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Modern electronic devices

Integrated Circuits (CPU) Li-ion Battery

Memory (RAM) Dimensions of Device 
Active Region

Nano- to Atomic-scale

Source: Intel

Source: Sci. Rep. 4, 3863 (2014) 

Source: IMEC

Si Substrate
42nm

Common Features:
• Active regions does not exceed a couple

of nanometers

• Devices made of a countable number of
atoms

• Quantum mechanical effects (strongly)
influence the overall behavior

=> How to design such components?
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¾ Kohn-Sham Density Functional Theory (KSDFT)[1,2]

Ion - ion 
energy

Coulomb
energy

Ion -Electron
energy

¾ Unfavorable scaling of O(N3) 
in KSDFT

z Turn many -body problem (complicated) into single -body problem. 
z Many -body effect in exchange correlation (XC) functional.

Accuracy
Jacobs’s ladder

¾ Widespread successes of DFT 
due to the improvement over 
the XC functional.

John Perdew 
Temple 
University

[3]

Generalized Gradient 
Approximation (GGA)

Meta-GGA

Hybrid Functional

Accurate quantum  
chemistry method

[1] Phys. Rev., 136, B864 (1964).
[2] Phys. Rev., 140, A1133 (1965).
[3] Perdew JP, Schmidt K (2001) 
AIP Conference Proceedings, Vol 577, pp 1 Ð20.
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Background: CMOS power limit
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Background: thermal limit of subthreshold swing

Surface potential

Body factor Thermal limit
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Background: options for steep-slope transistor

Surface potential

Body factor Thermal limit

Question & Discussion: 
how to achieve sub-60mV SS transistor?
Option 1: Discard of thermal injection.

Tunnel FET

Option 2: Negative Cins, m<1.
Negative Cap FET

Option 3: Gate-controlled dynamic strain.
Piezoelectric FET
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Background: Zener tunneling & tunnel FET
1934

1959

70 years later, IEDM 2004
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Background: basic tunnel FET models

Semiclassical WKB 
approximation

Kane’s Model

Constant F & Uniform struct.
Unphysically assign e/h at same x.

TCAD implement

Over-estimated current

Generation of h at xi and e at xf

Esseni, Semicond. Sci. Technol.
32, 083005 (2017).
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Background: atomistic simulation of tunnel FETs

z “Atomistic” simulation: tight-binding + NEGF

Luisier Chem. Soc. Rev. 43, 4357 (2014).
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Background: atomistic simulation of tunnel FETs
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Appl. Phys. Lett. 104, 123504 (2014);
J. Appl. Phys. 121, 224503 (2017).

z “Atomistic” simulation: empirical-pseudopotential
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First-principle approach: Overview
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z “Atomistic” simulation: fully quantum based on DFT

IEDM 2015, p.12.4
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First-principle approach: Method details

Phys. Rev. B 63, 245407 (2001)
Phys. Rev. B 72, 45417 (2005)
Prog. Surf. Sci. 90, 292 (2015)
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First-principle approach: BTBT in MoS2
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First-principle approach: defect-assisted tunneling

oxide
Top Metal Gate

Back Metal Gate
oxide

p+ source n+ drain

IEDM 2015, p.12.4
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First-principle approach: defect-assisted tunneling
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Background: Various applications of MoS2

1. Piezoelectrics 2. Valley electronics 3. Superconductivity

J. T. Ye, et al., 
Science 338, 1193 

(2012).

K. F. Mak, et al.,

Science 344, 1489 (2014).

K. F. Mak, et al., 
Nature Nanotech. 7, 494–498 (2012)

H. Zeng, et al., 
Nature Nanotech. 7, 490–493 (2012)

T. Cao, et al., 
Nature Commun. 3, 887 (2012)

J. M. Lu, et al., 
Science  350, 1353-1357 (2015)

W. Z. Wu, et al., 
Nature 514, 470 
(2014)
H. Zhu, et al.,
Nature Nanotech. 10, 151 
(2015) 

1.8 eV （Optical gap） MoS2 has various promising properties
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Background: MoS2 is limited to n-type

B. Radisavlijevic, et. al., 
Nature Nanotechnology 6, 147 (2011). 

1. n-type semiconductor

2. mobility~ 200 cm2/V/s

3. Top/back-gate，high-k

No rectifying

OFF ON

Field-effect
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Background: Fermi-level pinning and SBH

Changsik Kim,S.  et. al., ACS Nano, 11, 1588−1596 (2017)
Adrien Allain, et al., Nature Metarials. 14, 1195-1205 (2015).
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Proposing tunnel contact MoS2 FET: vdW hetero.

Nat. Commun., 8, 970 (2017).
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Proposing tunnel contact MoS2 FET: vdW hetero.

Nat. Commun., 8, 970 (2017).

Direct contact Tunnel contact（2-4L BN）
z Device design
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Proposing tunnel contact MoS2 FET: vdW hetero.

Nat. Commun., 8, 970 (2017).

z Device characteristics

Direct contact

No rectifying
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Proposing tunnel contact MoS2 FET: vdW hetero.

Nat. Commun., 8, 970 (2017).

z Device characteristics

tunnel contact

rectifying
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Theory of tunnel contact FET

Vg的功能是将费米面上下移动。正电压
为电荷掺杂，费米面往能带上方移动；
负电压为空穴掺杂，费米面往能带下方
移动；

Vg＝－3V

Vg＝＋7V

Nat. Commun., 8, 970 (2017).
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Theory of tunnel contact FET
以Vg＝－3V为例

Vds的功能是将电极电势上
下移动。

Vds

第I阶段，源漏之间没有态
密度，不导通。

Vg＝－3V

Nat. Commun., 8, 970 (2017).
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Theory of tunnel contact FET

Nat. Commun., 8, 970 (2017).

以Vg＝－3V为例

Vds的功能是将电极电势上
下移动。

－2V

＋2V

Vds

第II 阶段，源漏之间有态
密度，导通。

Vg＝－3V
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Theory of tunnel contact FET

几种不同工作组态的Free Band Alignment 模型汇总
Nat. Commun., 8, 970 (2017).
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First-principle simulation of tunnel contact FET

Nat. Commun., 8, 970 (2017).
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First-principle simulation of tunnel contact FET

experiment

simulation
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Background: Fermi-level pinning and SBH of MoS2

Changsik Kim,S.  et. al., ACS Nano, 11, 1588−1596 (2017)
Adrien Allain, et al., Nature Metarials. 14, 1195-1205 (2015).
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Background: removing FLP by vdW contact

Schottky-Mott limit achieved at a price of 
sacrificing carrier injection !!!



45X. W. Jiang, IOS CAS MOS-AK 2018

Background: metal-phase of 2D materials

R. Kappera et al., Nature Materials 13, 1128 (2014)
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Designing in-plane SBFET from first-principle

Phys. Rev. B 96, 165402 (2017). ACS Apl. Mater. Int. 2018

Device design

Band structure

Schottky barrier

Performance
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Designing in-plane SBFET from first-principle

Phys. Rev. B 96, 165402 (2017). ACS Apl. Mater. Int. 2018

How to calculate the SBH?
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Designing in-plane SBFET from first-principle

Phys. Rev. B 96, 165402 (2017). ACS Apl. Mater. Int. 2018

Physical gate length scaling
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Designing in-plane SBFET from first-principle

Phys. Rev. B 96, 165402 (2017). ACS Apl. Mater. Int. 2018

Multiple design options
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Background: NAND flash, everywhere

High performance, low power, and reliability

Navigation 
System

mobileServer System

Desktop PC、laptop

Health care system
SSD

NAND
chips

Game
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Background: NAND flash from 2D to 3D

1. Inter-cell interference
2. Electrons/cell shrinking

Source: 
*Y. Park et al. SSDM 2015 Short Course ** Siva Sivaram, Storage Class Memory: Learning from 3D NAND

Charge layer

S D
Tunneling Layer

Blocking Layer
Electrode layer

Si Substrate
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Background: NAND flash 2D vs. 3D

Charge layer

S D
Tunneling Layer

Blocking Layer
Electrode layer

Si Substrate

2D NAND w/FG 3D NAND w/CT

Gate Stack 2-Gate, 2-Layer dielectrics 1-Gate, 1-Layer dielectrics
PGM/ERS Mechanism e-injection, e-ejection e-injection, h+-injection

Scalability Limited C-storage no physical limit
Data Retention abnormal tail bit fast charge loss

Program Speed slow for MLC/TLC very fast
Inter-cell interference large ignorable
NAND string channel Si substrate w/ high  µ Poly-Si channel w/ low µ

Storage layer Separated FG CommonSiN

Process sequences Channel First process Channel last process

Gate structure 1-side gate Gate-all-around
Source: *Tutorial on CTF IMW 2010 **
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Background: Lateral charge loss in 3D NAND

Ref[1]: H.J. Kang, VLSI Tech. ,2015.   ref[2]: B. Choi, VLSI Tech., 2016.
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Background: Lateral charge loss in 3D NAND

Ref: H-J. Kang , VLSI Tech., 2015; ** B Choi., VLSI Tech., 2016

Lateral Charge Loss depends on adjacent cell states

What kind of traps attribute to lateral charge diffusion?
IEDM 2017.
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Schematic of charge loss in 3D NAND
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First-principle calculation targeting SiN CT layer
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First-principle calculation of trap defect in Si3N4

¾relax : LDA
SCF   : HSE (α=0.1)

¾k-point : 1×1×1

¾Cut off energy: 50 Ryd

¾Max optimize force: 
0.01 eV/Å
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Possible trap defects in Si3N4
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Intrinsic trap defects in Si3N4
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Eliminating shallow traps: H-incorporation

H helps to deepen those shallow traps (VN, VN-OHi)
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Eliminating shallow traps: H-incorporation

With H corporationWithout H
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¾O-incorporated defects (VN-O, VN-Oi) induce shallow traps

¾H helps to deepen those shallow traps (VN, VN-OHi)
IEDM 2017.
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Eliminating shallow traps: H-incorporation
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Instability of H-bond

D
at

a 
R

et
en

tio
n 

Program/Erase Cycling

Sh
al

lo
w

 tr
ap

 d
en

si
ty

With H process optimization, DR could be improved at the fresh state 

H bond is not stable under repeated Program/Erase cycling

IEDM 2017.
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Diplogen instead of Hydrogen
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Multiscale simulation (modeling)
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Multiscale simulation (modeling)
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Section Outline

� Lateral charge loss in SiN 3D NAND Flash
- Charge trapping defects
- Multiscale simulation

� cSi/aSiO2 interface defect and CMOS reliability
- Amorphous interface modeling
- Statistical defect distribution
- Charge trapping process
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CMOS reliability as a matter of atomic defects

z Atomistic scale variation (Variability)

z Hot carrier degradation (HCD)
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CMOS reliability as a matter of atomic defects

z Bias temperature instability (BTI)

z Time dependent dielectric breakdown (TDDB)
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Origin of bias temperature instability: charge trapping

SiO2/SiON Manifestation:

Cause:Origin:
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Origin of bias temperature instability: charge trapping
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Origin of bias temperature instability: charge trapping
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Interface matters, so as amorphous structure

Typical MOS structure

Crystalline Si Amorphous SiO2

Trapping center
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Combining DFT and Marcus theory

Unpublished contents 
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Reorganization of the trapping center

Unpublished contents 
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Coupling between carrier and trap: trapping dynamic

Unpublished contents 
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Coupling between carrier and trap: Scaling Law

Unpublished contents 
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Coupling between carrier and trap: Validity of WKB

Unpublished contents 
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Electron trapping rate to oxygen vacancy

Unpublished contents 
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Outline
� Introduction

- Continuous modeling to atomistic simulation
� First-principle computational nanoelectronics

- Density-functional theory (DFT)
- Performances of “unknown” transistors
- Reliability as a matter of atomic defects

� Outlook for petascale first-principle simulation
- Electronic structure
- Quantum transport

� Summary
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Summary

� Necessity of “atomistic” approach for advanced 
technology nodes.

� First-principle computational nanoelectronics
- Simulation based on “parameter-free” DFT
- So that can predict “unknown” transistors
- As well as reliability issues related to “atomic” defects

� Outlook for petascale first-principle simulation
- Electronic structure: up to 1 million atoms (real device)
- Quantum transport: up to 10~100 thousands atoms

� Next generation of TCAD is expected to be DFT

Not presented
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