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Intel Roadmap

Innovation Enabled Technology Pipeline
Our Visibility Continues to Go Out ~10 Years

3Znm | 2Z2nm 14nm 10nm 7nm Snm
2009 2011 2013 2015+

Manufacturing Development

Future Options
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Today: non-planar 3D devices
Better gate control!

http:/www.goldstandardsimulations.com/index.php/news/blog_search/simulation-analysis-of-the-intel-22nm-finfet/
http://mwww.chipworks.com/media/wpmu/uploads/blogs.dir/2/files/2012/08/Intel22nmPMOSfin.jpg



Today: non-planar 3D devices
Better gate control!

22Nnm = 17 atoms

anm = 64 atoms
20 nm

http:/www.goldstandardsimulations.com/index.php/news/blog_search/simulation-analysis-of-the-intel-22nm-finfet/
http://mwww.chipworks.com/media/wpmu/uploads/blogs.dir/2/files/2012/08/Intel22nmPMOSfin.jpg



Today: non-planar 3D devices

Better gate control!

1,085 atoms
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Roadmap of finite atoms!

NEM@5

Innc ne
Ot 5
32nm snm
2009

Manufacturing Development = Research e

Future Options

-~

Hmmmnqm-rmm

nm Node 22 14 10 7 5
Node atoms 176 122 80 56 40

Critical atoms 64 447 297 207 14
Electrons 160-190 64-80 30-38 18-23 11-15



NEMS Industrial Device Trends and Challenges

65nm Node

2005
45nm Node

2007

wp32nm Node J- -
2009 22nm Node __~__

.‘- “'ﬁ 2
e

30nm Length
(Production ramp-up)

SiG(_a S/D_ i Lengt BN
Strained Si e

C-nanotube i I
Prototype

g
Nanewire
Prototype .
N (Resea rcgy

[Rﬁsearch}

Robert Chau (Intel), 2004

~\

Observations:

» 3D spatial variations on nm scale
 Potential variations on nm scale
* New channel materials (Ge, IlI-V)

PURDUE © Gerhard Klimeck

Questions / Challenges
e Strain ?

e Quantization?
» Crystal orientation?

o Atoms are countable; does
granularity matter? Disorder?

 New material or new device?
Assertions of importance

« High bias / non-equilibrium

* Quantum mechanics

« Atomistic representation

» Band coupling, non-parabolicity,
valley splitting

» Local (dis)order, strain and
orientation



NEMOS -/Bridging the Scales

From Ab-Initio to Realistic Devices

TCAD
<€ >
Transitions

nl n‘ | I mn Sensors
—3] Quantum Dots,
/ Wires, Wells
_—————1 Dispersions

Designed
Optical

A

Energy (V)

Current

Atomic Orbitals tuture Nanoscale Quantum States | Og;g:vgcableaf:r::iz:tsi:?om
size: 0.2nm Millions of Aioms_»'(Artificial Atoms, size ~20nm) =P Atomistic Quantum Mechanics
Goal: Approach:
» Device performance with realistic ¢ Ab-initio:
extent, heterostructures, fields, etc.  Bulk constituents
for new / unknown materials « Small ideal superlattices
Problems: e Map ab-initio to tight binding
* Need ab-initio to explore new (binaries and superlattices)
material properties e Current flow in ideal structures
 Ab-initio cannot model non-  Study devices perturbed by:
equilibrium. « Large applied biases
« TCAD does not contain any real e Disorder

material physics e Phonons o



NEMO - Multi-Scale Modeling

Atom
Positions
~10-50 million
atoms

Geometry
Construction

4

Atomistic

. Relaxation

o Valence Force Field
(VFF) Method

_________ l l

Piezoelectric
Potential

Valence
Electrons
~0.5-10 million

interactions
Few States

PURDUE @ Gerhard Klimeck

Hamiltonian .

Construction

4

Single Particle
States -

Many Body
Interactions

Electrical / o0 Piezoelectric eff.
Magnetic field Pol. charge density
. o Empirical tight binding
Optical Prop. . .
Electronic Str sp3d>s* + spin orbit
optical Prop. o SCP: Poisson + LDA

Electronic Str .
o Slater Determinants

10



NEM ?ﬁé 5 Quantum Transport far from Equilibrium

Macroscopic
dimensions

Non-Equilibrium Quantum
Statistical Mechanics

©
A\
0\&‘\) . A\
A Atomic
Drift / © a(\&\‘“\ dimensions
Diffusionﬁ oV
L Boltzmann
/7,}.. Transport "
‘e o
O’,b Non-Equilibrium
Ooé/ Green Functions




A Journey Through Nanoelectronics Tools
NEMO and OMEN

- NEMO-1D | NEMO-3D | NEMO3Dpeta | OMEN NEMO5

Transport Yes

Dim. 1D any any ®
Atoms ~1,000 < 100 Million ,00 >
@,
Crystal 3¢ 100], STYe
o @ . y “ Any O
Strain Za S S
@ \‘ O 4

Multi- - O, ‘6 X pin,
physics A, 3O0s G Classical
Parallel 3 levels 1 level A 4 levels
Comp. 23,000 cores 80 cores 5 100,000 cores

4 pubs cites: New 2011-
All codes: 166,157,131,128 '

2 Intel, Samsung, GF,

>100,000 lines >e BM, LockheedMartin
>
>300 papers _ . 1OQ research groups
4 top pubs cites: & 3 Nature Nano 2012: 4 pubs cites
545,157,128,82 135,59,54,30

Patents:2 1 patent



NEMS Core Code /. Theory Development

« NEMO-1D (Texas Instruments ‘94-'98, JPL ‘98-'03)
» Roger Lake, R. Chris Bowen

« NEMO3D (NASA JPL, Purdue, '98-'07)
» R. Chris Bowen, Fabiano Oyafuso, Seungwon Lee

* NEMO3D-peta (Purdue, '06-'11)
» Hoon Ryu, Sunhee Lee

« OMEN (ETH, Purdue, ‘06-"11)
» Mathieu Luisier

« NEMO5 (Purdue, ‘09-'today)

» Developed in a team
- professionals:
T. Kubis, M. Povolotsky, J. Fonseca, B. Novakovic, A. Ajoy,

H-H Park, S. Steiger

- students:
Tarek Ameen, James Charles, Junzhe Geng, Kaspar Haume, Yu He, Ganesh

Hegde, Yuling Hsueh, Hesam llatikhameneh, Zhengping Jiang, SungGeun Kim,
Daniel Lemus, Daniel Mejia, Kai Miao, Samik Mukherjee, Seung Hyun Park,

Ahmed Reza, Mehdi Salmani, Parijat Sengupta, Saima Sharmin, Yaohua Tan,
Archana Tankasala, Daniel Valencia, Evan Wilson, -



Thanks to

Research Group

@Purdue

@NASA JPL 1998-2003
@Texas Instruments 1994-1998



Industrial
Development

:_I?, - %

) NSF-NEB

‘ X ,O ] nature OO e/?f
28’600 USEIS $6? : gate L“._m] nanotechnolog, ‘/77,0 (/[‘/Z

ol

Martin Fuechsle', Jill A. Miwa', Suddhasatta Mahapa

anf Oliver Warschkow', Lloyd C. L. Hollenberg?, Gerhard
- i The ability to control matter at the atomic scale and build

15



Network for Computational Nanotechnology nonoHUB.org
Broad Capability Overview

24 years development

eTexas Instruments
*NASA JPL
*Purdue

SiG

Si



24 years development
eTexas Instruments
*NASA JPL

*Purdue

*Peta-scale Engineering

—e— Double Precision I, 2 QP
AP L\
0y —4— Mixed Precision 2
'm,)e ‘: ,q:\
10° |
» )
z f E
£ | E
g 11002
= | g
104 r ] E
» 4 parallel levels
[ : Voltage 20x :
o Momentum 30x :
¢ Energy /N 420x-1470x o)
Space Ox o"z-
|
Ty B 1
2700 11,070 44,280 221,

Number of Cores



% Network for Computational Nanotechnology nanoHUB.org
U|gh Performance Computing W|th NEI\/IO/OMEN

—— Doub[e Preason
—A— Mixed Precision

24 years development ACKELIOICOR Bel Frigs
e [exas Instruments

_ Mathieu Luisier, Timothy B. BoyKkin,
° N AS A J P L Gerhard Klimeck, Wolfgang Fichtner
i P u rd ue i Atomistic Nanoelectronic Device Engineering with
*Peta-scale Engineering ,
*Gordon Bell | & - i e

c &7 COMPUTER
Thom H. Dunning; J©. Sl s

Sustained Performances up to 1.44 PFlop/s

Gordon Bell Chair



Network for Computational Nanotechnology nanoHUB.org

Basic Science

~ 0\ \-
. —e— Double Precision DA :@\

—— Mixed Precision 9‘ 2 QS

~ N\NT t\

10
w
- g
@
1 Bell Prize e E
BT = 100 §
g ]
Mathicu Luisier, Timothy B. Boykin, §
Gerhard Klimeck, Wolfgang Fichtner 10“ §
4 parallel levels
Atomistic Nanoelectronic Device E ring with £ Voltage 20x
e Momentum 30x
£ Energy 420%-1470x 7))
Space 9x ‘o
2700 11,070 44,280 221 ,480
Number of Cores

Ohm’s Law Survives to the

Atomic Scale .
B. Weber,* S. l'l.ﬂahaplatra,1 H. Ryu,z" S. Lee,? SClence L. Thompson,1

W. C. T. Lee,* G. Klimeck,? L. C. L. Hollenber
As silicon electronics approaches the atomic sc: i bme comparable

in size to the active device components. Maint: is scale is
challenging because of the presence of confining surfaces and interfaces. We report on the

nature
nanotechnology

A single-atom transistor

Martin Fuechsle’, Jill A. Miwa', Suddhasatta Mahapz

.SC I e n Ce . N atU re N a.n O Oliver Warschkow', Lloyd C. L. Hollenberg?®, Gerhard



nanoHUB.org
Broad Usage

- % Network for Computational Nanotechnology

' ‘\‘:‘Q\/‘ \-
+Doub[ePrec|son P ,:1‘.‘\0(\

—— Mixed Precision > 7Y

ROV

______ 10°, ]
3

) f
2 E
E |, 8
E {100 ¢

[ |
Mathieu Luisier, Timothy B. Boykin, = ' §
Gerhard Klimeck, Wolfgang Fichtner 104 E

4 parallel levels

Voltage 20x

. Momentum 30x
£ Energy 420x-1470x

Space Sx

.........

24 years development b

*Texas Instruments e
*NASA JPL g .
*Purdue “;“f”“ T

Pt Angola-T

‘}._'11

*Peta-scale Engineering .. - Powers SPODIS: = gy

*Gordon Bell w~>28 600 Users
eScience, Nature Nano >540,9OO Simulation Runs

Terraletrics. Map data 822011 Geocentre Conzulting, MapLink, Tele Atlas - Tel




Outline

* Device trends and NEMO Modeling Agenda

e Bandstructure Concepts
» Revisit some “old” bandstructure concepts (ancient RTDs)
» Bandstructure in Si nanowires
» Bandstructure and transport in Alloy Wires
» Bandstructure in SiGe wires

« Source Drain Tunneling for Lg<10nm

* Hole Mobillity in SiGe nanowires / FINFETs

 Metal-Semiconductor interfaces

PURDUE @ Gerhard Klimeck ot



MOSFETs

» Bulk Scattering in NEGF

» Scattering in nanowires and UTBs
Steep SS FETs

e Tunneling FETS in IlI-V

e Tunneling FETs in 1lI-N

o Superlattice FETs

 New 2D materials - TMDs

Optical Devices

e Quantum dots

* LEDs in Nitrides

Thermal transport

* Phonon transport across interfaces
Metals

» Grain boundary scattering

PURDUE @ Gerhard Klimeck

Lot’s of Other Exciting Things

but not enough time...

Fundamental Science
 Single impurity devices
» Decoherence in quantum computing

Method Development

* Mode space

» Basis state development

* NEMO5 <~ Wannier < DFT
* NEMOS5 <& Huckel < DFT

* NEMO5 & TB &

« HPC — Phi/GPU deployment
 HPC scalability

» User interface development

22



In Nanoelectronics

we need to think of atoms!

Gas

Quantum Mechanics

Optical Transitions

Coulomb Repulsion
Physics

Solid
Regularly
Ordered Transport
conductivity, mobility
Devices

» Bands are channels in which electrons move “freely”.

PURDUE © Gerhard Klimeck 23



Crystals are NOT isotropic

al is not symmetric
in all directions!

Regularly
Ordered

* Bands are channels in which electrons move “freely”.

PURDUE © Gerhard Klimeck o



F-p

 Crystal is not symmetric T
in all directions! Schrodlnger Eq.

 Orbitals on each atom give electrons HLP — ELP
different directional behavior! Ansatz: Plane Waves
Regularly ' :
Ordered \P oCce ikr

Sl F = fer(k)

* Bands are channels in which electrons move “freely”.
* What does “free” propagation really mean?

PURDUE © Gerhard Klimeck 25



Realistic Material Properties:

* Non-parabolic cond. band
« States outside I" at X, L

* Non-trivial valence band

» Coupled bands

Typical Assumption:

* Decoupled bands

» Parabolic bands

Well-Established:
* Ec, m* describes it all

U = Yo Tav/m*
 Drift diffusion simulators
» Boltzmann Transport sim.
¢ Quantum transport sim.

Will Fail:

*Bands are coupled

*Material variations
on nm-scale

PURDUE © Gerhard Klimeck

Band
Wrapping

Parabolic
bands

Schrodinger Eq.
HY = EV¥
Ansatz: Plane Waves

Y oce™

Woce™ |

Attenuation «

E = fct(k)

Propagation constant k

26



NEMO 1-D Resonant Tunneling Diode Simulation

Atomistic Representation is the Key!
Atomistic Basis Sets

Current

i)

_-H_L Voltage _ \ /—\ / _\ /

s P, PP,

5x d 2x spin

4591?89 Sb 1781 R=5.86 Nominal Size 07/20407 mi

) o o
Usually considered a device g .
This is also a new material! .

Empirical Tight Binding
makes the connection between Quantitative Engineering:

materials and devices! Design, Analysis, Synthesijs

i] 02 04 0.6 0.8
Apolicd Bias (V)

't Density (104 Adem?)
[ .

Currel



N EM ?ﬁé‘ 5 Resonator/State Quantization

Resonator Dispersion E(k)

Ec
— > L D 0 002 004 006 0.08 0.1
2]
Length Wave vector ( a )

PURDUE © Gerhard Klimeck 2



Resonator State Quantization

Effects of Band Non-Parabolicity

Resonator Dispersion E(k)
>100meV :
—
E. |
— b L <+ 0 0.02 004 006 0.08 0.1
Length parabolic Wave vector (Z—ag)
— non-parabolic

» Second state lowered by >100mev ~ 4kT

PURDUE © Gerhard Klimeck 2



Effects of Band Non-Parabolicity

Resonator
>100meV : k — 201
- 1 L
L]
EC kO - L
Length —  parabolic %
non-parabolic Eh
e Second state lowered by >100mev ~ 4KT §
 Second diode turn-on at lower voltages 'g
i

 Valley current mostly due to thermal excitations
 k, about equal - Why is peak current different?

P_U_RDU_E © Gerhard Klimeck

on |-V Characteristics

Y744 #1, Hom.: O 107 ml, Sim.: 09/18/09 ml

20000

15000

10000

S000

Current Density (AJcmz)

1 1
| 10 Band full k. ——

[ e -l

Forw. Bias

10000 ¢

[y

100 £

000 g A

Rev. Biazg — &

1 Band Sim. &—
1 1 1

10 Band ——

10

0.z

0.4 0.e
Applied Biaz (V)



Wave Attenuation in Barriers

Single Parabolic Band

Attenuation Propagation
0.5 ~ ~ /]
k=Im(Kk)
007 Re(K) -
@
‘_>EC ........................ g._ﬁrs.ﬂ ..... y: —
- E 1ok : i
| L | LL]
EV -1.5) 7
-kL

€ 20 v K | |
0.15 0.10 0.05 O 0.05 0.10 0.15

Wave vector (2—5)
—1 Band

P_U_RDU_E © Gerhard Klimeck o



Wave/Attenuation In Barriers

Coupled Bands

Attenuation Propagation
0.5 ~ ~ Y
k=Im(Kk)
T Re(k) -
= ~  Rel
‘ _>EC ........................ .\g._.ors.ﬂ ..... y: EC —
4P CTJ 1.0+ : E -
c ’ . .
Ll “J AN
EV 1.5/ \
el P
€ 20 vV 4 4
0.15 0.10 005 O 0.05 0.10 0.15

2
Wave vector _ag

=1 Band = Coupled Bands

PURDUE © Gerhard Klimeck o



Band Warping in Barriers

Impact on I-V Characteristics

Y744 #1, Hom.: O 107 ml, Sim.: 09/18/09 ml

1 1 I I
20000 L 10 Band full k —— Forw. Bias
5
< 15000
Janl
o —b
EC § 10000
<> =]
L § S000
Vv 'KL [ et Db e
e 0 0.z 0.4 06 0s 1

10000
% i
. Z '
Non-Parabolicity: & 1000 F £
a
» Second state lowered by >100mev ~ 4kT =
: = ¥ Rev. Biag —— &
» Second diode turn-on at lower voltages S 10 Band —— T
 Valley current mostly due to thermal excitations ° 3 1 Band Sim. -8—
. lu 1 1 1 |
Complex Band Coupling: 0 02 04 06 08 1

Applied Bias (V)

° D more transparent - correct peak current
P_U_RD -E © Gerhard KIimecE P 33



NEM oR Stack RTD with Well Width Variation
Vary Well

W| d t h V1909 #2, Nom.: 16/10/16 ml, Sim.: 17111/17 ml V1909 #3, Nom.: 16/12/16 ml, §im.: 17113/17 ml
40000 : : : : 25000
. 35000 | Forw. Bias —— 1 _
W 330000 - Svdiatios o EZUDDU [ S |
-~ < 25000 = i il
o = 15000
2l o o 4 @ 20000 g
< o ©
10000 F ]
5 % :_52 (CEE %15000 %
g 5 £ 10000 F
5000 ]
© sooo b o
0 L D 1 1 1 L
0 0z 04 06 08 i 0 02 04 06 08 {
Applied Bias (V) Applied Eias (V)

° Three nom|na”y 20/47129/47/20 ey ey
Symmetric devices: 1000‘31909 $4¥ 1911 #1,N: 1611616, & 171717 40'560909 #1, Nom.: 12/16/16 ml, Sim.: 131717 ml
47/29/47 A [1] E 9000 1 § 35000 | R

8000 .
47/35/47 A [2] 3 7000 1 50T 1
& 6000 4 % 2s000 - 1
47/47/47 A [3] E 5000 - E 20000 |+ -
. S 4000 1 & 1so00 | -
* One asymmetric ;o 1§ oo | d
. 2000 .
device: © 1000 1911 ] © sooo f 1
U L 1 L 0 1 L 1
35/47/47 A 0 01 02 03 04 05 06 07 0 0z 04 06 08 1
Applied Bias (V) Applied Bias (V)
20/47147/47/20 20/35/47/47/20

PURDUE © Gerhard Klimeck



Quantum Transport in
on-parabolic, strained, and coupled bands

NEM@5

T(E,k=0)
1 03F
e L :
: s
& - '
@ '
= 0.1F E
o H
S I 1 § 1 T | Electron:
0.0 | (a) ! (b) 5 ] | 3 {C] . Dispersion
107 10° 107 10" 00 0.04 0.08 107 10° 107 10" looks parabolic,
Transmission Momentum k Transmission but is NOT
0.0 —~ HHI T(E.k=0.039) * Transmission
- o — — looks replicated,
3 but is NOT
o -0.1 |- HH2 — — N
o T(E.k=0)
= L - - | Holes:
% 0 HH3 * LH, HH, SO
= LH2 B | coupled
T . .
2 L - ~ * Dispersion
- | “complicated”
0.3 HH4 ; | « Transmission
@ T (5) I Arnmntionll
-9 -6 -3 0 : .
1o - 10 = 10 = 10" 0.0 0.04 0.08 Tight Binding Handles
Transmission Momentum k

PURDUE © Gerhard Klimeck

Coupling Between Bands
Strain, Non-Parabolicity

35




Quantum Transport in

on-parabolic, strained, and coupled bands
[ e b= o | | F(k) Memeeeee 28 S LN I, )

e Bandstructure — atomistic device resolution

»Critical for understanding
room temperature, high performance devices

PP T = |

»Effective mass
leads to non-predictive and wrong conclusions

»Tight binding
can handle electrons, holes, strain, band-
coupling/mixing

(A2) AS12U7T 2101

»Modern transistors (Ultra-Thin bodies,
nanowires, finFETs and quantum dots)
look similar to RTD

1ransmission Momentum K Iransmission

PURDUE @ Gerhard Klimeck o



. NEM@5 outline

* Device trends and NEMO Modeling Agenda

e Bandstructure Concepts
» Revisit some “old” bandstructure concepts (ancient RTDs)
» Bandstructure in Si nanowires

PURDUE © Gerhard Klimeck o



N EM N 5 The_effect of quantization

1.8 T
p2 2 - Q °onm /
E = P (2D-guantization) 516 3””‘/, _
| - k _T 3 1D quant./’/

hk? ~ |l © level

E = (parabolic mass) 5 14 evels <7 2nm |
2m. )
1.21 , i) ]
0.2 0 0.2
kx

PURDUE © Gerhard Klimeck Abh”eet Paul 38



NEM@ 5 Quantization and Anisotropy

Quantized in 1 dimension Quantized in 2 dimensions
ultrathin body nanowire

-

0.5

“Cut” through Cut through the
the ellipsoid 3nm kx line

(x-y plane)

PURDUE © Gerhard Klimeck 7




Band Projection in

[100] Si:P Quantum Wells
« 3D->2D projection of Si [100] into a quantum well

Two-fold perpendicular valleys
<001>

|
3D 1

Band-Structure along [100]

STEP 1: 3D>2D
Confinement in kz
Projection to 2D(kx-ky) plane

Energy (eV)
=
N

1A = -237.3 (meV)

S
w

- R b,

2 valleys at I

I meV) e
0.41 Valley Splitting!
/ | 1r=-405.1(meV) 1 valley each at +A
2D (001 _ S
(00 ) <1002 0'50 0056 01 015 02 025

wavevector k(2Pl/a
P_URDUE © Gerhard Klimeck (2Plia) 40



Band projection in

[100] Si:P wires

Si:P [100] Wire
' ' Y/

......

—

_n
(@)
c
Iy
*
o
o
3.
S
o
S
Y]
=
<
Q
o)
~<<
wn
VAN
o
I
o
Vv
&, &
- o
L4 - (4]
|
et
/
=
N

STEP 1: 3D>2D
Confinement in kz
Projection to 2D(kx-ky) plane

01 02 03 04 05
wavevector k(2Pl/a) 4 Va"eys at r

1 valley each at
+A

STEP 2: 2D->1D
Confinement in ky
Projection to 1D(kx) plane

2D (001)

PURDUE © Gerhard Klimeck
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Band projection in

[110] Si:P wires

3D \

Four-fold in-planar valleys

STEP 1: 3D>2D <100>
Confinement in kz
Projection to 2D(kx-ky) plane

<001>

<010>

Si:P [110] Wire
0.15 T T r - .
0.1}

0.05

=005
[

o
“z)

-0.25

0.3+

0 002 004 006 008 04 042

<100>

2D (001) v<110>

<010>

wavevector k(2P1/a0)
2 valleys at T
2 valley each at
+A

STEP 2: 2D->1D
Confinement in ky
Projection to 1D(kx) plane

1D

PURDUE © Gerhard Klimeck
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Energy (eV)

0 01 02 03 04
wavevector k(2Pl/a)

PURDUE © Gerhard Klimeck

Band Projection in [100]/[110]
SI:P Quantum Wire

E ¥
S ;__,_-_—_ = -
> I | |
3 0.1 ( :’:I
o L y
o [T I £ H\H“‘—"'x 4
0.5 0 002 004 006 008 01 012
wavevector k(2Pl/a0)

43



N EM é‘§; 5 Band-Projection: A comparison to SIi'UTB

001 010

Z Si UTB _ _ .
100 :tion of 6 ellipsoids 100 Proj. A"
1: >tion band 3D
0 simutate \) - <010>

Result IUTB Bandstructure(x1_uth)

_ 2D (001) “z100>

110 Proj.
3D

Energy (2]}

<1005 | <010>

Bandstructure Lab.
@ NanoHUB.org

0 0.25
R k [100]

I




ey - Circular 112 Wire
N EM o 5 = " Comparison with Experiment

Sl, CW [112], D=3.0nM  maetal, science, Sl, CW [112]
299, 1847, 2003
22 . 4 —
S 7 35} ¢ ®  Experiment
L el ' — e— OurModel
5, 3
E 1.6t _
W 1.4f 2.2.5
12 o
0 o
— 0.1t p
> © 1.5}
2 02} -
5 03 1
L 04;
g 0.5
o5t
1 05 0 05 1 % T4 T2 s 4 5 6 7 s
Wavevector k [n/ao] Diameter [nm]

Our tight binding calculation provides good agreement with
experiment data (Ma et al., Science, 299, 1874, 2003.)

PURDUE @ Gerhard Klimeck ®



Outline

* Device trends and NEMO Modeling Agenda

e Bandstructure Concepts
» Revisit some “old” bandstructure concepts (ancient RTDs)
» Bandstructure in Si nanowires
» Bandstructure and transport in Alloy Wires
» Bandstructure in SiGe wires
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NEME® s d

Simulated:
2nm [001] wire
Infinitely long

g
=)

e Every band =>
transmission

Energy [eV]
)
)

channel 1.8 : Diriye—r
 Transmission is 0 - 0.5 ) 10 - 4n m.ssgon
quantized omentim FARSIIEH!
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AlGaAs alloy nanowire

Adding Al into GaAs

N
o o

iﬁt‘g"ﬁf- ‘uﬂt' "ﬁt-'-q'nﬁt' 'ﬂﬂ Ordered nanowire
e et T e e e T e T

AT M B 6 LIS 0 LS X -perfect GaAs
- ngi:ﬁ::g: -ﬁ‘#gl
-y
| . . l Insert
s o) o) o) o) A

- -ﬁt‘
» Alloyed nanowire
-locally disordered

-Not periodic
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M

AlGaAs alloy nanowire

VCA Average

Alloyed nanowire
-Average Al and Ga
-locally ordered
-Periodic

Typical
pproach:
VCA

Alloyed nanowire
-locally disordered
-Not periodic
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Bandstructure and transmission of
VCA AlGaAs alloy nanowire
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Bandstructure and transmission of
VCA AlGaAs alloy nanowire
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Truly Alloyed nanowire

-locally disordered

-Not periodic

-Approximate bandstructure - lower bandgap
-Transmission - no steps - resonance features
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Bandstructure and transmission of

VCA AlGaAs alloy nanowire

2.2

;2.1
3 o,
& &>

& g 2

= = 1.92eV
Small cell VCA 1.9y
<+ Supercell unfolded . s s !
: 1 0 5 10 15 20 25

Transmission
VCA Alloyed nanowire
-Average over Al and Ga
== 192ev -locally ordered
-periodic
-every band has step transmission

Truly Alloyed nanowire

e N o ) oy -locally disordered

IS y

..‘:%:3;‘,33:1::%:1::%:3:1‘- -Not periodic

2 SoioR SoICe eoiCe el Sa el Ta 02! -

1'93%94: .:m,%: ;,‘?’:;.,93 - -Approximate bandstructure - lower bandgap
SR IR B IR IR -Transmission - no steps - resonance features
:%-3,‘-:-3.‘"" 2Tl -Localized states - resonant tunneling
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Bandstructure and transmission of

VCA AlGaAs alloy nanowire

Timdthy Boykin, Mathieu Luisier, Andreas Schenk, Neerav Kharche, Gerhard Klimeck
“The electronic Structure and Transmission Characteristics of AlGaAs Nanowires*
IEEE Transactions on Nanotechnology, Vol. 6, 43 — 47 (2007)

Achievements (2007):
true atomistic electronic structure model
Transport with real disordered alloy
Localization of states emerges naturally

Short-Comings (2007):
No true strain model
Contacts are smooth

No |-V
No Phonon Scattering

Features available today in NEMO5
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Atomistic Disorder in SiGe
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el
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Atom Positions Fluctuate! => NOT a homogeneous crystal 54
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Special Issue on Nanoelectronic Device Modeling
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SiGe nanowire

Gerhard Klimeck, Shaikh Ahmed, Neerav Kharche, Marek Korkusinski, Muhammad
Usman, Martha Prada, Timothy Boykin
"Atomistic Simulation of Realistically Sized Nanodevices Using NEMO 3-D:
Part Il - Applications"
IEEE Transactions on Electron Devices, Vol. 54, pg: 2090 - 2099, (2007), (INVITED)
Special Issue on Nanoelectronic Device Modeling; doi : 10.1109/TED.2007.904877

Achievements (2007):
true atomistic electronic structure model
true atomistic strain model

Short-Comings (2007):
Not full atomistic transport

Features available today in NEMO5



Compléex Lead structures

NOT infinitely periodic!

Herbert Kromer: The interface is the device

Contacts:

- Are critical to the central device behavior

- Are NOT infinitely periodic

- Have very high electron densities => significant scattering

Existing algorithms require 2 geometric extremes:
- Explicit large representation (too expensive)

- Assumption of infinite periodicity (unrealistic)
No comprehension of incoherent scattering




Compléex Lead structures

NOT infinitely periodic!

Herbert Kromer: The interface is the device

Contacts:

- Are critical to the central device behavior

- Are NOT infinitely periodic

- Have very high electron densities => significant scattering

Existing algorithms require 2 geometric extremes:
- Explicit large representation (too expensive)

- Assumption of infinite periodicity (unrealistic)
No comprehension of incoherent scattering

Lead algorithm in NEMOS5:

Divide lead into segments

Apply unidirectional RGF on lead surface Green’s function

Add smooth damping potential as a function of the lead/device distance

R




Algorithm for regular and irregular leads

Yu Wang, Yu'He, Gerhard Klimeck and Tillmann Kubis

_M; ,ﬁr’*w‘fx’f.i’

Alloydn[!
device

ORDERED DISORDERED ORDERED
Contacts device Contacts

Device:Ibnm

-—GO (CrossBection:@2X2@init&ells)

PL‘I“I" ‘I'"" & OcCilialu NHIICUA
UNIV LS ITY
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Algorithm for regular and irregular leads

Yu Wang, YuHe, Gerhard Klimeck and Tillmann Kubis

i ]

EE T T 2

Purel & J{; gid | 2
GaAs SRR >
. @

)

, 3

c
Alloy@n[ >
device =
»

Device:Ibnm

-—C Carrier Injection from a
=Cl :
pyl - Disordered Contact!

N IVERSITY
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Yu Wang, YuHe, Gerhard Klimeck and Tillmann Kubis

NEM eﬁ; 5 Algorithm for regular and irregular leads

Comparison with transer matrix method in regular leads. Il

A GaAs _ | pre—
nanowire 2 unit M - - - -
: cells
with alloy it
_ uni Random
structures: cellsITT Device: 5nm [13]loy:
0 | | [ , . Ing 4 Gag gASIT
pure GaAs
ol ———alloy in device |
......... alloy everywhere
S gl
|
s 4f
|_
2r /'ﬁ\ !ﬁ\ﬂ
f"»«!/u -.\\.“‘”.f-\-’\“ P

LT M .lll"' [ WO
q.B 2 2.2 24 2.6 2.8 3
Energy [eV]

Application in random alloy structures. Il
PURDUE © Gerhard Klimeck 61



Algorithm for regular and irregular leads

Yu Wang, YuHe, Gerhard Klimeck and Tillmann Kubis

10
- pure GaAs
gl ———alloy in device |
""""" alloy everywhere
[ | Random alloy:
6l Iy 1Gag gAS i

Transmission

— AT . ! 1 LN KL [etrey NI W o R e el :
Q.E 2 2.2 2.4 2.6 2.8 3
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Algorithm for regular and irregular leads

Yu Wang, Yu'He, Gerhard Klimeck and Tillmann Kubis

Yu Wang, Yu He, Gerhard Klimeck, Tillmann Kubis,
"Nonequilibrium Green’s function method: Algorithm for regular and irregular leads"
16th International Workshop on Computational Electronics, Nara, Japan June 4-7, 2013

Achievements (2013):
true atomistic electronic structure model
true atomistic strain model
True coherent quantum transport
Treatment of extended disordered contacts

Short-Comings (2013):
No |-V’s yet
No coupling to phonons

Features available today in NEMOS5



ON-Current in Nanowire FETs
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nanowire diameter below 3nm in

* Investigate the ON-current reduction at
experiment

NEM@®5

Objective:

Realistic/atomistic rough interface between Si/SiO,
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NEM Interface Roughness Effect on
| ON-Current in Nanowire FETs

Objective:

* Investigate the ON-current reduction at
nanowire diameter below 3nm in

experiment
Approach: 2.6
» Atomistic simulation using OMEN 2 41
» Combine the effect of phonon scattering Rouch Wi
and interface roughness scattering 2.21 ( i:?m 41;;1)
Impac.t: _ _ _ _ - 2] Perfect wire
* Quantitative match of simulation with £ 181
experimental data ::,? ’
- Significance of interface roughnes E 1.6 Phai30
scattering and phonon scattering captured ~ n[20]
gauntitatively -~ 1.4- IR+P]1]1[20]+RS
Results: 1.2- ﬁ (ﬂrmg:l-lﬂf nm)
» ON-current reduction becomes significant Aog T e A
from diameter 3 nm and below 1 IR+Phn[20]+RS Experiment [22]
 Phonon scattering is more important than 08] (A =02nm) I
interface roughness scattering in ON- s . . . .
current reduction 1.5 2 2.5 3 3.5 4 4.5

Wire Diameter (D‘Si (nm))
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ON-Current in Nanowire FETs

N EM } - Interface Roughness Effecton
: A '-.‘ : M1 a-f' B

Obijective: |
. PR T

« Investigate the (3 Yiirie7 io5

nanowire diame s

oavnarimaont

SungGeun Kim, Mathieu Luisier, Timothy Boykin, Gerhard Klimeck,

"Effects of Interface Roughness Scattering on Radio Frequency Performance of Silicon
Nanowire Transistors"

Appl. Phys. Lett. 99, 232107 (2011);d0i:10.1063/1.3665939

Achievements (2011):
Explicit interface roughness representation
Top of barrier transport model
Phonons included through mobility model

Short-Comings (2011):
No full NEGF I-V’s yet
No coupling to phonons

Features available today in NEMOS5



Outline

* Device trends and NEMO Modeling Agenda

e Bandstructure Concepts
» Revisit some “old” bandstructure concepts (ancient RTDs)
» Bandstructure in Si nanowires
» Bandstructure and transport in Alloy Wires
» Bandstructure in SiGe wires
« Source Drain Tunneling for Lg<10nm
» Tuning the effective mass for the channel material

PURDUE @ Gerhard Klimeck o



MOSFETs at Lg < 10 nm

ISSCC 2003 / 50th ANNIVERSARY

Forty Years of Feature-Size Predictions
(1962-2002)

Christer Svensson
Linképing University, Linkbping, Sweden

“It is important to note that at 8nm,
we are very close to a direct source-
drain tunneling limit, which, in fact,
is very fundamental.”

Does source-to-drain tunneling limit the ultimate scaling of MOSFETs?

Ting Wang and Mark Lundstrom
School of Eectnical and Compuier Engingenng, Pordue Litiversity
Weat Lafiyene, IN USA 47900 125

[EDM 2002: “The results show that
source-to-drain tunneling does set an
ultimate scaling limit.”

Device Scaling Limits of 5i MOSFETs and Their
Application Dependencies

WACIE 1 FRANE. wooamre, max, BRORERT H. DERNARD maLiow Bax,
ECAAS R A MERMEEE. EE. B S SO, pr L. IEE. YLAN TALE. FELLOAS. IERE
aovme MO S PHTLEF WONE FRLLOW, 5530

"Estimates Indicate that direct source-to-dradn tunneling current
lmits wall start fo dominate the thermal OFF current somawhere

in fhe 10=12-nm regime, thus creating e 11-nm channel lengbh

hmil,”™

188, Proceedings of the IEEE, 2001

*”ﬂ-'a-"* L '\.]"..J BESITY OfF
% FLORIDA 5. & Thompson EEL 6935

“At around 10nm, direct
source-drain tunneling limits
present transistors.”

b .
Lecture on the Limits for Silicon MOSFETs, Fall 2004

Source-drain (SD) tunneling a serious challenge L<10 nm..

ages: http://www.monolithic3d.com/2/post/2011/09/is-there-a-fundamental-limit-to-miniaturizing-cmos-transistors1.html




NEM@S
Tunneling i § |
probability*, T T ocexp| - 2\/2m42 \qed

| >I @= barrier height
(bias)

d= barrier width

m*=effective mass (Channel length)

(material) N e =

Light m* (]) — increased tunneling (]) — limited transistor operation.

* D.J Griffiths “Introduction to Quantum Mechanics”
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Different ' nanowire cases...

Compressive A<1OO>
straln\l <110>
D N\ Compressive
A INAS Si || Si / . —>— strain
r N | N |
\_/ \_J\_/ < Tensile
\/ strain
No strain
(100)
wafer
orientation

5 nanowire cases to be evaluated ....

InAs <100> — current research

Si <100>

Si <100> compressive stress

Si <110> tensile stress < current industry
Si <110> compressive stress

A A

Saumitra Mehrotra




ey Device geometry
_ NEM@5 <8nm MOSFETs

* Larger dle}meter — | gate control Material - Si and 5e19/cm?3
. Sm.alle_r diameter — 1V, Si/ INAS for INAS
variability (<o,,<20mV) .
I—source Lgate:315’7n7/ I—drain /
< —> & 7 > € \/ >
: /
Diameter
(nm) uniaxial strain
ﬁ
\
EOT (nm) 7
N * Uniaxial strain =
« EOT=0.5nm +(-) 2-3 GPa

(ITRS ,year 2024)

Full -band atomistic quantum transport simulations

* Runsheng Wang; et al , "Investigation on Variability in Metal-Gate Si Nanowire MOSFETS: Analysis of Variation Sources
and Experimental Characterization,” Electron Devices, IEEE Transactions on , vol.58, no.8, pp.2317-2325, Aug. 2011 71
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S 1.6 S
Q 0
- 1.4 (a) b)) I (c)
5 o
Q q2[ m=0.178m, | m=0581m |  C| /m=0.075m]
W Si<110>+2GP4 [ Si<110>-3GPa| W}/ InAs<100>
1
0 2 0 2 0 1.5
K (1/a
| K (1) kK (ag) | &%)
|
Si <110> InAs <100>
’g:—: 1 ' :
=~ Si Si
€ -3GPa |-2GPs
'g 0.6} e i
7] Si Si
g (). | Em——— B¢ f 1 - <100> | |-
g InAs +2GPa
: § 0 . 2 < 100> e
€
g ol |

PURDUE @ Gerhard Klimeck

Energy (eV

St / InAs nanowires :
orientation/strain effects

1.6
1.4
(d) (e)
1.2 m*=0.259m0 m*=0.948m0
1 Si<100> Si<100>-2GPa
0 2 0 2
\ k (1/a,) k (1/a,) |
Si <100>

Tight-binding (sp3d5s*)
E-k calculations for a
D=3.8 nm diameter
nanowire.
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S-D tunneling :
OFF state at Lg=5nm

NEM

S

IOFF=0.1uA/um Classical MOSFET operation where current flows
(norm. by Dia.) over the barrier below the threshold point.
0.6 AN
(a) ©) (d)\
0.5 E, =0.35eV -
0.4 . E,=0.29eV E,=0.28eV E,=0.25¢V |

0.3
0.2
0.1
0
-01
-0.2

Energy (eV)

m*=0.1 78m0

m*=0.25‘£§)m0

m*=0.581 m,

m*=0.948m0

-0.3 | Tunnel=99% Tunnel=87% Tunnel=64% Tunnel=41%
-0.4| Si<110>+2GPa Si<100> Si<110>-3GPa Si<100>-2GPa
-0.5 =
0 6 12 18 0 6 12 18 0 6 12 18 0 6 12 18

Length (nm)

Length (nm)

Length (nm)

Length (nm)

e Source-drain tunneling reduces with increasing mass (m*) .
*Barrier height at OFF state increases with reducing m* — degraded
sub-threshold slope.
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Thermionic and. Tunneling currents

Light mass — Heavy mass —
tunnel current thermionic current o
dominated dominated Thermionic _current =
over the barrier current
(b)ym=0.178m, (c) m'=0.948m .
10° S|§.1.‘.1..O.?:I.-.QGP.a.‘.‘.‘.E. ] SI§.1.00.?.=2.GEa.. e —
|tptal /7 ﬁ
_ Ds - A
E : : ,I
§ 1 :"
‘%} 10 , ‘\
_0 |therm|on|c
DS _
- Tunneling current =
10 ? """ "tltl‘ﬁh‘éllmbtlﬁéh'f """" ( thermiomc current Below the barrier
,:’E dommated domlnated current
0 0102 03 04 050 0102 03 04 0.5
VGS (V) VGS (V)

« Calculated tunneling & thermionic current contributions for
heavy and light mass.
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Decoupling tunneling

and electrostatics

Thermionic current =

- 140 ot | O S gdevice over the barrier current
g 120F N\ 8 e ---O---- ggtherm. - \ l
> : :
E 10 e S e
B 8O N o R

 QeeenQpe-Onmermeeer e O O

60 2 - - -
0 0.2 0.4 0.6 0.8 1
— Below the barrier
SS due to only thermionic current. current

o Light transport mass degrades the SS of the device due to excessive
S-D tunneling.

» The lower limit of SS is defined by electrostatics — For the geometry
considered in this work electrostatics lead SS ~ 70 mV/dec.
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N state per

ormance

Strong Gate and Mass Dependence

5n m 3nm 3nm
- Sic110l L 5nm Lg=3nm | 1000} (d) 8221 Po:>
+2GPa é : : \
: 100§ y
| | | 3 100mV/de¢’”
_'LTS% _ balllstlc ) | S . . S = i
: : Si<110> Si<100> %._ %
______ -3GPa  _oGpPa = 10}
....... : . . wv f’
| . | \ | 8 /
InAs<100> ballistic N b 7 N
b 2 S SRS S S | SR ..;_:_;._;..__.;_;;.__....-_-_-__-- A ) InAs<100>
) - 69% _
0 e S ) _© 0.1 , Lg—3.nm
0 02 04 06 038 0 02 04 06 038 0 02 0 4 0 6 0 8 0 0.2 04
CB minima mass (mO) CB minima mass (mo) CB minima mass (mo) VGS V)

 Ballistic ratio for InAs assumed = 90%. ON state recalculated in presence
of phonon scattering for Si<100> (OMEN).

e Current normalized by diameter = 3.8 nm.

 For a given channel length highest ON state performance shows a
peak like nature because of the trade off -> m* |=v; ;1 but m* 1=8S |
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N EM Engineering Nanowire n-MOSFETSs
Sast at Lg < 8nm

L =3nm
-0.2| si<100>
-2 GPa

Lg=3 nm
Si<100>
-2 GPa

Energy (eV)

-0.4| (a) Ballistic (b) Phonon

| BR=69% \o

0O 4 8 12160 4 8 12 16 0
Length (nm) Length (nm)

Saumitra Mehrotra, SungGeun Kim, Tillmann Kubis, Michael Povolotskyi, Mark
Lundstrom, Gerhard Klimeck,
"Engineering Nanowire n-MOSFETs at Lg < 8nm"
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 60, 2171 - 2177, (2013)

Achievements (2013):
true atomistic electronic structure&strain model
Full I-V transport simulations

Effective masses can be tuned —
Effective Mass it is NOT just a material property

Features available todayvy in NEMO5



Outline

* Device trends and NEMO Modeling Agenda

e Bandstructure Concepts
» Revisit some “old” bandstructure concepts (ancient RTDs)
» Bandstructure in Si nanowires
» Bandstructure and transport in Alloy Wires
» Bandstructure in SiGe wires

« Source Drain Tunneling for Lg<10nm
» Tuning the effective mass for the channel material

* Hole Mobillity in SiGe nanowires / FINFETs
» SiGe nanowires: Scattering calculations

PURDUE @ Gerhard Klimeck 78



5nm diameter Si; ,Ge, 5, Nanowire

© e o & ﬁ i3
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5nm diameter Si; :,Ge,y 5, Nanowire

Z
m
=

_ 002 (@) <100> © phonon Scattering rate 1 due

T 0 2oy heavy bands for <100>

I-|.:J'f—002 pu——

5 o *Bandstructure is

5\ HIGHLY direction
| |

_ 0.02 - o e — pr— dependent.

) 0

u .

5 e Scattering rates

§'°°4\ are also direction
-0.06
00 dependent

S (e) SRR G R gng;on

o2 «Alloy and phonon

§-0.04\ scattering rates
006 ) comparable
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6,000 -
— >
) S
| £
NZ 5,000 s
£
5 4000 o\ -
) @
30000 N\ S e I [T G709
ie) 3,000 , :
g 2,000 o 2’52500_ (b) <110>
% 1,000 -..1:r.w:r.r.ﬁ.r:.-::r7::::#::.—: ——————— ..Qr:r:‘.:é:-::.—::.-7: %2’000
< . total > Ge=60% Z 1500
0 i i i i -§1.000' i
0 02 04 06 08 1 5ol e
X, S|1_XGeX 0 . .

 5nm diameter at low carrier concentration of p=5e18/cm3.
« Alloy scattering critical

e <111> has the highest mobility

» <100> has the lowest hole mobility.

To improve upon Si, >60% Ge in SiGe is needed. .




Atomistic simulation of phonon and

limited hole mab. in SiGe nanowires
‘otra, P. Long, M. Povolotskyi & G. Klimeck
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Features availanie today in NEMO5



Outline

* Device trends and NEMO Modeling Agenda

e Bandstructure Concepts
» Revisit some “old” bandstructure concepts (ancient RTDs)
» Bandstructure in Si nanowires
» Bandstructure and transport in Alloy Wires
» Bandstructure in SiGe wires
« Source Drain Tunneling for Lg<10nm
» Tuning the effective mass for the channel material

* Hole Mobillity in SiGe nanowires / FINFETs
» SiGe nanowires: Scattering calculations

 Metal-Semiconductor interfaces

PURDUE @ Gerhard Klimeck o



N EMS Metal Semiconductor interface

Cu/Si superlattice

Objectives
 Fit Tight-binding parameter to ATK bandstructure
 Preliminary simulation to show the capability of NEMO5

Methods
« DFT+ tight-binding model+ NEGF

Results i
» Band structure calculation using TB parameter fits well Z
with ATK calculation —af

» Transmission calculation is done by using NEGF method
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MOSFETs

» Bulk Scattering in NEGF

» Scattering in nanowires and UTBs
Steep SS FETs

e Tunneling FETS in IlI-V

e Tunneling FETs in 1lI-N

o Superlattice FETs

 New 2D materials - TMDs

Optical Devices

e Quantum dots

* LEDs in Nitrides

Thermal transport

* Phonon transport across interfaces
Metals

» Grain boundary scattering

PURDUE @ Gerhard Klimeck

Lot’s of Other Exciting Things

Fundamental Science
 Single impurity devices
» Decoherence in quantum computing

Method Development

* Mode space

» Basis state development

* NEMO5 <~ Wannier < DFT
* NEMOS5 <& Huckel < DFT

* NEMO5 & TB &

« HPC — Phi/GPU deployment
 HPC scalability

» User interface development

85



N EMS NEMO results for ITRS projections (2014)
NEMO atormistic model
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ITRS problem shows growing relevance of atomistic modeling
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NEMO atomistic model

2400 r— T r 2400 p— T r
MASTAR ;
—_ L ITRS projection 'S 2200F »
E 2200f %] g iTRS-2011 %
e 2 3 ",,
< 2000 , g 2000 \ o
= Experiment ~ 1800} AT
Z 1800 : 3 o
EO : Intel-Blk ITRS-MG-2011 :g 1600F
§ 1600-|me| M:\% ITRS-BIk-2011 £ 1400
N - =]

S 1400f e.. O 1200}
< __ bintel.mc®. % Samsuna-Blk [3] = _L Q.

Mehdi Salmani-Jelodar, S. Kim, K. , Gerhard Klimeck,
"Transistor roadmap projection using predictive full-band atomistic modeling"
Appl. Phys. Lett. 105, 083508 (2014)
doi:10.1063/1.4894217

Achievements (2014):
ITRS / IRDS changes model basis
Analytical Scaling with MASTAR =>
Physics-based atomistic model / simulation with NEMO



NEMO Framework for the end of the roadmap

nanoHUB for-the dissemination of tools

Typical publications:

* 500+ around NEMO technology
e / patents

New type of publications __
* Apps on nanoHUB

Published Software G?m gle
» 200+ research groups |

* Industry partners

* Silvaco

nanoHUB Use in 8 tools:
>28 600 Use
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Observations:
« 3D spatial variations on nm sca
e Potential variations on nm scale
 New materials / devices
Assertions of importance
 High bias / non-equilibrium
e Quantum mechanics
o Atomistic representation
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