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quantum V. -shift

Quantum-mechanical confinement effects

Wave length of a free electron with energy kg T at 300K = 8nm!
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quantum V. -shift 5

A

n[R] = Neexp |8 ( Era[R] — Ec[R] — A[R])|

&j[R] = —uksTVn[R] - un[R]V (Ec[R] + A[R])

1D Schrodinger-Poisson solver

n[R]

w}")(Z)‘2 m)(z) exp [5 (Eﬁn(z) N Ef@)]

1
n(z) = B h? Z
15V
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quantum V. -shift 6
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quantum V. -shift 7
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quantum V. -shift 8

MOS (with poly) capacitor CV curves
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quantum V. -shift J

MQOS (with poly) capacitor

eigenenergies wave functions
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quantum V. -shift 10

Quantum depletion at poly-SiO, interface

10 )
— classical

e Schrodinger
— Density Gradient

compensation of quantum shift
at threshold for high poly

without poly doping (~1e20 cm-3)!

quantization

dQ /dV, [fF]

/

with poly

-15 -10 -05 00 05 1.0
Ve [V]

N,=5e17 cm3, t =3 nm, Ag=1 ym?

LN 0) 4

3rd SINANO Summer SChOOI, Bertinoro, Sep. 2008 m Eidgendssische Technische Hochschule Ziirich m

Swiss Federal Institute of Technology Zurich



quantum V. -shift 11

Electron density profile at poly-SiO, interface

V,=0.35V V=1V
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* a “guantum dipole” forms as the electron waves are repelled
from the poly-SiO, interface

* poly quantum depletion disappears with rising V; (smoother
poly band edge curvature)
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quantum V. -shift
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* strength of the quantum dipole depends on doping level within
the first few nanometers

* no effect on CV, if N

poly

< 1e19 cm- at the interface
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quantum V- -shift 13

Effect of exchange-correlation potential on CV curves

q2

Aege,
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comparison single, double, triple, and surround gate 14

3D quantum-drift-diffusion (QDD)
simulation of a nano-scale MOSFET
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Influence of mesh refinement
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comparison single, double, triple, and surround gate 17

Transfer characteristics

CPU time ~ 1 week
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assumption: isotropic, classical mobility

* no corner effect (FD, no channel doping, 3x3 nm wire)

* only little improvement from double — surround (gate overlap, e.qg.
triple gate is an effective lN-gate)
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comparison single, double, triple, and surround gate 18

Transfer characteristics (contd.)
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- quantum V. -shift of ~ 64 mV, independent of gate configuration

- almost perfect shift on V4 -axis — quantum V;-shift can be translated
into work function difference

Swiss Federal Institute of Technology Zurich
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band structure, transport, electrostatics 19

Simulation of quantum-ballistic ON-currents

* Si nanowires (NWs) are ‘post-CMOS’ candidates,
(transistors and connectors)

 transport in Si NWs is often believed to become
“ballistic” (which is wrong)

Cui et al., APL 78(15), 2214 (2001)
Vertical Schottky barrier FETs.

« all produced Si NWs have cross sections >5x 5
nm?2 => no full quantum transport simulation
necessary

* if (in the future) cross sections < 5 x 5 nm?, strong
confinement => band structure effects become
important

* predictive simulations then require: accurate band
structure model, quantum transport solver (OBCs),
self-consistent electrostatics

IBM Ziirich, Walter Riess
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band structure, transport, electrostatics 20

Band structure Atomistic description of a
[100] nanowire with 2.1 x 2.1

» sp3d®s* tight-binding method nm? cross section
* bulk band structure exactly reproduced

* inclusion of strain, defects, surface roughness possible
« extension to nanostructures straight-forward

 gate tunneling and b2b tunneling possible

* high computational effort required for nanostructures,
since 10 bands involved without spin, 20 bands with spin
* bulk TB parameters, no lattice relaxation

TB band structure

Drain

Example: Full Band Tri-Gate FinFET
with

Source

Swiss Federal Institute of Technology Zurich
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band structure, transport, electrostatics 21

Band structure

On-site and two-center integrals

TABLE IV. Tight-binding parameters for Si and Ge (same-site
and two-center integrals) in the Slater-Koster notation (Ref. 3);

units are V.

Parameter Si Ge
E, —2.15168 —1.95617
E, 4.22925 5.30970
E;* 19.11650 19.29600
E,; 13.78950 13.58060
A 0.01989 0.10132
ssor —1.95033 —1.39456
s¥star —4.24135 — 3.56680
ssTo —1.52230 —2.01830
spa 3.02562 2.73135
spo 3.15565 2.68638
sda — 2.28485 —2.64779
s*do —0.80003 —1.12312
ppo 4.10364 4.28921
ppT —1.51801 —1.73707
pdo —1.35554 —2.00115
pdm 2.38479 2.10953
ddo —1.68136 —1.32941
dd 2.58880 2.56261
ddé —1.81400 —1.95120

19 Parameters for Si and Ge:

- Optimized to reproduce bulk band
structure and effective masses

- 4 different orbital types (s, p, d, s*),
=> 4 on-site energy parameters (E_,
E, E., E,)

- Spin-orbit coupling (A)

- 14 matrix elements between orbitals
with 3 different possible bonds (o,
T, and 8). Symmetry + polarization
not considered (Koster-Slater table)

Phys. Rev. B 69, 115201 (2004)
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Band structure

Energy integrals in terms of two-center integrals
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AEPr (pda)4n (1 — 207 { pd)

AP — ) (pda) 11 — P4} (pdw)
PEm (P —m®) (pde) —m (148 —0®) ( pdar)
INTn (B —wm®) (pda) — s (12— m®) (pd)

I[w® — 3 (P w®) ] pde) —V3In® (pdw)
m[a®— (P m®) ) pde) —vEmn® (pda)
nln®— 3P4 J(pda) FvTn (PA-m®) ( pdw)
3w (dde) 4= (Bm?® — 4350 (dd o) 4 (024 B ?) (dd8)
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(@ —m?2 (dde) + [Btm®— (B — w22 ] (ddar) + [+ § (P — ) * ] (dd5)
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Koster-Slater table
Phys. Rev. 94, 1498 (1954)
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How does band structure change with increasing cross section?

Ek [eV]
N

-0.5

k [norm.]

0.5

4 nmx4nm
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band structure, transport, electrostatics 24

Transport

Cut along the transport direction x in the nanowire

Left Reservoir Nanowire Right Reservoir
\

AN

E [eV]

X [nm]

Wave functions are injected from the reservoirs and either reflected or transmitted to the
other side. Band structure of reservoirs can be calculated because semi-infinite. At each
energy all the k-states with positive (left) or negative (right) velocity are selected for injection.
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band structure, transport, electrostatics 25

Transport

Si [100]
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band structure, transport, electrostatics 26

Transport

Output characteristics and transmission for [100]
Full Band (solid lines) vs Effective Mass (dashed lines)
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band structure, transport, electrostatics 27
Transport
WF formalism
H WE) = E WE)
Lowdin orbitals
(rlpr) = > CH(B)po(r — Rip) «
o,ijk
M(E, A)drr)(A) = AE(F))drm)(A)
Hor - C;,n(k) — IO,p,n(k)ﬂ\
\ Injection matrix
Orbital-coefficient vector
34 SINANO Summer School, Bertinoro, Sep. 2008 1S Eldgendssische Technische Hochschule Zirich IR I



band structure, transport, electrostatics 28

Transport

n(z, 1) ::A,E:E:EZIWHRmk *f (Epn(k) = pp)8(z — 2:)8(rs — Rs)

n,p,o i,Rg

) *
dE 11@2 12 s Ps anzl PN C’Ll 3Py anzg P Mp Z211 X
27r

11,22 p Np —1
dE
X Ak f(E_)uP) (R@Q _RH)CS(T_RH)
LNy
dE ||dE |~
T(E) T nz’[r:n |ONS+13p71?n(km)|2 dkm dkn
NEGF formalism

Z Z (H’Ll’LQ G’;’Ll — G;’LQ %211) (riz — ril)é(r — ril)
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band structure, transport, electrostatics 29

Transport

WF — NEGEF (if no incoherent scattering)

—1

S (k) = 1)

AB(k,)
dk,,

Gi? (£) = Z Z gi,p(kn)cfp(k@)

(t,- Np) X (t, - Np) (t,- Np) x (t, - Np)

When NEGF? In case of incoherent scattering.
When WF? Otherwise, because CPU time is greatly reduced!

(N=t,- Ny

(E-H-t- g% t) - g8 =1
(N=2t,-N,)

A(E) - C, = exp(ik,(E)A) - B(E) - C,
(N <t - N,) (PRB 74, 205323 (2006))

M(E) - C. = A (k. (E)) - C,

rd : Eidgendssische Technische Hochschule Ziirich m
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Transport

Benchmark example: 35 nm long [100] nanowire, 1 energy point

TE

12

10t

— TE

— DOS

_\./50
J 140
130

.

13 135 14 145
First task: Open Boundary Conditions =LV
L,*L, nm? t, XNy, Iterative Solver | Generalized EVP | Ordinary EVP
2.5%2.5 1810 197 506 7.2
2.9%2.9 2420 462 1490 18.5
3.3%3.3 3130 1070 3930 39

All CPU times (in sec) obtained on a Sun Fire with 8x2.8 GHz AMD processors
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Transport

Benchmark example: 35 nm long [100] nanowire, 1 energy point

Second task: Transport problem

All times in sec for a 3.3x3.3x35 nm3 NW without SO coupling

#CPU | Umfpack Pardiso SuperLUg,; | MUMPS | Basis Compression | Recursive GF
1 406 271 560 240 105 1418
2 - 141 258 129 o4 -
4 - 84 130 76 31 -
8 - 63 112 56 21 -
Wave Function a NEGF

3 SINANO Summer School, Bertinoro, Sep. 2008
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band structure, transport, electrostatics 32

Electrostatics

Grid Generation for Poisson equation

Grid must be general => Delaunay mesh: no data point (atoms) is contained in
any triangle’s circumcircle (2D) or in any tetrahedron’s circumspheres (3D).

Carriers localized around atom positions Projection of FEM mesh on cross section.
. o =>
n(r) = Z n&(r - r,) No charge in the oxide => larger elements
1

[111]

3rd SINANO Summer SChOOI, Bertinoro, Sep. 2008 m Eidgendssische Technische Hochschule Ziirich m
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band structure, transport, electrostatics 33

Electrostatics

Poisson Equation

VeVV(r) = —q(Ni(r)—n(r))

n(r) Znic‘?(r — ;)

[ ave@vevvE) = —q [ dveE (Vi) - n)

[ avemne) = 3 naw)

rd : Eidgendssische Technische Hochschule Ziirich m
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band structure, transport, electrostatics 34

* MPI
- Blas/Lapack Wire Generator
« Umfpack

« PARDISO

» SuperLU
- MUMPS

» Basis Comp. >
* RGF
» Aztec

Hamiltonian Generator

Boundary Conditions

Poisson Equation

VIPA Transport
No MBUPSMBR

Yes
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Transmission

On-current for different channel orientations 35

How does transmission change with channel orientation?

a
[100] [110]
NI_
0 ee0 e e e I
tox ORRWNSE Loy W
PO 0 0 0 0.0 0 0 P I ¢
$6C0606e
06000 Ee -—
$6666060
ot e e e e %% S
¢ a0 o ) 3
Itox=1 nm L,=4.1 nm
< > v
14 1I 14 1L 1[ 11
12 spin 12} — spin ] — spin
10 ~ Tno spin 10 ~ 7 "no spin - 10 =~ T no spin
; 2 g
] 4 8 E
é E 6 f ] E
5 F
4 S { F
2 2 ’ - [
0 : ' | g 0 0
06 04 02 15 16 17 04 03 -02 -01 14 15 16 0.4 02 15 16 17 04 -03 -0.2 15 16 17
E [eV] E[eV] E[eV] E[eV]
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On-current for different channel orientations 36

How does current depend on channel orientation?

Full-band (FB) transfer characteristics: I;-V ¢ at V;=0.4 V
n-FET with [100], [110], [111], and L,=13 nm

lon=7.7 HA
loy=4.3 HA

lon=1.2 HA
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On-current for different channel orientations 37

Full-band (FB) transfer characteristics: |-V ¢ at V,;=-0.4 V

p-FET with [100], [110], [111], and L,=13 nm
10°
10, |
lon=15.7 pA
lon=10.3 pA £ 107
=
- 10"
lon=2.3 PA — [100]
ON M 6 — [110]
— [111]
112
o [112)

-0.6 -0.5 -0.4 -0.2 -0.1 0

-0.3
v, V]
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Spectral Current

On-current for different channel orientations 38

Quantum-ballistic spectral currents

Can we trust the high quantum-ballistic ON-currents?

V =04V/V =011V V =05V/V =11V
gs ds gs ds
0.2 0.2
0.15 0
0.1 £ -0.2
:
0.05 O 0.4
-
0 g -0.6
w
-0.05 -08
-0.1 -1
0 5 1w 15 2 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

X [nm] X [nm]

Spectral currents atV , =0.4V,V, =0.11V (left) and V = 0.5V, V,; = 1.1 V (right).

There is a strong injection-induced tunneling part of the ON-current. This is a quantum-
ballistic artifact (traveling states from source carry their Fermi level to the drain, negligible
back-scattered states, too low density, Poisson equation shifts the conduction band
down, deformation of S-D barrier, strong tunneling).
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interface roughness 39

How does interface roughness influence the current?

Process variations => cross section variations
Example: [110] nanowire

x=14 nm x=16 nm X=26 nm

interface roughness scattering: S(x)=A2exp(-|x|/L,,)

Swiss Federal Institu

rd i Eidgendssische Technische Hochschule Ziirich
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FB 1,-V, at V4=0.4 V for one possible interface realization

2

10
10’
10~
<
=107
'_:'5
10°° -
=== [100] int. rough.
10—8 — [100] perfect |
. === [110] int. rough.
10_10" | | — [110] perfect
0 0.1 0.2 0.3 0.4 0.5
V, V]

1) Sub-threshold swing remains constant: S = 60 mV/dec.
2) Threshold voltage V,, /7, drain current I, \
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interface roughness 41

Variation of the threshold voltage V,, at vV, =0.4 V
[110], [100], [111], and

0=9.3mV

15; 1

—gﬂ -20-10 0 10 20 30
ANLS N1/
VAN 4 th LIEL Y §

- 0=24.8 mY

-60 -30 0 30 60 —910 —-20 0
AV th [mV] AV h [mV]

20 40
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interface roughness 42

Performance summary: ON-current, OFF-current, roughness

110
100
112
111

[110] has the highest on-current, is the least sensitive to interface roughness
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source-drain tunneling 43

Simulation of tunneling-induced OFF-currents

L, influence for nanowire n-FET with [100] channel

Lg=4 nm Lg=7 nm

0.6
I I

L L 04

3 3 02

© S 0
k= k=

L -0.2 S -0.2
(Vp] (Vp]

-0.4 -0.4'

1 10 20 30 40 1 10 20 30 40
Slab Position Slab Position
Lg=10 nm Lg=13 nm

— 0.6 — 0.6
o o

~ 04 ~ 04
- -

O 02 O 0.2
< <

e 0 = 0
] ]

& -0.2 G -0.2

-0.4 -0.4

1 10 20 30 40 50 1 10 20 30 40 50 60
Slab Position Slab Position

Swiss Federal Institute of Technology Zurich
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source-drain tunneling 44

14-Vqys @ V4=0.4 V for 4 different channel lengths (4 nm, 7 nm, 10 nm, and 13
nm) and for [100], [110], [111],

0.6

2 . . 0L2V v
V] V]

0.6
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source-drain tunneling 45

Sub-threshold swing S as function of gate length L
Low effective mass => high on-current / strong tunneling

130 1
— [100]
120 — [110] |
— [111]
110 |
2 [112]
S 100 ]
S
E 90 .
(0p] 80 |
70 ]
°0, 6 8 10 12

Gate Length [nm]

3rd SINANO Summer School, Bertinoro, Sep. 2008 m Eidgendssische Technische Hochschule Ziirich m

Swiss Federal Institute of Technology Zurich



interface roughness 46

Performance summary: ON-current, OFF-current, roughness, S-D leakage

[110]
[100]
112
111

[110] has the highest on-current, is the least sensitive to interface roughness,
but suffers the most from source-to-drain tunneling
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gate tunneling leakage 47

Triple-gate nanowire FET with
poly-Si or TiN contacts

g

6 v,

A\

Np=102cm-3

\)

Lg=10 nm

— L, =10 nm

EOT =1nm

N

1 nm SiO, 0.5 nm SiO,

3.5 nm HfO,

Popular 3D mode-space approx. not
suited => multi-terminal real space
simulator (eff. mass!)

3D Schrodinger equation

Hly:> = E|yp:>

eff. mass approx. + finite difference
<rlgg> = %C/jk(E)(S(r' Rjik)
3D sparse Iinea:jr problem Ax=b

(E-H-Zo-Z,-2.)-C = S, 4D, +G

Inj” “Inj’ Inj
BCs and injection mechanism
M-Cg = 2-cos(kg)-Cg

3D carrier and current densities

C.
Zk) / uk\ J(X

n(Xx;Y;, Yj3Zk)

Poisson equ. &» Observable
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gate tunneling leakage 48

Spectral gate current and total device current along the x-axis

V,=-0.2 V, V4=0.05 V V,=0.0 V, V,=0.60 V

I
I

(=

Device Current I(x) (LA)
E (eV)

Device Current I(x) (LA)

0 5 10 15 20 25 30 0 5 10 15 20 25 3
X (nm) X (nm)

current conservation: I(x,)-l(x,) =I5
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gate tunneling leakage 49

Isosurfaces of the gate current for a triple-gate structure
Si0, dielectric layer + TiN metal contact

Current escapes at the gate corners

Vy=-0.2V, V,=0.05V V,=0.0V, V,=0.60 V

—— Lg=10yv ——

el el

N
t5;=3nm
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gate tunneling leakage 50

Current trajectories around gate corner

1D approximation vs full 3D (projected)

v “ Si i
v .
£ o |
=) P Si02' il
> P -
Vo TiN Gate
T 13

=P current J(x,y) -===«p 3D trajectories ===«p 1D straight lines

Eidgendssische Technische Hochschule Ziirich
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gate tunneling leakage 51

Gate stack: SiO, (0.5 nm) + HfO, (3.5 nm, m* = 0.2 m, &, = 25)
Performance: Good threshold voltage V,,, low off-current I,

Dielectric + Contact Structure Transfer Characteristics
< 2 | | |
_ _ %10 — V=005V
S|02 § Ne= Vv, =060V
/\ g 10 i l
O 1
-y A ’T‘ !
3 T
w 1.8 eV o 19 |
HfO, ' HfO, 3 | PP
-8 -10 1I ‘o" LaemmmmT
v = 10 Feemaeas L--- . "..-"'
T ------ "'hj ,ﬂ:'-;- i
g 14'\_1'£1r . i".-: . . . .
— y(m) —— 5 -02-01 0 0.1 02 03 04 05 06
3.5 nm 3.5 nm V (V)
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52

Stack reduces gate current by 7 orders of magnitude at low V

gs’

a factor of 40, and keeps the same on-current

<

310" ———

% — Si0;

@ , —— Stack

510 " ¢

O S S

1

$10° |

&S 4 PP

§®) -"

S10 Ly

% ~14

S 10 e —

5 -02-01 0 01 02 03 04 05 06
VgS(V)

off-current by
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band-to-band tunneling (GIDL) 53

— _ + —
F+ T
~3/2 C + 3/2 C
o ’ (FI(Fj ) exp “ (Fe) exp| —
bb 7/2 RP — R off F
net = AF (F+n: ) (P +n: o) . " .
i,eff i,eff 0 ™
; , -1 1= _o
exp(kT) exp( kT)

+ 3/2
Fo = B(Eg qtho)

Swiss Federal Institute of Technology Zurich
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band-to-band tunneling (GIDL) 54

substrate current (A)

120nm bulk MOSFET

ooooooocoo00000000000000OOOOOOOOOOE

oo
o° data i
o0 ]
&6 oogoooooo000oooooooooooooooooooooooooé
- < - ]
(o]
e o -3
o\
o8

00006
o Vpe=1.0V
o Vpe=1.5V
0 Vpe=2.0V |

A0000000000000000000000000000000;

Vps=2.5V |

wod 0ovnnd 4 oaan

gate voltage (V)

* No direct experimental verification
of the B2B rate in Si exists
 Calibrations based on GIDL data
rely on correct modeling of lateral
dopant diffusion
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band-to-band tunneling (GIDL) 55

22nm UTB DG SOI (PULLNANO template)

Band2BandGeneration
P 2.2E+27

1.6E+24

1.1E+21

> 0.005
8.2E417

. 5.9E+14
0.01
1 pn-junction
0.02-1 -
-0.01 0 0.01
X
* The non-local B2B model accounts for the 0005
“dark space” near the oxides. This reduces the

rate compared to a local B2B model. 0

« Maxima of the electric field do NOT occur in the o
pn-junction, but right to the drain-side gate
corners (largest voltage drop).

- => the B2B rate is also located right to the gate "
corners and NOT at the metallurgical pn-junction. . 1

» The B2B rate cannot be changed much by 0.025 j

“dark space”

Band2BandGeneration
B9 2.2E+27

1.6E+24
1.1E+21
B.2E+17

l 5.9E+14
-1.5E+11

0.01 0.015 0.02
X

gate contact

ElectricField
-—
.. 2.5E+08

&= 5.0E+05

T ey

field maxima

changing the steepness of the pn-junction. 0.2

o
o7
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Incoherent scattering

Example: acoustic phonon scattering

hw, « kgT hw,=cq
2
=2kpT

2
PCs

XS (r ' E) = G<(r,r', E)o(r —r’)
G< =GH(Z5 + 25 +55)G4
(E—-—H-Y"G% =1
E+ hw, = E
=2kpT

2
PCs

SHE(r, v E) = G(r,r', E)o(r —r')
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Incoherent scattering 57

Scaling @ V;4=0.5V, Vps=50mV TG 5x5x25 nm3 NW FET
1.56—05 T T T T T T T T T T T
| -5
5nm x 5nm - 10 3
g | I
E 1e-05 - %
ot ] i c
> o
;i ! 5107 |
S _ N | ~ AlLg © :
nm x 3nm —— QDD (S-Device)
5e-06 - \ 1 +—= QB (Simnad)
! | »—= ac (Simnad)
P B P | A R -7
0 5 10 15 20 25 30 35 10

0 0.5

gate length (nm) gate voltage (V)
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Incoherent scattering 58

Example: Triple-gate 5Snm x 5nm NW FET

TGNW-FET (courtesy EU SINANO project)
Gate length: 25 nm (65 nm technology node).
Channel Cross-Section : Square (5x5 nm?).
Source/drain extensions: 10 nm.

Oxide parameters: material is SiO, (k~3.9).
Field Oxide Thickness : 1.5 nm.

Buried Oxide Thickness : 150 nm.

Gate electrode work function: 4.1 eV.

von Neumann boundary conditions at S/D ends.
Doping specifications:

Substrate undoped, source and drain: N,=10%° cm-3.

0 15 6.5 8 0 10 35 45
1.5
undoped
6.5 i
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Incoherent scattering
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S-DEVICE mesh for the TGNW-FET and electron density at Vo = 1.1V

trhigate _rough_msh.grd - gv_gqdd 000011 _des.dat

|Shcexitngate _tough_msh.gid - gv_gdd_QC0011_des.dat]

elensity

. 16E+2D

75E+19
35E+19
17E+18

. TBE+18
J6E+14

002

0,002

0.004

ellensity

. 1.6E+20
7.5E+19
3.5E+19
1.7E+18
AE+13

E+18

-0.002

L L
] 0.002 0.004
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Incoherent scattering 60

current (A)
=)

Comparison of currents

Vps = 0.11V Vps = 1.1V
= __ 1 0_5 -_ p™
10° L

factor 3.7 E ; factor 4.2
3 E g 10 3 E
3 E E 1 0_8 E E
o

3 E E 1 0_9 3 '
— QDD (S-Device) | 107" | — QDD (S-Device) 1

~—= QB (GreenSolver) et ~—= QB (GreenSolver) ]

. . . 1 L L . L P ; L] 10_12 . I P R S S S S (S S S S | :
-0.5 0 0.5 1 -0.5 0 0.5 1
gate voltage (V) gate voltage (V)
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Conclusion

* DG and 1D-SP are now state-of-the-art TCAD tools for the modeling of
quantum-mechanical confinement effects

* DG is most practical method, because: (i) quantum-corrected dissipative
transport scheme, (ii) full Newton, (iii) multi-dimensional

« Atomistic, full-band approach to simulate Si nano FETs is possible (and
justified) up to 5x5 nm2 cross sections (wire) or 5 nm body thickness (UTB)

* A variety of effects (channel orientation, strain, surface roughness, S-D
tunneling, gate tunneling) can be studied in the quantum-ballistic limit

* Quantum-ballistic treatment overestimates the ON-current, because (i)
incoherent scattering remains important, (ii) source-drain tunneling artifact

» For ballistic transport use WF formalism and not NEGF, because much
more efficient!

» Challenges: Incoherent scattering, CPU time
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