, di Nolfo C, Datta P, Amir A, Taba B,
Flickner M D, Modha D S 2016 PNAS 113 11441
[11] Kim H W, Kim S, Lee K, Lee J, Park B-G, Kwon D 2020
IEEE Trans. Electron Devices 67 4541
[12] Mouftah H T, Smith K C 1982 [EE Proc. 129 270
[13] Heung A, Mouftah H T 1985 IEEE J. Solid-State Circuits 20
609
[14] Gan K J,LuJ J, Yeh W K, Chen Y H, Chen Y W 2016 Eng.
Sci. Technol. Int. J. 19 888
[15] Gan K J, Tsai C S, Chen Y W, Yeh W K 2010 Solid-State
Electron. 54 1637
[16] Nourbakhsh A, Zubair A, Dresselhaus M S, Palacios T 2016
Nano Lett. 16 1359
[17) Shim J, Jo S H, Kim M, Song Y J, Kim J, Park J H 2017
ACS Nano 11 6319
[18] Huang M, Wang X, Zhao G, Coquet P, Tay B 2019 Appl.
Sci. 9 4212
[19] Fei W, Trommer J, Lemme M C, Mikolajick T, Heinzig A
2022 InfoMat 4 €12355
[20] Vanlalawpuia K, Bhowmick B 2019 IEEE Trans. Electron
Devices 66 4439
[21] Talukdar J, Rawat G, Mummaneni K 2020 Silicon 12 2273

188501-9


https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.7498/aps.70.20211128
https://doi.org/10.1109/JPROC.2002.808156
https://doi.org/10.1109/JPROC.2002.808156
https://doi.org/10.1109/JPROC.2002.808156
https://doi.org/10.1109/JPROC.2002.808156
https://doi.org/10.1109/JPROC.2002.808156
https://doi.org/10.1109/JPROC.2002.808156
https://doi.org/10.1109/JPROC.2002.808156
https://doi.org/10.1109/JPROC.2002.808156
https://doi.org/10.1147/rd.462.0235
https://doi.org/10.1147/rd.462.0235
https://doi.org/10.1147/rd.462.0235
https://doi.org/10.1147/rd.462.0235
https://doi.org/10.1147/rd.462.0235
https://doi.org/10.1147/rd.462.0235
https://doi.org/10.1147/rd.462.0235
https://doi.org/10.1155/1996/94696
https://doi.org/10.1155/1996/94696
https://doi.org/10.1155/1996/94696
https://doi.org/10.1155/1996/94696
https://doi.org/10.1155/1996/94696
https://doi.org/10.1155/1996/94696
https://doi.org/10.1155/1996/94696
https://doi.org/10.1109/TC.1984.1676392
https://doi.org/10.1109/TC.1984.1676392
https://doi.org/10.1109/TC.1984.1676392
https://doi.org/10.1109/TC.1984.1676392
https://doi.org/10.1109/TC.1984.1676392
https://doi.org/10.1109/TC.1984.1676392
https://doi.org/10.1109/TC.1984.1676392
https://doi.org/10.1109/TC.1984.1676392
https://doi.org/10.1109/TC.1984.1676392
https://doi.org/10.1002/advs.202004216
https://doi.org/10.1002/advs.202004216
https://doi.org/10.1002/advs.202004216
https://doi.org/10.1002/advs.202004216
https://doi.org/10.1002/advs.202004216
https://doi.org/10.1002/advs.202004216
https://doi.org/10.1002/advs.202004216
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1109/icsict55466.2022.9963457
https://doi.org/10.1016/j.neunet.2018.12.002
https://doi.org/10.1016/j.neunet.2018.12.002
https://doi.org/10.1016/j.neunet.2018.12.002
https://doi.org/10.1016/j.neunet.2018.12.002
https://doi.org/10.1016/j.neunet.2018.12.002
https://doi.org/10.1016/j.neunet.2018.12.002
https://doi.org/10.1016/j.neunet.2018.12.002
https://doi.org/10.1142/S0129065709002002
https://doi.org/10.1142/S0129065709002002
https://doi.org/10.1142/S0129065709002002
https://doi.org/10.1142/S0129065709002002
https://doi.org/10.1142/S0129065709002002
https://doi.org/10.1142/S0129065709002002
https://doi.org/10.1142/S0129065709002002
https://doi.org/10.1073/pnas.1604850113
https://doi.org/10.1073/pnas.1604850113
https://doi.org/10.1073/pnas.1604850113
https://doi.org/10.1073/pnas.1604850113
https://doi.org/10.1073/pnas.1604850113
https://doi.org/10.1073/pnas.1604850113
https://doi.org/10.1073/pnas.1604850113
https://doi.org/10.1109/TED.2020.3017186
https://doi.org/10.1109/TED.2020.3017186
https://doi.org/10.1109/TED.2020.3017186
https://doi.org/10.1109/TED.2020.3017186
https://doi.org/10.1109/TED.2020.3017186
https://doi.org/10.1109/TED.2020.3017186
https://doi.org/10.1049/ip-g-1:19820047
https://doi.org/10.1049/ip-g-1:19820047
https://doi.org/10.1049/ip-g-1:19820047
https://doi.org/10.1049/ip-g-1:19820047
https://doi.org/10.1049/ip-g-1:19820047
https://doi.org/10.1049/ip-g-1:19820047
https://doi.org/10.1049/ip-g-1:19820047
https://doi.org/10.1109/JSSC.1985.1052354
https://doi.org/10.1109/JSSC.1985.1052354
https://doi.org/10.1109/JSSC.1985.1052354
https://doi.org/10.1109/JSSC.1985.1052354
https://doi.org/10.1109/JSSC.1985.1052354
https://doi.org/10.1109/JSSC.1985.1052354
https://doi.org/10.1109/JSSC.1985.1052354
https://doi.org/10.1109/JSSC.1985.1052354
https://doi.org/10.1016/j.jestch.2015.12.007
https://doi.org/10.1016/j.jestch.2015.12.007
https://doi.org/10.1016/j.jestch.2015.12.007
https://doi.org/10.1016/j.jestch.2015.12.007
https://doi.org/10.1016/j.jestch.2015.12.007
https://doi.org/10.1016/j.jestch.2015.12.007
https://doi.org/10.1016/j.jestch.2015.12.007
https://doi.org/10.1016/j.jestch.2015.12.007
https://doi.org/10.1016/j.sse.2010.08.007
https://doi.org/10.1016/j.sse.2010.08.007
https://doi.org/10.1016/j.sse.2010.08.007
https://doi.org/10.1016/j.sse.2010.08.007
https://doi.org/10.1016/j.sse.2010.08.007
https://doi.org/10.1016/j.sse.2010.08.007
https://doi.org/10.1016/j.sse.2010.08.007
https://doi.org/10.1016/j.sse.2010.08.007
https://doi.org/10.1016/j.sse.2010.08.007
https://doi.org/10.1016/j.sse.2010.08.007
https://doi.org/10.1021/acs.nanolett.5b04791
https://doi.org/10.1021/acs.nanolett.5b04791
https://doi.org/10.1021/acs.nanolett.5b04791
https://doi.org/10.1021/acs.nanolett.5b04791
https://doi.org/10.1021/acs.nanolett.5b04791
https://doi.org/10.1021/acs.nanolett.5b04791
https://doi.org/10.1021/acsnano.7b02635
https://doi.org/10.1021/acsnano.7b02635
https://doi.org/10.1021/acsnano.7b02635
https://doi.org/10.1021/acsnano.7b02635
https://doi.org/10.1021/acsnano.7b02635
https://doi.org/10.1021/acsnano.7b02635
https://doi.org/10.3390/app9204212
https://doi.org/10.3390/app9204212
https://doi.org/10.3390/app9204212
https://doi.org/10.3390/app9204212
https://doi.org/10.3390/app9204212
https://doi.org/10.3390/app9204212
https://doi.org/10.3390/app9204212
https://doi.org/10.3390/app9204212
https://doi.org/10.1002/inf2.12355
https://doi.org/10.1002/inf2.12355
https://doi.org/10.1002/inf2.12355
https://doi.org/10.1002/inf2.12355
https://doi.org/10.1002/inf2.12355
https://doi.org/10.1002/inf2.12355
https://doi.org/10.1002/inf2.12355
https://doi.org/10.1109/TED.2019.2933313
https://doi.org/10.1109/TED.2019.2933313
https://doi.org/10.1109/TED.2019.2933313
https://doi.org/10.1109/TED.2019.2933313
https://doi.org/10.1109/TED.2019.2933313
https://doi.org/10.1109/TED.2019.2933313
https://doi.org/10.1109/TED.2019.2933313
https://doi.org/10.1109/TED.2019.2933313
https://doi.org/10.1007/s12633-019-00321-3
https://doi.org/10.1007/s12633-019-00321-3
https://doi.org/10.1007/s12633-019-00321-3
https://doi.org/10.1007/s12633-019-00321-3
https://doi.org/10.1007/s12633-019-00321-3
https://doi.org/10.1007/s12633-019-00321-3
https://doi.org/10.1007/s12633-019-00321-3
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 72, No. 18 (2023) 188501

A novel TMOSFET ternary inverter based on hybrid
conduction mechanism”

Ma Xin!?  Lu BinY" Dong Lin-Peng?  Miao Yuan-Hao?
1) (School of Physics and Information Engineering, Shanzi Normal University, Taiyuan 030031, China)
2) (Shaanzi Province Key Laboratory of Thin Films Technology and Optical Test, Xi’an Technological University, Xi’an 710032, China)
3) (Key Laboratory of Microelectronic Devices and Integrated Technology, Institute of Microelectronics,
Chinese Academy of Sciences, Beijing 100029, China)

( Received 21 May 2023; revised manuscript received 27 June 2023 )

Abstract

With the development of complementary metal-oxide semiconductor (CMOS) technology, the feature size
of mental-oxide-semiconductor field-effect-transistor (MOSFET) is continuously shrunk, the short channel effect
becomes more and more serious, which makes the static power consumption increase, and now the static power
consumption becomes a main source of the power consumption of the integrated circuits. Currently, the
performance of CMOS binary logic processor is approaching a bottleneck; therefore the ternary logic becomes a
research hotspot to promote the development of high-performance low-power integrated circuits. Compared with
binary logic, ternary logic possesses a strong data expression capability, which can not only improve the data
density, but also reduce the circuit power consumption and the system complexity. However, using binary
devices to build ternary logic circuits requires a large number of components, and even the passive components,
which makes it impossible to leverage the advantages of ternary logic. The other method of implementing
ternary logic is to utilize innovative two-dimensional materials. This method requires a small number of
components and obviates the need for passive components, but it faces the problem that the fabrication process
is not mature and cannot be mass-produced. To solve these problems, in this paper by combining the tunneling
and the drift diffusion mechanism, we propose a tunneling metal-oxide-semiconductor field-effect transistor
(TMOSFET) with three-state characteristics that make it highly suitable for ternary logic design. Compared
with other ternary logic schemes, the ternary inverter based on TMOSFET has the same circuit structure as
binary inverter, which can simplify the circuit design. In this paper, the operational mechanism of this ternary
inverter is studied, and the condition of three-state output of inverter is analyzed. It is found that when the
operating voltage Vpp and the device turning voltage Vi, satisty Vpp/ Vien = 1.4, the input voltage ranges of
the three output states are equivalent. In addition, the influence of TMOSFET transfer characteristic on this
ternary inverter is also analyzed. This has certain reference significance for designing and studying ternary logic
circuits in future.

Keywords: tunneling field effect transistor, mental-oxide-semiconductor field-effect-transistor, ternary

inverter
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