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- Continuous modeling to atomistic simulation
* First-principle computational nanoelectronics
- Density-functional theory (DFT)
- Performances of “unknown” transistors
- Reliability as a matter of atomic defects
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Motivation: Inside Electronic Devices
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Motivation: Inside Electronic Devices

Integrated Clrcwts (CPU) Li-ion Battery

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

Dimensions of Device
Active Region

Source: IMEC Modern electronic devices
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Motivation: Inside Electronic Devices

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?




Outline

* First-principle computational nanoelectronics
- Density-functional theory (DFT)




Density functional theory won Nobel Prize

Walter Kohn was awarded with the Nobel Prize in Chemistry in 1998 for his develop-
ment of the density functional theory.

The Nobel Prize medal.

Walter Kohn receiving his Nobel Prize from His

Majesty the King at the Stockholm Concert
Hall.




Density functional theory applications

e The density functional theory (DFT) is presently the most successfull (and also the most
promising) approach to compute the electronic structure of matter.

e |ts applicability ranges from atoms, molecules and solids to nuclei and quantum and
classical fluids.

e In its original formulation, the density functional theory provides the ground state prop-
erties of a system, and the electron density plays a key role.

e An example: chemistry. DFT predicts a great variety of molecular properties: molecular
structures, vibrational frequencies, atomization energies, ionization energies, electric and
magnetic properties, reaction paths, etc.

e The original density functional theoy has been generalized to deal with many different
situations: spin polarized systems, multicomponent systems such as nuclei and electron
hole droplets, free energy at finite temperatures, superconductors with electronic pairing
mechanisms, relativistic electrons, time-dependent phenomena and excited states, bosons,
molecular dynamics, etc.




Density functional theory basic formalism

BWY,(%1, %, ..., &N, B1, B, ..., Ryr) = E;Wi(Z1, %o, ..., BN, B1, Bo, ..., Bar)

ﬁz_%; __g:_VQ—ZZ +ZZ "'ZZZ}?iB

i=1 A=1 1= 1_7>Z A=1B>A

The first Hohenberg-Kohn theorem

This first theorem states that the external potential V.,;(7) is (to within a constant) a
unique functional of p(r) since, in turn V,,;(7) fixes H we see that the full many

particle ground state is a unique functional of p(7).

The second Hohenberg-Kohn theorem

The second H-K theorem states that F'y i [p], the functional that delivers the ground state
energy of the system, delivers the lowest energy if and only if the input density is the

true ground state density. This is nothing but the variational principle:

Eo < E[p] = T[p] + Ene[p] + Eeclp] (31)
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Density functional theory basic formalism

The Kohn-Sham equations
Elp) = Tslp) + = //”(r‘)”(”")d drz+Eu[p1+/h.p(F)dr

‘%Z (Wil V2l + 5 ZZ / / |"'('1)I2—IL (72) [dFidiz2 + Exclp]-
-z 13 z

The only term for which no explicit form can be given is E'xc. We now apply the variational
principle and ask: what condition must the orbitals {v;} fulfill in order to minimize this energy
expression under the usual constraint (v%]17;) = 4847 The resulting equations are the Kohn-

Sham equations:
1 (72) ~Z !
(-5\72 + [/ p, 22+ Vye(i) - Z - ) Ui = (-5V2 + ""'s(f'l)) Vi = €Y
(41)

5 (F1) | 2dry. (40)

riA

LA M
Ve(i) = / 72) oo 4 Vo) = S 24 (42)
r12 =/ T1A
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Density functional theory basic formalism

» Kohn-Sham Density Functional Theory (KSDFT)[1.2]

® Turn many -body problem (complicated) into single

-body problem.

® Many -body effect in exchange correlation (XC) functional.

occ

Exslp] = Y (il - %VQMM + Erelpl + Enlpl + Eaclp] + En

1=1 lon -Electron
energy

Jacobs’s ladder

Accuracy
Accurate quantum
chemistry method
Temple
University

Generalized Gradient
Approximation (GGA)

Coulomb
energy

lon -ion
energy

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

> Unfavorable scaling of O(N3)
in KSDFT

[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 B20.




Density functional theory: extending application

Using density functional theory to design new materials
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Outline

* First-principle computational nanoelectronics

- Performances of “unknown” transistors




Section Outline

= 2D material based tunnel FET

- Performance limit and resonant tunneling
= MoS, tunnel contact FET (TC-FET)

- Gate tunable p-n operation

* In-plane 2D Schottky barrier FET

- 1T(1T’)-2H metal-semiconductor contact




Section Outline

= 2D material based tunnel FET

- Performance limit and resonant tunneling




Technology Node

Background: CMOS power limit

P dynamic =C 'VDD2 P static =W- Ioff 'VDD

Fundamental Limit of Scaling
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Background: thermal limit of subthreshold swing

Electron Energy Band Profile

Ilv > Vv
v : : ¢ n(E) cexp (E/KT) O =
i 00
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Background: options for steep-slope transistor

Electron Energy Band Profile

n(E) o« exp (-E/kT) O
(O N®) -

increasing E

Source increasing
Ves Drain

distance

Question & Discussion:

I i : : . g
o Vg =:6V65‘. i 0@ | how to achieve sub-60mV SS transistor?
d(logolps) |0qgi ia(logmlps)' Option 1: Discard of thermal injection.
- Tunnel FET

B_egz_fg_cio_r_ "_":::::____ Thermall_utn_li_\l _____ | Opt|on 2: Negat“,e C m<1.

: C C : : ins’

\m = tot _ 4 4 S i : —ln(10)' Negative Cap FET

L_____gjyf ________ € ins| i_ 49 _iOption 3: Gate-controlled dynamic strain

Piezoelectric FET




Background: Zener tunneling & tunnel FET

8 1934 :
A Theory of the Electrical Breakdown of Solid:
By Dielectrics :

Clarence Zener

Proc. R. Soc. Lond. A 1934 145, doi: 10.1098/rspa.1934.0116,
published 2 July 1934

eFa (7% mac?
= e (T}
:1959 :
ZENER TUNNELING IN SEMICONDUCTORS

E. 0. KANE
General Electric Research Laboratory, Schenectady, N.Y.
(Received 4 May 1959; revised 24 July 1959)
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: 70 years later, IEDM 2004

ne Tunneling Field Effect Transistor (TFET) as an Add-on for Ultra-Low-Voltage :
Analog and Digital Processes
n Nirschl"?, PF. Wang'?, C. Weber', J. Sedimeir’, R. Heinrich’, R. Kakoschie', K. Schriifer’, J. Holz',}
...... Eo i C. Pacha’, TSchuz’MOsm)r’Amm G. Georgakos®, E. Ruderer’, W. Hansch',
: D. Schmit-Landsiedel
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Background: basic tunnel FET models

Over-estimated current

e*|F|? Jm, ,/ EG
G — ex ’
T= 18nh2 B, 2ﬁe|F| Kane’'s Model

Constant F & Uniform struct.

% G & | !
@Ob Unphysically assign e/h at same x.
N
)\ " Oo(b
S ALNelf 1) \/
Semiclassical WKB
approximation
T '
9 ' Generation of h at x; and e at x;
dE ‘f 7
Gr(E) = Y 365 — TCAD implement
rdx
Esseni, Semicond. Sci. Technol. X [l — CXP(—k,,,f‘ Tﬂ X exp( 2[ hdvx)(f R

32, 083005 (2017).
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Background: atomistic simulation of tunnel FETs

® “Atomistic” simulation: tight-binding + NEGF

a@texpikx) ——— ar@exp(-ika(x-L)) 10
w—p  Simulation Domain

4  (out-ofequilibrium) P :
b, @-exp(-ik, x) br@*exp(lka(x-L)) -

- = = Empirical
—a Ab-initio

| | -
T 1 > X
Reservoir/Contact Device L Reservoir/Contact

-

Hl’L
jdr3 ¢, (r — R,,)ﬁ(f),,2 (r—Ry)

H?1o2 =

nm

(d)

2 4 6 8
Transmission

ni

S92 — Jdl"”(/’:}. (r = Ru) b, (r = Ri)

Wave Vector (norm.)

Luisier Chem. Soc. Rev. 43, 4357 (2014).

(E-Spp — Hpp — 2°(E))-¢(E) = Inj(E).
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Background: atomistic simulation of tunnel FETs

® “Atomistic” simulation: empirical-pseudopotential

-> <« E
e . source
h2 :
E, H=—%Vz+2va(r—R)+Vext(r)

a,R
Yol = D A5 4 w4 (et
. Lale . Channel thickness = 5nm
VAVAYAVAVAVAVAVA : —5—this work

5 5 = ~L% kp NEGF (a)
Tij o [Hij|* = |(Wc,i[H [Py ) . ©O—kp NEGE (b)
Z By k, Un,k, (e : Channel thickness = 3nm
ok, . == this work

-3 T8 NEGF (c)
«)~T8B NEGF (d)

1 EPM Hamiltonian
[‘zw+Zua(r—Rn,a)+vBo<r>—e¢m<r> vi(r)=Ewi(r) (SE)
e SCF lteration

V-[g(r)V(pext(r)]:—sz(r) (PE)

Appl. Phys. Lett. 104, 123504 (2014);
J. Appl. Phys. 121, 224503 (2017).




First-principle approach: Overview

® “Atomistic” simulation: fully quantum based on DFT

p+ source

m

Schrédinger Equation:
Hy, (r)=Eyg (r), H --E-V +V(r)+V, ..

Scattering State Boundary Condition:

{ o (r)+ > Big (r) x—-—eo

nem

> A%t (r) X = 4o
Transmission Coefficients:
I (E)-[ZI.»I_’I: [dE? (k)/dk

System Eigen-States:
(H=E)y(r)=W,(r)
System Scattering State Solution:

.s.-(f)=Z’:<‘,Wf(r)
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First-principle approach: Method details

Left electrode Right electrode FOI‘ a given energy E, Scatter]ng States
:0:* :0 *&40 :¢ 0 e SC .
DL LLBRORG o o »-(r) can be get by solving the

Schrodinger equation, with the following
Q L Central region Q R T

- - g boundary conditions:

Extended region

G+ BRGNP, zeQy

m+n

v (r) = < *
> ALl (), zeQ,

Then we can calculate the transmission
coefficient T(E) and current /.

L(R) L(R)*

Z | AL 2 [dEL (k) /dK]| where ¢, and ¢,,” ' are the right-going
T.(E) = ) and left-going running waves in left(right)
[dE,; (k) /dk]|k=k,$ electrode, respectively.
26 MR
I = 7 Z T, (E)dE Phys. Rev. B 63, 245407 (2001)
A Phys. Rev. B 72, 45417 (2005)

Prog. Surf. Sci. 90, 292 (2015)




First-principle approach: BTBT in MoS,

n-doped region
(Left Electrode)

........

p-doped region
(Right Electrode)

(a)

top view:

B

z direction

side view:
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(a) Band Profile of MoS, Tunneling Diode
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First-principle approach: defect-assisted tunneling

IEDM 2015, p.12.4
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First-principle approach: defect-assisted tunneling

IEDM 2015, p.12.4
I
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Section Outline

= MoS, tunnel contact FET (TC-FET)

- Gate tunable p-n operation




Background: Various applications of MoS,

1.8 eV (Optical gap) MoS, has various promising properties

1. Piezoelectrics 2. Valley electronics 3. Superconductivity

“{ :. i
sl wt
P S:; _1 Jd |
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LY
4
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B B2.1 ; X . :
T. Cao, et al.
W. Z. Wu, et al,, ’ ’ J.T. Ye, etal,
Nature 514, 470 NS D, £, 7/ (A, Science 338, 1193
(2014) H. Zeng, et al.,
H. Zhy, et al,, Nature Nanotech. 7, 490-493 (2012) 52&122- o
Nature Nanotech. 10, 151 e u,etal,
(2015) K. F. Mak, et al., Science 350, 1353-1357 (2015)

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

Science 344, 1489 (2014).
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Background: MoS, is limited to n-type

1. n-type semiconductor
2. mobility~ 200 cm?/V/s
3. Top/back-gate, high-k

e Field-effect

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




Background: Fermi-level pinning and SBH

B Vel L Gt € Mt 20 ortat & Nt 0 5 contaar
Cot®h Mlede snw

351’ Te, MoS, 7
— » -

1 1 28V ThL.O- gy N : " I'\,,-,
} 45 e B " P fe
. e Riivg
i’so. S=007 Aud =
w : 1 88eV

551 Pdy : ' M

60+ matal work functon !

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 MoS, FET: vdW hetero.

T 2¥ BN
;»Femlaw\'os;
13 Layer BN

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




Proposing tunnel contact MoS, FET: vdW hetero.

® Device design
Direct contact  Tunnel contact (2-4L BN)

Tunneling
- BN+

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




Proposing tunnel contact MoS, FET: vdW hetero.

® Device characteristics

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

® Device characteristics

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

tunnel contact
—

rectifying
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Theory of tunnel contact FET

VeI ThEE B IS 2B KA L T#5h. IEHBE
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5T ;

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




PAVg=—3Vi

2 Vy=-3V
1 0 1 2
Vi (V)
Vg = -3V
 MinC.B | 2V
GND N — Vias
+2V

GND

Theory of tunnel contact FET

3
RS
wvE, A1FE.
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Vds BT g = 4G B IR 3 |k

T30,

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

SlVe— — 3V B 2/ N, BRzEES
=g BEif
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Nat. Commun., 8, 970 (2017).




Theory of tunnel contact FET

2 V=3V 2 V=0V
1 0 1 2 1 0 1 Y
Vi (V) Vas (V)
Yo =2 V, =0V V=7V
2V 2V -2V
GNDff Ve GND | | s Ve GNDN o Vi,
+2V s B2V L2V

JLAAE] T1E2E7SHIFree Band Alignment =B =
Nat. Commun., 8, 970 (2017).




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




First-principle simulation of tunnel contact FET
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Section Outline

* In-plane 2D Schottky barrier FET

- 1T(1T’)-2H metal-semiconductor contact




Background: Fermi-level pinning and SBH of MoS,

matal work functon

& Nt 00 W contpr
Cot®h Mlede snw

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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Energy (eV)

Background: removing FLP by vdW contact

Van der Waals metal-semiconductor junction: Weak Fermi
level pinning enables effective tuning of Schottky barrier
Yuanyue Liu, Paul Stradins and Su-Huai Wei (April 22, 2016)

Science Advances
L \EYNES
Sci Adv 2016, 2:.
doi: 10.1126/sciadv.1600069
) ] Q a (o] (o] q
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Schottky-Mott limit achieved at a price of
sacrificing carrier injection !!!
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Background: metal-phase of 2D materials

Imensity (a.u.)

234 232 230 228 226 224
Binding encrey (eV)

R. Kappera et al., Nature Materials 13, 1128 (2014)




Designing in-plane SBFET from first-principle

Device design

Band structure

MoS;-2H  MoS,-1T  MoScx-2H MoSu—ll MoTer2H Moh»-lf
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7
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Phys. Rev. B 96, 165402 (2017). ACS Apl. Mater. Int. 2018
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Designing in-plane SBFET from first-principle

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

Physical gate length scaling

4 4
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Designing in-plane SBFET from first-principle

Multiple design options
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Outline

* First-principle computational nanoelectronics

- Reliability as a matter of atomic defects




Section Outline

= Lateral charge loss in SIN 3D NAND Flash
- Charge trapping defects

- Multiscale simulation

» ¢Si/aSiO2 interface defect and CMOS reliability
- Amorphous interface modeling
- Statistical defect distribution

- Charge trapping process




Section Outline

= Lateral charge loss in SiN 3D NAND Flash
- Charge trapping defects

- Multiscale simulation




Background: NAND flash, everywhere

High performance, low power, and reliability
mobile
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Background: NAND flash from 2D to 3D

»For higher integration density with more memory cells

DR | ® ® ® ® ® @6 1. Inter-cell interfere_nc.e
70nm 50 nm 40nm 30nm  20nm 1xnm 1ynm 2. Electrons/cell shrinking
N1 Vread N1

(8.5V) (8.5V)

c6 Cross coupling

WL C:l{ll;)l—ingm ED

The BiCS Scaling March
Electrode layer

Blocking Layer

Tunneling Layer

Si Substrate

TP y \
Source:

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

RpuN
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i £ A

BiCS3

BiCS1 BiCS
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Background: NAND flash 2D vs. 3D

Blocking Layer

Tunneling Layer

D

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 p Poly-Si channel w/ lowp

Storage layer Separated FG @
Process sequences Channel First process Channel last process

Gate structure 1-side gate Gate-all-around

Source: *Tutorial on CTF IMW 2010 **




Background: Lateral charge loss in 3D NAND
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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

Lateral Charge Loss depends on adjacent cell states

l7a ral
/dn{:si 4
Thelm4 7 Wifk1]
isgio / 1
Trap-assisted Gog e :
tunneling ™ 'LIK] N\
/ oxiae
/
Poly-Si ~ Nitride ~_|

channel

Tq‘nneluflg Blocking { ) Stored electron contour at initial
P oxioe (") Stored electron contour at 10* s

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

What kind of traps attribute to lateral charge diffusion?

IEDM 2017.




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 Si;N,
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Possible trap defects in Si;N,

e
L

e
IEDM 2017.




Intrinsic trap defects in Si;N,

16 Si rich
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Eliminating shallow traps: H-incorporation

8 14
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H helps to deepen those shallow traps (Vy, Vy-OH)

IEDM 2017.
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Eliminating shallow traps: H-incorporation

Without H ___With H corporation
CB A&53 3 1m
1.38 ' 1231131 1.41 1.48
1_.9eV o I - —
> ($ |
00 | _— |
S :
[ — —
/ - C& I/ +@Z, C3@Z | :@ C8@
I [ ]

VB ¥

»0-incorporated defects (Vy-O, Vy-0O;) induce shallow traps
»H helps to deepen those shallow traps (Vy, Vy-OH;)

IEDM 2017.
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Eliminating shallow traps: H-incorporation
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Instability of H-bond

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

"H bond is not stable under repeated Program/Erase cycling

>

vH 039 8 o
2 s

Si,-H 0942 3
a =

Vy-OH  1.32 E
(7p)

>

Program/Erase Cycling

IEDM 2017.




Diplogen instead of Hydrogen

=(L9%(6.(?1131 ~Cerz
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N = Eg/hw < Eg- \Mgrom »(Ns:'—p = 1.4Ng;_y J ~ Y

the vibrational state of Si-D is 1.4 *
times larger than that of Si-H

» Si-D bond are more stable according to the Multi
Vibrational Excitation (MVE) theory.

Ryve = exp(—Eemi/kgT)

IEDM 2017.
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Multiscale simulation (modeling)
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EDL under review.

First-principle defect calculation
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Multiscale simulation (modeling)
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Section Outline

» ¢Si/aSiO2 interface defect and CMOS reliability

- Amorphous interface modeling

Unpublished contents

- Statistical defect distribution have been removed.

- Charge trapping process information.




CMOS reliability as a matter of atomic defects

® Atomistic scale variation (Variability)

a
B
Ideal Edge “l n

® Hot carrier degradatlon (HCD)

1 o | 1

r} rr~

coordinate along the Intarface




CMOS reliability as a matter of atomic defects

® Bias temperature instability (BTI)

PMOS inversion
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Origin of bias temperature instability: charge trapping

Origin:

G G SIOZ/SION Manifestation:
HK HK / Bias Temperature Instability (BTI) is a crucial reliability issue since it degrades
] IL | | IL | the performance of p- and n-channel MOSFETS used in CMOS circuits. BTI results
yoooooooooo { yoooooooooo { in a gradual shift in MOSFET characteristics, such as threshold voltage (V).
Gate length transconductance (g,,). subthreshold slope (S). linear and saturation drain current
n-type Si substrate p-type Si substrate (Ippin and Ipgat). ete., over time [8], and hence in-turn degrades the performance

I I
T L

Cause:

In the past, NBTI threshold voltage shift (AVr) has been
attributed to only interface trap generation (ANrr) [6]. [7], to
only hole trapping in pre-existing gate insulator traps (ANur)
[8]. [9], to a strongly coupled AN and ANyt mechanism [10]
and to mutually uncoupled ANy and ANyt processes [1]. [5],

[8, 19-23]. NBTI in SiO, or SiON p-MOSFETs is attributed to bulldup of posmve:

charges at the mterface between the Silicon (Si) channel and SiO, (or SiON)
/ dielectric, as well as in the 5102 (or SION) dlelectnc bulk Similarly, NBTI in




Origin of bias temperature instability: charge trapping

Physical mechanisms of negative-bias temperature instability

L. Tsetseris
Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235

A Si-H+H" — D" +H,.

4«\/\/\ behind the degradation. Starting from the first paper suggesting
HD> (1) a hydrogen-diffusion controlled interface state creation mech-
< P-H anism back in 1977 [1], the bulk of literature appeared to be
H2 : unanimously supportive of this reaction—diffusion (RD) theory
until about 2006 [2]-[5]. Then. for a while, RD theory was

(1) assumed to be essentially correct, but hydrogen diffusion was
H suggested to be dispersive [6]-[12].

Si0, |Si

| ———

FIG. I. NBTI steps: (1a-b) Release of H from P-H complexes in the deple-
tion region (easy) or deep m Si (infrequent), (2) depassivation, or (3) entry
of H' in SiO,.




Origin of bias temperature instability: charge trapping

The Paradigm Shift in Understanding the Bias | a° A*
Temperature Instability: From Reaction—Diffusion ) o o
to Switching Oxide Traps

Tibor Grasser, Senior Member, IEEE, Ben Kaczer, Wolfgang Goes, Hans Reisinger, Thomas Aichinger,
Philipp Hehenberger, Paul-Jiirgen Wagner, Franz Schanovsky, Jacopo Franco. . :
Maria Toledano Luque, and Michael Nelhiebel

P
® w

many years. In the last decade, however, a large number of detai:led;
recovery studies have been published, showing clearly that the

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 58, NO. 11, NOVEMBER 2011 ’
T
reaction—diffusion mechanism is inconsistent with the data. As

a consequence, the research focus shifted back toward charge
trapping. Currently available advanced charge-trapping theories A° At

“""{0 asal &

Quite to the contrary, based on a long list of experimental y

observations inconsistent with the RD theory, recent studies

strongly suggest that hole trapping is the dominant contribu-

s 2 - . : PR B? B*

tor to the degradation [17]-[27]. Interestingly, this possibility
was already suggested in the very first papers on BTI [28], , : § @ ,
including the pioneering paper on RD theory by Jeppson and 5. ® y

Svensson [1]. w

S

9




Interface matters, so as amorphous structure

Typical MOS structure

Crystalline Si

Empirical method

) / Trapplng center

A more common approach to calculating defect energies is to ¢ con
551der an ox1de and a substrate separately This neglects the interaction
of the defect with the interface with the substrate, but provides more

overlap between the defect and the bulk band wavefunction. Since the
defect wavefunction is assumed to be strongly localized compared to
the bulk wavefunction, the electronic matrix element reduces to a
tunneling expression to first order. The electronic matrix element can
then be estimated by

&) (R) = (¢"(r, R)I A I1¢(r, R)) (3.53)
= k(g'(r. R)Ig/(r. R)) (3.54)
~ k I¢3(ry, R)P = kA(rg, R, E), (3.55)

Amorphous SiO2

Fully first-principle
(@) (o)

TiO: (101) ZnO(1010)

| _(AG+A)’
4 /1k TP T kT




Combining DFT and Marcus theory

Unpublished contents

have been removed.

information.




Reorganization of the trapping center

Unpublished contents

have been removed.

information.




Coupling between carrier and trap: trapping dynamic

Unpublished contents

have been removed.

information.




Coupling between carrier and trap: Scaling Law

Unpublished contents

have been removed.

information.




Coupling between carrier and trap: Validity of WKB

Unpublished contents

have been removed.

information.




Electron trapping rate to oxygen vacancy

Unpublished contents

have been removed.

information.




Outline

= Summary




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

= Outlook for petascale first-principle simulation

- Electronic structure: up to 1 million atoms (real device)

r-----

- Quantum transport: up to 10~100 thousands atoms

= Next generation of TCAD is expected to be DFT

g, 10 A U A 0106
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