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Introduction - Goals and Strategy of WP4

B The objective of this work package is to enable device and advanced
interconnect simulation tools to deal with realistic geometries including
variability and process-induced variation.

B To develop and to implement refined physical models which are needed
for the simulation of advanced More Moore devices like FinFETS and
Nanowire Transistors, especially when effects of confinement, quantum
behaviour and charge granularity come into play. Interconnect models will
be developed, which properly account for grain boundary and surface
roughness effects on electron transport.
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Introduction - Basic Physics
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Introduction - Basic Physics
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Conduction band consists of six energy ellipsoids (A) along the confinement
plane and uniaxial tinsel strain.
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Physical Model

Drift Diffusion

Recalculate
Fermi Levels

l
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Solve Poisson’s Equation

Solve Density Gradient Equation

Calculate Effective Quantum Potential
«/— n
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Solve Current Continuity Equation

No Overall current
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Physical Model - Drift Diffusion

Poisson
Schrodinger

Density

Gradient

Classical
Simulation

Parameters Value
Gate length (nm) 18 29
Spacer thickness (nm) 5.0 g
S/D peak doping (cm3) 2x10%° N
Channel doping (cm3) 104 L
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Physical Model - Drift Diffusion
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Simulation
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Physical Model - Drift Diffusion

Density
Gradient

Classical
Simulation

Poisson
. Qum Ce QM/ Ce Schrodinger
Device  (10%/cm)  (10%F/em)  (10%/F) | ¢
56.63x6.63 5.915 1219 |
c7.48x7.48  7.670 5.922 1.295 °
e8x7 8.229 6.171 1.334 )
e10x5.6 7.081 1.361 2
r7.09x6.2 S 6.130 1.300 N
r8.86x4.96  9.104 6.746 1.350
e5.6x10 ¢ 6.771 > 6312 1.073 3
m

The change in shape can have >

Elliptical
10x5.6

20% impact on performance

& ~
The change in orientation can have > |:z
30% impact on performance fg
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Physical Model - Kubo-Greenwood
Scattering mechanism

- Carrier—iarrier Interface sdattering Lattice
€lect  Scattering  rougHness Remote coulomb Scatter|ng

Scattering Interfacegcattering

Optical 4
Crystal thpurity  Alloy }:’ Intravalley Intervalley
defects REanaNs: § L !
- ! Aco stijc Optic
Acoustic Optic
lonised ———
Neutral : Deformm Nonpolar Polar
Potential
electric
&
Coupled 2D Schrédinger El) 1D BTE usingthe Momentum
. . 1
and 3D Poisson solver Relaxation Time (7 = rz)

Matthiessen rule|
1 — Z iz <€ Kubo-Greenwood formalism
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Physical Model - Kubo-Greenwood

B Acoustic Phonon Scattering Mechanism

Elastic and intra-valley transitions are only allowed
B Optical Phonon Scattering Mechanism

Inelastic mechanisms \

The two different transitions among the six equivalent \
X minima of Si must be considered: g-type (intra-
valley) and f-type (inter-valley) processes \

B lonized Impurity Scattering Mechanism

Elastic and intra-valley transitions are only allowed K &

Fixed uniform ionized impurity concentration:
ng =[1017 - 1019 cm3
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Physical Model - Kubo-Greenwood

2D Cross-Sections (Confinement Plane)  Transport Direction <100>

>
2 ‘%0%“‘0 o™
o> . Al

Silicon gate-all-around (GAA) nanowire transistor (NWT) in [100] orientation.
Thickness (T) and width (W) range from T=W=3nm to T=W=8nm for square
and circular cross-sectional shapes including 20 sub-bands.
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Physical Model - Kubo-Greenwood

3 nm cross-section 8 nm cross-section
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© (A L= —_f ® L —— ]
@ 10" Square NW Btg%ioP Ph @ 10" UF Square NW :)tggio‘) Rl |

i |![100] -3nm, n =10%cm®_ _ ;;’[100] - 8nm, n =10"*cm” i

10" ‘Sheet Density 2.8x10 ”cm'zl ' 'Sheet Density 2.8x10 "cm'zl .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Total Energy (eV) Total Energy (eV)

B The multisub-band effects in the scattering rates are generally more
pronounced for smaller W.
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Physical Model - Kubo-Greenwood

3 nm cross-section

8 nm cross-section

1.2
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> 1'0_‘ Square NW ] E oao| ——— Square NW
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B The multisub-band effects in the scattering rates are generally more

pronounced for smaller W.

B Higher energy difference between sub-bands minimizes the electron

transitions.

Slide 17 Jat e
J

ESSDERC
ESScCIRC

SUPERAID7 Workshop “Process
Variations from Equipment Effects to
Circuit and Design Impacts”
September 3, 2018, Dresden

e

i
nNG

Umver51ty
lasgow

§ll SUPERAD |7

Scattering rates (s™)

Physical Model - Kubo-Greenwood

Scattering mechanisms:

B Elastic intra-valley acoustic phonon
B g- and f-type optical phonon

B |onized impurity

B Surface Roughness

Si Nanowire transistors [100]:

B Effective mass calculation for each device

B Different width/height: 3nm — 8nm

B Different shape: square and circular

o T ¥ T L T ¥ T T T T T T T
i Ac Ph @ 309 | Sheet Density 2.8x10 Zem?
107 F g; Ph { 2 T [00], Phonon + SR +1i L
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E = S R
3 -g o ./—-r /CL'///
s // - _ Ora= =0
c -0
10% | £ 100 ¢ '/C.D/C —m—m, , Square
3nm Circular N\W 8 & —e—m,,, Circular
j\, m,, - [100], n,=10"*cm™ w —0—m_, Square
10 L . Sheet Density 2.8x10 “cm™ | ol L — O™ M, Circular
0.0 0.2 0.4 0.6 0.8 1.0 0 10 20 30 40 50 60 70
Total Energy (eV) Area(nm?)
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Physical Model - NEGF

Inputs Class MeshNode 1 MeshNode 2 MeshNode “i

Object Object Object
Parameters Specified L’ g
by the user 27 AtomStruc Class

7’

4
v

MeshNode “Ny.N,.N,”
Object

Or: External VTK File

PR X |

¥ 4

EletronTransp Class

Real Space Hamiltonian
Generator

2D Schrodinger Solver

NEGF Class: Mode Space

Solution

P Poisson Class
# 7
4
& Returns the
MeshNode Class Potential V
Attributes
Index Position I
Self-
Permittivity Material type Consletmncy
Effective Electron
masses density
Hole density Wave
Functions l
Dirichlet Doping Receives the NEGF Real Space
charge Charge

Current

B Nano-Electronic Simulation Software (NESS) - University of Glasgow Device

Simulator
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Drain Current (A)

Physical Model - NEGF
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Drain Current (A)

Physical Model - NEGF

Energy (V)

20 25

15
Length (nm)

Energy (eV)

-0.1
25 30

15 20
Length (nm)
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Physical Model - NEGF

Energy (eV)

15
Length (nm)

Energy (eV)

-0.1

5 10 15 20 25 30
Length (nm)
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Physical Model - NEGF
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Physical Model - NEGF th

Energy
<100 ' <20
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Physical Model - Band Structure

Simulation Method
sp3d5s* tight binding with a Boykin parameter set
- No geometric optimization

[100] transport direction

8nm Square Si NW

From reference [PRB 69 115201 (2004)]

- Effective mass of bulk Si: 0.891, 0.201 m,
(longitudinal, transverse)

- Bandgap: 1.131 eV

Bandstructure

Effective mass
(parabolic fit)
m;: 0.900 m,
mg: 0.215 mg

E(eV)
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Physical Model - Band Structure

Simulation Method

5nm Square Si NW - sp3d5s* tight binding with a Boykin
- No geometric optimization

- [100] transport direction

Lo
\&\S\\\\\\\\Q From reference [PRB 69 115201 (2004)]

%

S

%

(longitudinal, transverse)
- Bandgap: 1.131 eV

S

SRRR

Bandstructure

2%t e e ate e e lntale

%
%
%
%
%
%
%
%
0
99000

%
o
%
%
&
%%
5
'
g

KX

E(eV)

parameter set

- Effective mass of bulk Si: 0.891, 0.201 m,

Effective mass
(parabolic fit)

<& m;: 0.917 mg

__m¢ 0.231 mg
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Physical Model - Band Structure

Simulation Method

3nm Square Si NW - sp3d5s* tight binding with a Boykin
- No geometric optimization
- [100] transport direction

From reference [PRB 69 115201 (2004)]

(longitudinal, transverse)
- Bandgap: 1.131 eV

Bandstructure

parameter set

- Effective mass of bulk Si: 0.891, 0.201 m,

15}

10

0.5
0.0 >

Eg=1.49622 eV

Energy (eV)

-0.5

=

Effective mass
parabolic fit)
m;: 0.951 mg
m;: 0.268 m,
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Physical Model - Band Structure
5nm Square Si NW 3nm Square Si NW

.
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Atomic structure of Si NW (3.82 nm)
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Physical Model - Wigner MC

Quantum-Dissipative

Non-Equilibrium Greens' F_..cuon
Dyson Equ?’..on

Density Matrix Wigner Function
Liouville-Von Neumann Equation Wigner Equation

Generality

: quantum-Balistie : hase Space
: Wave Function -l Distribution Function
- . Schrodinger Equation . Boltzmann Transport Equation :

Ballistic Diffusive
A N
< )
N L4

Signed particle approach supports switching between
* Quantum particle evolution: Wigner transport
» Classical particle evolution: Boltzmann transport
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Physical Model - Wigner MC

30 0.007 30 0.007
25 0.006 25 0.006
0.005 0.005
20 20
- 0.004 0.004
£ s E s
= 0.003 0.003
10 10
0.002 0.002
> 0.001 0.001
0 0 0 0
0 5 10 15 20 0 5 10 15 20
x [nm] x [nm]
Quantum electron density [a.u.] Classical electron density [a.u.]
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Physical Model - Wigner MC

30 50000 50000
40000 40000
25
30000 30000
E
20 £
>
20000 20000
15 10000 10000
0 0
0 5 10 15 20 0 5 10 15 20
x [nm] X [nm]
Quantum current density [a.u.] Classical current density [a.u.]
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Physical Model - Wigner MC
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Conclusions and Outlook

B Physical models and methods
Drift Diffusion Method (DD)
Fast and well established method but needs quantum corrections
Kubo-Greenwood

Particle statistical method, needs the appropriate scattering models,
good for evaluating mobility in the devices

Non-Equilibrium Green’s Function (NEGF)

Wave representations of the carriers, able to capture quantum
mechanical tunneling

Wigner Monte Carlo

Particle statistical method, quantum mechanics in phase space
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