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NEMES

1) Motivation
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N E M5 Length Downscaling

Figure courtesy of Tarek Ameen |
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N E MS Voltage Downscaling

Figure courtesy of Tarek Ameen

Supply and Size Scaling

Why has voltage scaling
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N EMS Importance of Scattering

“that the reduction [compared to
ballistic] of the device drain current,
...Is more important in the ON-state than
in the OFF-state of the transistor”

ballistic yields an underestimation of the
subthreshold current up to 20%

Data from A. Esposito, M. Frey, et. al. JCEL vol. 8 (2009).
M. Luisier and G. Klimeck Phys. Rev. B 80, 155430 (2009). P y ( )
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3 nm circular silicon nanowire, V4, =0.6V
sp3d®s tight binding basis
confined phonon model

3.2 nm square silicon nanowire, V4, =0.5V
non-parabolic effective mass basis
bulk phonon model

Conflicting trends for subthreshold current in literature. How to resolve this?
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NEM@5

Critical Questions:

1) How to increase electrostatic gate control?
2) What is the limit of gate length scaling?

3) How to continue supply voltage scaling?

4) What is the importance of scattering in gate length and supply
voltage scaling?
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NEM@5

Critical Questions:
1) How to increase electrostatic gate control?
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7 Capacitance by Oxide Thickness

Scaling

7 capacitance v oxide thickness 7 gate leakage

50 pp—r—r————r————r—r——r—r——r—r——r—r—
High-Performance Logic Applications
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IEEE TRANSACTIONS ON ELECTRON

DEVICES, VOL. 50, NO. 4, APRIL 2003
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increased electrostatic control

Geometry Trend

Substrate

BUIk ESSDERC 2012

Insulator

IEEE Spectrum

SOl

http:/Aww.riken.jp/en/pr/topics/2011/20111118/ drain

Nanowires candidate for best
electrostatic control
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J. Xiang Nature Vol. 441 (2006).
a b
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Nanowire increased drive current and reduced delay

p-MOSFET data from Chau, R. et al. Benchmarking nanotechnology for high-performance and low-power

logic transistor applications. IEEE Trans. Nanotechnol. 4, 153-158 (2005).
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N EM 5 Experimental Evidence of Excellent

Nanowire Performance

Experimental evidence of nearly perfect S.S achieved for nanowires

Peide Ye IEDM 2015

S —
Ge AM nFET .

EOT=2nm &

“delivering more than 30% and 40% reduced
SS over FInFETs and planar MOSFETS”

Lm=100nm
WNW=20nm I_Nn_~10°

On’ "Off

S$5(0.05V)=64.1mV/dec

DIBL=76.6 mVIV

o V,=0.24V

\
60mV/idec

0.0 0.2 04 06 08 1.0 1.2
Vi (V)
gs

nanowires have excellent gate control
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NEM@5

Critical Questions:

2) What is the limit of gate length scaling?
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N EMS Gate Length Scaling Limits

ITRS demands scaling of gate length

J. Wang, M. Lundstrom, IEDM 2002: “The results show
that source-to-drain tunneling does set an ultimate

scaling limit
1 Bandgap engineering s. Mehrota et. al. IEEE Trans. Vol. 60, No.7 (2013).
(1) _» shown to decrease [, "
Phonon  (2) tunneling leakage.. o v E,=0.250V

[ N 0.3

0.2
0.1
0
-0.1
-0.2

—_—
—~
w
N’
\
——/
Energy (eV)

m*:O.178m0
-0.3 | Tunnel=99%

(1) Thermionic 04

m*“=0.‘3|48mU

Tunnel=41%
41 8i<110>+2GPa Si<100>-2GPa

(2) Thermally assisted source-to-drain tunneling 5 ——F——F %" 7% % 0
(3) Direct source-to-drain tunneling Lenglh(nen) Length (nm)

_

Need to include scattering to account for
thermally assisted source-to-drain tunneling
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NEM@5

Critical Questions:

3) How to continue supply voltage scaling?
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N EM5 Supply Voltage Scaling

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 50,
NO. 4, APRIL 2003
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N EM R~ 5 Physical Limitation of Subthreshold
| Slope

Typical MOSFETSs :
Barrier controlled device

« Sub-threshold slope: fundamental

u—» Barrier lowered limit of how fast the device can turn
more electrons on
* This is limited by the Fermi band-tail

Vg

kT C
S.S = ln(10)—<1 n ﬂ)
q Cox

& min(S.S) = 60 mV /dec

How can we
overcome this limit?
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N EM ”‘ﬁé 5 The Need for Tunneling Dominated
‘ Transistors

Spectral current for InNAs TFET

High energy filtering Fermi tail suppressed

\Vg =0V Current magnitude related to
tunneling probability

tunneling

unwanted ambipolar

energy

transport direction

=0
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N EMS Nanowire Potential Candidate for TFETSs

Gate-all-around (GAA) nanowire TFET

1. Excellent Gate Control

I,,, increases with steeper source to
channel transition

(decreased tunneling distance Asy,7,)

. _ OFF

------------.'

2. Best subthreshold-slope compared to
MOSFET

m——
e [ "
L { L0

What is the importance of scattering in TFETS?
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NEM@5

Critical Questions:

4) What is the importance of scattering in gate length and supply
voltage scaling?
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NEMS Modeling Quantum Effects + Scattering

Method:
Non-equilibrium Green’s Function (NEGF) + scattering in the Self-consistent Born

Approximation (SCBA)

Atomistic Resolution with Semi-empirical tight binding

http://mwww.riken.jp/en/pr/topics/2011/20111118/

_ drain
SINW

gate

source

Schematic of Gate All Around (GAA) Nanowire
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N EM ;gé 5 Scattering in the Self-consistent Born
Approximation

What is a scattering self-energy?

« Contribution to particle’s energy due to interaction with the system.
« Complex matrix

Real Part IR ~ AE
Imaginary Part =% ~ related to lifetime of particle.

What is self-consistent Born?
 Interactions treated as (weak) perturbations
« Leads to self-consistent loop to stabilize charge/current

Why include scattering?

PURDUE 22 22 &



NEM@5

Three Major Effects from scattering :

* Resistive (decreases on-current)
* Increases tunneling current
» Broadens/fills resonant states

Khayer, JAP 110, 074508 (2011).

Effect of Scattering on Transistors

Tunneling mechanisms for TFET
(0) Direct, coherent tunneling

(1) Thermally excited carriers tunneling
(2) Tunneling via channel band-tails

Ecs il | n (a)
_ \ (1) Ecg | (1) and (2) can only be covered with scattering

Eus 3 [‘\_f"'}Y?_VDv. 2)
Bpg === %-mm"" - (0)

\ N—— Ecp

Eve ¥
Evp
PURDUE
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NEMES

2) Acoustic and Optical Phonon Scattering Verification
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N EMS Acoustic Perturbing Potential

 With bulk phonons, the Wikedia _
perturbing potential (electron- / Slope s sound velocity
phonon interaction strength) is ﬂptk/
solved analytically w(k)

* Assume:
o linear dispersion
o bulk phonons in equilibrium

acoustic

o elastic g ,

o high temperature -nt/a 0 Kk m/a
long wavelength acoustic phonon Scattering Parameters:
@/ L@\ @V B BN N * Ion mass density
I | | I

« sound velocity
« deformation potential

http://exafs.ucsc.edu/simulations



N EMS Optical Perturbing Potential

 With bulk phonons, the

_ _ Wikipedia 1
perturbing potential (electron- /—<\\
phonon intere}ction strength) is w(k) optical Constant phanen frea,
solved analytically _
acoustic
* Assume:

o flat dispersion

o bulk phonons in equilibrium

o Inelastic ,

-nifa 0 k- m/a

Optical phonon :
P P Scattering Parameters:

* ion mass density
* phonon frequency
» optical deformation constant

AN AR N AL A noA A AA A
. W '\*ll ll,-'l u "\-'Ir 'vjl i "Jll \'Jll TR "-.-'ll l,-'l (T, "u'l v ".*I W \'u'l v I‘.*I |'|J
| | |

http://exafs.ucsc.edu/simulations



N E M 5 Acoustic and Optical Scattering Rate Verification

Both can be verified against analytical Bulk GaAs Material Parametersx:

expressions for scattering rate * Deformation potential Dy = 8.8
» Sound velocity v, = 4726 m/s

« Material density p = 5317 kg/m3

2
— R o =
Ineer(E) = — 2 Im{Zscan (E)} FIENen Snsigy S, = 59 My
* Optical Coupling constant D,,, = 110 eV/nm
o Acoustic o Optical
3.57
— Fermis Golden Rule 5 Fermis GoldenRule _ o
Al O NEMOS Deformation Potential | NEMOS optical deformation potential
251
L) ar
% 2 . % 3 (no(E + Eo)l/zw
2 Shows VE behavior as 23 m*2D2 lng + 1]
£ 157 expected (bulk DOS) £ Trop = ———2— "o .
o X "l V2mh2pEy | X (E — Eg)Y
o FGR ™ mhpv? b nset of phonon emission (E>E,)
w L L I I 0 .1 1 1 1 | |
0 0.01 U.UZI'E_E (EV?.US 0.04 0 \0.05 0.1 EE (o) 0.15 02 025

35 meV
PURDUE *Landolt-Bornstein Database- Springer Materials 27 [Nsr g



N E MS Extracted Resistivity

Device: homogeneous silicon
bar in effective mass

Steps:
1. Calculate current of differer

lengths with small applied
potential (5 meV)

2. Calculate slope of
resistance vs. length

Deviation due to neglect of electron-
electron and impurity scattering

—s— extracted resistivity
. — experimental resistivity

] a
0.1 _:/ N
~

resistivity p [(Q—cm]

0-001 v 1 ""“l 1 1 ““”l 1 1 ||||||| T T lllllll T L
1E14 1E15 1E16 1E17 1E18

Matches well for phonon- densi 3
limited range ensity fem-]

Experimental data from NIST
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NEMES

3) Effect of scattering on MOSFETSs
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Effect of scattering on MOSFETSs

qROOOOODOK 00000, Si, 2nm cross section sp3d°s’
RS

NIN nanowire elastic

1E20 /cm?3 10.3 nm 1E20 /cm3 acoustic + optical
1E15 /cm?
E . _— .
14— scattering - 64— scattering .
01] + ballistic | .~ 1|+ baliistic

4 Scattering

_ < 1 | decreases on-
Scattering — current

':j" 1E-4é
1E-5 1 / increases ,
IE6 . subthreshold - /
] ./ current "
E [ ]

1E-7 /
R P O1IOTOIOT1IOTZIOT3l0*4l0|5I0|6l017I08
01 00 01 02 03 04 05 06 07 08 -01 00 01 02 03 04 05 06 07 O

V [V

VgS[V] gs[ ]

Log Linear
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Varying Scattering Strength

Si, 2nm cross section sp3d°s’
NIN nanowire elastic acoustic

2
1= kgTD;, 5
1E20 /cm?3 10.3 nm 1E20 /cm?3 hvip %
1E15 /cm?
10" Increased
4 .~ 2 &1 .
R e Apuikesi = 0.1 eV — ballistic scattering
¢|| @ n=0.005ev skl @ A=0.005 eV strength
0 o h=0.05 eV / © h=0.05eV o
h=0.1 eV ar A=0.1 eV
10 [ ° r-0zeV “0/ T | ° r-o02eV
H i
50 0/ Increased 3 Scattering
scattering 2r | decreases
W strength | | on-current
10" : ' ' ' ' ' . 0 - - - . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 01 02 0.3 04 0.5 06 0.7
Vg V) Ve V)
Log Scattering increases Linear
PURDUE subthreshold current




NEMES

4) Effect of scattering on TFETs
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N EMS TFET Scattering in NEMO5

Question:
What is the impact of scattering on TFETS?

Circular Si TFET 3nm cross section _ _
Potential Profile

Channel Drain

Source

O 5 10 15 20 25
Length [nm]

1nm thick oxide covers entire device (not shown)
V4 = 1.0V

Deformation potential phonons included:
Elastic acoustic and inelastic optical phonon self-energies
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N E M5 Silicon TFET with scattering

TFET IV characteristics

] |—e— scattering
1E-4{|/—— ballistic
1E-51
—. 1E-61
2 1E_7_; Ionscate = 046 nA Density of states along cut
1E 8§ Ionpau. = 0.10nA 0.09="= balistic S
e SSecate = 114 mV /dec _ SEcattefed N
1E-9- SSball. = 130 mV/deC ¢ \
1E'1O T T T T T T T T T T T %-0.2_ ////
00 02 04 06 08 1.0 ~ ==
V,, V] 5 _ -
gs c — e - -
- - Lu P o
Impact of incoherent scattering: -0.4- . it (v DIOS
. 5 /,
* Increase and shift of band tails / . J
: 1, tail below band-edge
» Increase of tunneling current by ~4x
-0.6

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Realistic TFET performance prediction _
DOS [arb. units]

guestionable without scattering
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N EMS [Il-V ultra-thin body TFET

Question:
What is the impact of scattering on a IlI-V resonant TFET?

Dominant scattering in Ill1-Vs is polar
optical phonon (POP) scattering

Assumptions:
Treat POP scattering as diagonal (non-polar optical) with increased scattering
strength. Why? It is numerically feasible but loses nonlocality information.

TFET design by Pengyu Long, et. al. DRC (2016).

p-GaSb :
AlSh . I-INASAISD n-INASAISb

= -
S0 »

p-AlGasSb Quantum well

Graded source  (fyrther energy filtering
by resonance filterinQ)

Scattering used to help assess design feasibility
PURDUE 35 S




N E Mﬂs Scattering Effective on Resonance TFET

Optical phonon energy 35 meV Simulations ran by Devin Verrick

_________|Strength

ballistic 100 ‘7‘“

Optical A Optical C * 4 10 - /'»/

Optical B Optical C * 1.85 £ 1 v /A./

Optical C Si non-polar def. const. i . /,/'A:/‘./ 6o mvidec = ballistic

acoustic Bulk GaAs parameters — A / v optical A
1e34 ¢ /° ~— 4 optical B
1E4] b —+ optical C

24 E ’/0 )

1 —e
u 1E'5 T T T T T T T T T T T T T
/ -0.08 -0.04 0.00 0.04 0.08 0.12 0.16 0.20
u
P Ves IV
gs

Increased

- N N
o
!

(e}
N

—
S
1 N

subthreshold slope [mV/dec]

_ : Scattering
12 scatterlng:strength degrades
107 subthreshold
7 slope

(o))
L

T T T T T T T T
ballistic  acoustic C B A

simulation @



NEMES \ et

Simulations and figures by Devin Verrick

Similar to ballistic — scattering weak

Acoustic Acoustic + NPO 220eV/nm
- ; (2) DOS
0.4 Y D | ev

0.2

-0.2 | 10°

0 10 20 30 0O 10 20 30
X (nm) X (nm)

Inelastic scattering increases:
(1) Tunneling below band edge
(2) Penetration of resonance state into bandgap

(3) Coupling of source hole states to resonance states
PUrpur S -




NEMES

5) Why does scattering increase tunneling current?

PURDUE 38 @



NEMOS N

Approximation I: Neglect Re{Z%} completely. Solve ¥~ and =<
>R = %(z> — <) then neglecting the principal value integral.

broadening only

Approximation Il: Keep part of Re{Z®} by solving =¥ and < then
neglecting the (partial) principal value integral.

broadening + part of energy shift

Full: Solve principal value integral

broadening + energy shift

Using Approximation Il is a compromise between efficiency
and accuracy

PURDUE 39 &



N EMS Comparing Results from Literature

Approximation | Approximation Il

Data from A. Esposito, M. Frey, et. al. JCEL vol. 8 (2009).
M. Luisier and G. Klimeck Phys. Rev. B 80, 155430 (2009). P y ( )

1 15
10" 4 _e—® 7
10" - ¢ -Ballistic " i| <+ scattered /,//g:::. ] 1:
—=—Scattering {|—<— ballistic /./' 112
. 10° - o /’ 11
10 110 ././ /. E;O
< < < 4 * 1z <
fi 107l EL (=510 4 / ./ 17 =
- = - / o/./' ‘ 6 —
15 ] 74 _/_/ n 5
) ] o 12
_ :/ ,4/°/ 14
10—3 ‘ . ; 0 10 —_24—;1‘—“@ ? T T T T 0
0.1 0.2 0.3 04 0.5 0.6 0.1 0.2 0. 0.4 0.5 0.6
vV (V)
> VIV

3 nm circular silicon nanowire, V4, =0.6V
sp3d®s tight binding basis
confined phonon model

3.2 nm square silicon nanowire, V4, =0.5V
non-parabolic effective mass basis
bulk phonon model

Maybe the difference in approximations made lead to conflicting trends?
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N EMS Comparing Approximation | and Il for MOSFETs

Channel

Source Si, 2nm cross section sp3d°s”

AKX XXX X ¥ ¥ X X |
o MM MM X N X X

erertatatatatere! {  NIN nanowire

Relative Error (Iscqaee—Ipai) /Ipan

1E20 /cm? 10.3 nm 1E20 /cm
? /g/‘ 160 - —=— scattering with Re{="}
11 / 140 - —e— scattering without Re{=}
0.1 . 1201
0.01 & 100_‘
— = 60 -
—t 1E-4 4 _'Q 20
— I -
] = 0]
] @ ]
1 N 7
1E-6 5 —a— scattering with Re{z®} -40 1
1E.7 ] —aA— ballistic -60 -
EN —e— scattering without Re{Z"} -80
1E'8|'|'|'|'|'|'|'| '100'l'l‘l'l'l'l'l'|'
0.0 0.1 02 0.3 04 05 06 0.7 -01 00 01 02 03 04 05 06 07 08
V [V
VolV] ool V]

) B N .
PU,R,D.UE Neglecting Re{Z"} (Approximation I) underestimates subthreshold current a1 @




NEM@5 D0 comparison

V4s=0.2V, Vy=0.8V DOS lowered beneath band edge

1D conduction band edge through
center of device

L — ballistic
> : 1|- - - scattering without Re{z"}
Ig. 0.2 - —sca'ttering with Re.{ER} |
o ' 0.00 0.02 0.04 0.06
LLI 04 DOS [arb. units]
' % Peak — Full Maximum
Ballistic 38 meV
-0.6 - _ <
|[——scattering with Re{=®} W!th Re{Z"} 50 meV
0.8 |I= — ~scattering without Re{=%} Without Re{ZR} 45 meV
0 | 5 10
X [nm]

42 @



N E MS Comparing Approximation | and Il for Si TFET

Si, 3nm diameter sp3d°s’
PIN nanowire TFET

6 nm 1 |—=— scattering with Re{=%}
0.001 7 | —e— scattering without Re{="}
1 |—a— ballistic
1E-4 4
1E-5 4
< 1E-6
1E-7 4
Neglecting Re{ZF}
1E-8 - .
underestimates current
1E-9 4
1E-10 . . . | . |

0.0 0.2 0.4 0.6 0.8 1.0
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NEMES

6) Numerical Detalls
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N EMS Strong Scaling Results

Scattering self-energies requires Device: Si TFET used for IV
energies that can be on different E——y—y
24000 S
MPI Processes. ] —a— simulation
16000 -
< _ - = < )
<(E) = 2o §(x3 — X3) [NopG<(E — E,p) 2 5000-
+(Nop + 1) G<(E + E,p)] E
¢ 4000-
Requires communication of § -
diagonal matrices ® 50004
Note: for UTB simulations there is an 1000
additional wave-vector k integral that —_————3
increases communication 128 256 512 1024 2056 4096

cores

Reasonable scaling despite complex communication
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N EM *‘gé 5 Other Development Work for Electron-
| Phonon Scattering in NEMO5

» Stabilized Recursive Green’s Function algorithm
* Improved Poisson convergence with improved Jacobian

* Interpolated scattering self-energies to decrease number of
scattering iterations needed and improve current conservation

* Implemented dynamical convergence to decrease number of
scattering iterations needed

 Current conservation in optical phonon scattering with
Inhomogeneous energy grid

» Improved resonance mesh suitable for resonant devices

PURDUE 46 &



NEM@5

~ Objective:
Efficient implementation of recursive
Green’ function (RGF) algorithm
suitable for scattering
Problem:
Initial implementation of RGF in
NEMOS following OMEN was
unstable when scattering was
Included.

Stabilized Recursive Green’s

Function algorithm

Approach:

Systematic analysis of RGF
equations to find source of instability.
Remove assumptions of symmetries
only valid with infinite precision
Preserve symmetry of equations in
each recursive iteration

Results/Impact:

Found instabilities and improved RGF algorithm to allow scattering

simulations.

Before:

< < R < A R R <
Gii=9ii+t9iiHiitv161i+1Hiv1i9i; + 9iilHiiv16Giv1i+1Hiv1,i975

R R <\t
—(9iilHii+1Giv1i+1Hi+1,i9:1)

After:
< _ < R < A R R <
G =9ii+t9iiHiitv1611i+1Hiv1i9:; + 9iiliiv16iv1i+1Hiv1,i95;

Additionally:
PURDUE

G;; is anti-symmetrized each iteration.



NEM@5

Objective:
Convergence of NEGF-Poisson
equations with minimum number of
iterations

Problem:

Ballistic Jacobian typically used in
NEMOS is not suitable for scattering

Approach:

Improved Convergence

with improved Jacobian

Balance between number of
iterations needed and calculation
time of Jacobian

Found best balance is to use a
mixture of ballistic Jacobian (extra
NEGF solution) and approximate
scattering Jacobian

Results/Impact:

Convergence achieved for previously not

converging simulations.
Jacobian where A is a mixing parameter

= - af )
](x) =3 {’1[ Gb<allistic <x' E, ai—f) dE

+j(1 - A)G:cattered(f' EifS,D)dE}

PURDUE

Si circular nanowire TFET

5 —e— scattering
TE-4{|—— ballistic

1E-5-
_ 1E-6-
= 1E7
1E-8
o)

1E-10-

04 06 08 1.0

vV, V]

00 02



N EM5 Interpolate Scattering Self-energy

~ Objective:

Minimum number of self-consistent
Born approximation (SCBA) iterations
to reach converged result
Problem:

Typically for current conservation,

self-consistent Born needs 20-40 Is previous scattering self-energy validy |~ SoIve ballistic RGF ]
computationally expensive iterations

Approach:

* Reuse previously converged SCBA
results to accelerate convergence
of updated Poisson potentials

L

Results/Impact: Ves

« Discovered that when Poisson-
NEGF loop is close to convergence Skip ballistic RGF
previously scattered results can be Use previous scaftering Se”'e““gies]
Interpolated on to the updated
energy mesh

Ve
° Reduced number Of SCBA iterations Interpolate self-energies on to new energy R
mesh ¥ (Enew) 2 (Eota)-
by about 3 1. Find which MPI process 1has Y (Eotd)

2. Find E 4 closest to E o
3. Communicate } (Eq) found from 1 to get

o 2 (Eqew) P

PURDUE ]




N E M5 Dynamical Convergence Criterion

for Self-consistent Born Loop

~ Objective:
Minimum number of self-consistent
Born approximation (SCBA) iterations| bt making additional
to reach converged result. approximations
Problem: [

Approach:
 Reduce the number of SCBA iterations

Typically for current conservation,
self-consistent Born needs 20-40
computationally expensive iterations

Ratio = current Poisson residual

Input: charge criterion (set in input deck)
/Poisson absolution tolerance

Results/Impact: If Ratio > 5 and Ratio < 10

. . Convergence criterion = 2*charge criterion
Reduced number of SCBA iterations by — )
approximately half

-
Else if Ratio = 10 and Ratio < 100

Convergence criterion = 5*charge criterion

Use previous scattering self-energies
\.

Use previous scattering self-energies

Output:
New convergence criterion

Else if Ratio = 10 and Ratio < 100
Convergence criterion = 5*charge criterion

PURDUE
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~ Objective:
Current conservation criterion for

converged self-consistent Born results
Problem:

For efficient simulations, an
Inhomogeneous energy mesh must be
used but the energy mesh will not be
commensurate with phonon energies,
thus current conservation is not trivial.

Current conservation'in optical phonon scattering

with inhomogeneous energy grid

Approach:

* Ensure detailed balance is always
met and use this constraint to form
constraints on interpretation of
scattering self-energies

J (Z<(E)G™(E) — G<(E)X>(E))dE =0

“in-scattering must balance out-scattering”

Results/Impact:

Current Conservation with general energy 657

mesh

PURDUE

—u— ballistic

6.5E-7 —e— optical phonon scattering

5.5E-7

5E-7

2nm silicon nanowire

current [A]

3ETH————F——F——7————— 77—
0 20 40 60 80 100 120 140

slab index ) _




o Improved Convergence
N EMS with improved Jacobian

ObjeCtive: Approach:

Convergence of NEGF-Poisson - Use device information in order to
equations with minimum number of resolve resonances due to scattering
lterations - Adapt energies to shifts in

Problem: resonances

Scattering introduces resonance

shifts that must be properly resolved

Results/Impact:

* Improved convergence of NEGF- 08
Poisson loop.

* Resonances due to scattering are
properly resolved

Si circular nanowire TFET

f—EW MES|

L 1E-3

= 1E-4

ity

- 1E-5

Energy [eV]
averaged dens

- 1E-6

T T T T T T T T J T J — 1E-7
0 100 200 300 400 500 600
index
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6) Conclusions/Future Work
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Conclusions

* Efficient implementation of scattering introduced
* Verification of implementation with comparison to Fermi’'s golden

rule and to experimental resistivity

10 3

resistivity p [QQ—cm]
o

0.001 —
1E14

—_
paaanl 11 s

0.01

—a— extracted resistivity
— — experimental resistivity

AR | T T AL | T
1E15 1E16 1E17 1E18

density [cm™]

« Effect of certain approximations made in literature assessed

PURDUE
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N EMS Conclusions cont.

« MOSFET IV results with and without scattering

1]+ scattering —*
014 —* ballistic

01 00 01 02 03 04 05 06 07 08

. V..Vl
* TFET IV results with

and without scattering

1000 4 p—
compared : e
—a— scattering with Re{X"} 100 4 = AT
0.001 * scattering without Re{z"} ) - /'V
o g M vy
a— ballistic re—_ 10 - v
1E4 e . . A w v /0
Fa £ %/
1E-5 e E 14 v A/
’ S =3 Y ee N
< A <\C 0.14 v id | - — = Dallisti
2 1E-6 o 2 3 /v/ ¢ 4 60mvidec allisuc
e ] i —oo1q ¥ /' /] —v— optical A
1E-8 a 1E34 / ¢ /' optical B
n Y — 1
ol 164 ] . optlcal'C
. / —e— acoustic
1E-10+ r - ' 1 - T 1E-5 . T T T T T
0.0 0.2 04 0.6 0.8 1.0 -0.08 -0.04 0.00 0.04 0.08 0.12 0.16 0.20
o V, V]
gs
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 Further assessment of approximations made e.g. local POP, bulk
phonons.

« Comparison to heuristic models e.g. Klimeck’'s 1994 model
“equilibrium-nonequilibrium” model

* Include other scattering mechanisms as scattering self-energies
(e.g. roughness)

 Scattering model (phonons, roughness etc.) suitable for 2D
materials e.g. TMDs
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Thanks to:

my committee members: Professors Gerhard Klimeck, Supriyo Datta, Tillmann Kubis
Administrative Staff

My groupmates and friends

Questions?
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Backup Slides
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E J | J I J |
E | Approx. T (V= 500 mV) :
le-06 |- | A-a Approx. 1T (V= 500 mV) ] 7e-06
&g Full (Vg = 300 mV) il
. ! 1 et
Si Nanowire in effective mass ]
Lc =15 nm, D =3.26 nm _ lel8E -5“'[’[’_
- i <
T 7 de06 7,

L

Approx. | — Re{zk} =0
Approx. Il - Re{ZR} = 0

But neglect PVI
Full — includes PVI

le=11)

Z
L
[ .

le-12Y -
' . 0.3
(b) Vi, V]

Neglecting Re{xX} leads to underestimation of off-current.
NEMOS uses Approx. Il

Esposito, Frey J.Comput Electron (2009).
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Lc =15 nm, D =3.26 nm

NP — ballistic nonparabolic EM

NPSC —

Nonparabolic EM + Approx Il
Re{>R} = 0 But neglect PVI

Esposito, Frey J.Comput Electron (2009).

PURDUE

a—o NPSC(V

-

F |0 EMA (V

D5

5

7 le-08

s I

o - & B - - - —

Same trend as seen in NEMQO5!

= 100 mV)
(V= 100 mV)
= 10mV)| @~
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N EMS Acoustic Phonon Scattering Self-energies

 D%kyT

Yoela, 3, F) = 308G (a, 3, E)

2 &,
pu3

*’Quantum Transport in Semiconductor
Nanostructures”, T. Kubis PhD thesis (2009).
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N EM 5 Optical Phonon Scattering Self-energies

N, is independent of g (flat optical phonon band)

Long wavelength limit g — 0
Discrete energies for emission and absorption (E + E,;,) where E,, = hw,

emission absorption
2<(E) = T §(x3 — %) [NopG=<(E — E,p) + (Nop + 1) G<(E + E,)]
ZR(E) = 5(73 - 74) [NopGR(E + Eop) + (Nop + 1) G<(E - Eac)

2pw,

1 < 1 <
+§G (E_Eac)_EG (E+Eac)]

Neglecting principal value integral

*’Quantum Transport in Semiconductor
Nanostructures”, T. Kubis PhD thesis (2009).
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N EME oximations for Scattering Real/Imag. Part

Approximation I: / neglect
1 dE' (27 (E")=2<(E'
HE =5 E )+ "Py(/( S

emission absorption
Approximation II:

— %) [NopG<(E — Epp) + (Nop + 1) G<(E + E,p)]

h
Y<(E) = T
0

»R(E) =

> X3 — X4) [NopGR(E + Eop) + (Nop + 1) G<(E — Egc)
pPwW,

1 < 1 <
+2G (E Eac)__G (E+Eac)]

[ dE' GS(E— 6<(E E) neglect
‘ Zn(E’—ha)O B —ha)o)

*’Quantum Transport in Semiconductor
Nanostructures”, T. Kubis PhD thesis (2009).
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p-GaSb .
AlSh i INAS I-INASAISD n-INASAISb

pP-AlGaSb

Length [nm] | Doping [cm-3]

1 -AISb 4.57 3x101°
2-AlyGay:Sb 1.2 6x1019
3 - GaSb 3.2 5x101°
4 - InAs 3.4 1x101°
5 - AllnAsSb 27.1 1x101°
6 - AllInAsSb 17.3 5x101°
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Mobility calculations

Simulations and figures by Devin Verrick

5
6x10 Sy

n N

2
o 5

§4x10

2

g 2x105 - Simulated value -

N Bulk exp value

O L L L L L
100 150 200 250 300
Optical coupling parameter (eV/nm)

Scattering strength still too weak by ~2.
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