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NEMES

Motivation for Thermal Transport
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Increasing power density a great
concern-in downscaling trends
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Heat dissipation is critical.
PURDUE Keyword: Temperature o



Electrical Qutput  http://www.npl.co.uk/sciencetechnology/electrochemistry/research/
nanostructured-thermoelectrics

ZT = S20T/K

Low thermal conductivity is critical to enhance the
performance of thermoelectric device.
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High thermal conductivity is needed. Low thermal conductivity is needed.

Power density
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The thermal transport should be modeled accurately.
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Complicated systems

» Complicated geometries

» Multiple materials

» Strain/Relaxation

> Interfaces

» Boundary confinement

» Challenging simulation domain

(c) (d)

D. Sacchetto et. al. Proceedings of the IEEE, Volume: 100,
Issue: 6, June 2012

Atomistic model to target complicated systems is necessary for
realistic device modeling.
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N EMS Thermal transport:

from academia to industry

Length (nm)

Boltzmann Transport equation (BTE) =
1000 Acoustic/Diffusive mismatch model
— Classical
Molecular Dynamics (MD) treatment
100 -
1)
(&)
<
g 10 =
L Interested region
— Quantum
1 treatment
Ab Initio -
0.1

An atomistic model with quantum treatment is preferred to

close the gap from academia to industry.
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N EM 5 Quantum treatment/for heat transport

Devices are now in sub-20nm regime->
Quantum treatment of heat flow: Phonon transport

one-dimensional quantum mechanical harmonic chain
a

< > I | I |

m]_ m,_ I : I :

° I [ I |

optical . | . |
= = = : :—P ! :—P

. . : .

acoustic | | : :

— — - I »— d— <=

By Brews Ohare (http://creativecommons.org/licenses/by-sa/3.0), via Wikimedia Commons

Phonon frequency w and wave vector kK = Phonon dispersion

Phonon transport includes two parts: Non-equilibrium Green’s
function and Bose-Einstein distribution.
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N E M 5 Thermal transport calculations

in real devices/materials

Question: Is it enough to have a correct phonon dispersion?
Experimental result

Thermal conductivity extraction: 10°
Il -L 10°
k=2
AT - S

Si bulk
(Experiment)

This equation fails in the
ballistic case!

—>Phonon scattering model 10,50 :

10 10" 10

. Temperature [K]
is needed i

R.Berman, Thermal conduction in Solids, Clarendon,
Oxford, 1974.

Need to capture the behaviors of
thermal conductivity

Thermal conductivity (WK'1m'1)
=)

Proper phonon scattering model should be chosen.

Keyword: scattering.
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N EM5 Temperature analysis should be included

Heat flow

Potential

lead|O © Oi ® ® O cqg

O O O 1 @ ® O ® X
Interface '

3)

What does the temperature picture
look like in thermal transport?

2)

Resistance (ohms)
[=]

4)

Resistance

3 i H
1
B %0 0 x(m 10 20

R. Venugopal et al. J. Appl. Phys., Vol. 93, No. 9, 2003
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ingredients for a good heat transport model

face, scattering, temperature, and efficient

Quantum
treatment

Temperature Computationally
Analysis easy

®

Interface

. : Proper
consideration P

scattering

Question:
Can we find a method that can balance all these 5 aspects?
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Introduction of Quantum Thermal Transport
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N EM 5 Overview of heat transport models:

Pros and Cons

Quantum Interface Scattering Temperature Efficient

DMM x v x x v

BTE x v v v v

MD x v v v x
GF(Anharmonic) v v v x x
Landauer v x v x v

DMM: Diffusive mismatch model; BTE: Boltzmann transport equation;
MD: Molecular dynamics; Laudauer approach: Landauer approach with full dispersion
GF(Anharmonic): Green’s function with anharmonic phonon-phonon scattering

Quantum transport models are our main interest.

PURDUE ki Miao S



VFF + NEGF

NEM@5

Valence force field model

with anharmonic phonon-phonon scatterin

Physical properties

(Harmonic) —
(a) (b) e U I i oo
CK’. m\) _ Expt. (dots N
a/\l": /).'AL‘)3 %10- x f
A’a AO (d) L;E- 5_ X 2 .
(c) tArAr' @ AQ X $3 X KKK Y
' - ' p
Ar KAOAO oF A X \ L
( :
() (f) Ar Ag;)” (Anharmonic)
Ar ' K, K,
1 3 A() " 2 ' " b
A A’j‘ " 3 (4 A" L K 1 K
['AG P, ,117!2 g %,
(h) ?;é\j Ar Ar' 0 . g pr % A >
- AH Ag ' xp'; K, .
SArAG*  OArAr'Af
M. Luisier, Phys. Rev. B 86, 245407 (2012). N process U process
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Anharmonic phonon-phonon scattering is described.
But there is one problem.




the experimental result

Conventional phonon scattering theory predicts a T° dependence for thermal
conductance in low temperature

o

10 Nz 10 .

e = -8~ Si bulk

- X

v 107 = o |7 G~T°

s =107

g 3

= 3 c

g 107 £ -12

2 S10°7%

8 2

T 102 e |

=Y = jal

2 g 10t -

= ! Ballistic NEGF
10100 10 10° = 0 1 2

10 10 10

Temperature [K]

R.Berman, Thermal conduction in Solids, Clarendon,
Oxford, 1974.

Temperature [K]

» Our calculation is consistent with the experimental result in the low temperature.
» The contradiction in the higher temperature needs scattering models.
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phonon scattering mechanisms should be

onsidered for correct physical meanings

Dominant scatterings profile

|
< »] Impurity
| Scattering

> |

E | : Only consider plhonon-phonon scattering.
S|/ ! |

-g : : Phpon-Phonon

o \ . Scattgring

£l ’

2|

= ] Orain Boundary

| Scattering

0.1 TD Temperature

C.J. Glassbrenner, et. al[ Phys. Rev.134,1508 (1964)
M.G. Holland, et. al, Proc. Int. Conf. Physics of
Semiconductors, Exeter, England, 474 (1962 )

Multiple phonon scattering mechanisms should be included.
Question: How to choose different phonon scattering?
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N EMS Phonon scattering models:

Relaxation time approximation model

1°¢ . Phonon mean free path 4, (E)
I, = [dE(E,,M ,,)E(f3: — f3) " is given by 4
= =2, (E)/(L+A,,E) A, (E)=(v,)-T,

C. Jeong, S. Datta, and M. Lundstrom, J. Appl. Phys. 111, 093708 (2012).

Phonon scattering mechanisms in BTE model:

1. Phonon grain boundary scattering: z'b_l =V, | LF

2. Phonon impuri ing: -1 _ 4
| purity scattering TIM = Bo
(mass difference)

3. Phonon-phonon scattering: 7 ' = C@*T*
(Umklapp process) ~ ey

: _ - -1 -
Matthiessen rule. T, =T, +T, T7 —p

M. G. Holland, Phys. Rev. 132, 2461 (1963).

1

Different RTA models can describe the scatterings in the phonon transport.
PURDUE Kaij Miao ]



NE?*A; g GF, with phonon Biittiker probe

Retarded Green’s function is:

1
E*-D-X"(E)-Xf  (E) N 4

contact

1 2 P-1 P
Scattering self energy S contact )~ 00— @ - -@—@—@—(Z) D contact

N
2 3 P-2 P-1 P
000

Virtual contact (Buttiker probe)

G'(E) =

RTA models are connected with Green’s function through the Virtual
contact concept: Bittiker probe (BP).
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N EM N 5 Methodology of phonon Buttiker probe:
| Energy relaxed model
To T3 v e e T2 Trm-1

T1 Channel Tm

Calculate the probe energy
current Y

Construct the Jacobian matrix
No

Newton-Raphson method

Check convergence of energy
current in each probe

Yes

Resolved probe temperature
PURDUE i Miao <@



NEM@

5 Successfully covering all 5 key ingredients

> DFT/VFF

VFF > NEGF >

RTA >

BP

Geometry
relaxation

1. Reproduce the
phonon dispersion
2. Prepare the
dynamical matrix

Ballistic phonon
transport

1.Phonon grain
boundary scattering
2.Phonon impurity
scattering
3.Phonon-Phonon
scattering

Diffusive phonon
transport

PURDUE Kai Miao

Interfac
considerati

omputationally

Proper
cattering

easy
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Thermal Transport Study in Homogeneous Structure
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'Phonon scattering mechanism in BTE transport:

1. Phonon grain boundary scattering 10* — T —T—TTTT
-1, - 0O Simulation
7, isfrom ref. 1. ~ — Experiment
2. Phonon impurity scattering § 10°
(mass dlfference) < Ge «—Si
"= B’ =
3. Phonon-phonon scattering *;3 10°
(Umklapp process) 2
o
o (&)
p » —CC() T ‘_é’ 10"
Matthiessen rule: o T
1 1 1 1 = 10" 10° 10
b Py 10’ 10° 10
: ) Temperature (K)
Material  B(s’) C(sK?) a 1. M. G. Holland, Phys. Rev. 132, 2461 (1963).
. 45 1-74? 10 2. C. J. Glassbrenner, G. A. Slack, Phys. Rev. 134,
Si 0.71%X10 1.64 1058 (1964)
1.12x10 '
Ge 2 2 % 10-45 0 1.48

~— -

Thermal properties are matched well with experimental results.
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Extraction of local temperature

—~ 305 :
é — Probe
o == | ocal
- - " - :
Ballistic limit | &
o) (a)
o
£ 1 =0®2x10"%
- . .
300O 5 A
Position (nm)
305 :
X —— Probe
o == | ocal
E ~
S o s
g_
2 1t =0**2x107'%s
300k .
0 2 4

PURDUE
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Temperature (K)

Temperature (K)
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==+ | ocal

(b) Nominal
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S R S
Position (nm)

305 .
— Probe
-:=- | ocal

(d)
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0 2 4

Position (nm)
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N EM é“gg 5 Phonon scattering models:
| laxation time approximation(RTA) model

Phonon scattering mechanisms in BTE model:

1. Phonon boundary scattering: Tb_l =V, | LF
2. Phonon impurity scattering: T -1 B(()4
1. Bulk (mass difference) M
3. Phonon-phonon scattering: - Ca’T?
(Umklapp process) B p__lp . 1
Matthiessen rule: T, =T, *Ty, =+T7T,,
K. Miao, Appl. Phys. Lett. 108, 113107 (2016);
-1
2. UTB Phonon boundary scattering: T, =V /d

R. Cheaito et al,PRL 109, 195901 (2012)

Different RTA models can describe the scatterings in the phonon transport.
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N EMS Thermal conductivity for bulk Ge

Scattering dominant profile Thermal conductivity for Ge
104 " T X T 1 1 rrriri II I ] I rrrri
Impurity Scattering — - -
> Smulat v 0O Simulation
= ;ss\ O Simulation < 10°F — Experiment|=
S — Experiment = = .
E 3 s : -
: 10 [ _.2‘5 - :
s =
© 0 B 7
3 =P
3 s10F E
o 104 o n .
£ s [ ]
5 E [ i
: 5
«— > < > =
Grain Boundary Phonon-phonon
1| Scattering Scattering (U-Process 101 Ll R
10 : : 1 2 3
0 1 2 3 10 10 10
10 10 10 10 T t K
Temperature [K] emperature (K)

For Ge bulk structure, phonon-phonon scattering is the dominant scattering
mechanism when K>20K.
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N EMS Thermal conductivity for Ge UTB

Boundary scattering ~ Boundary and p-p K is linearly dependent on the film
dominates. scattering thickness.
dominates.
4.5 : 4.5
. _ 700K
Zx 4t Iy v 4 t
IE ]
Eis Es5
£ 3 —e——ea—7% £ 3
S 3
3 2.5 . 325 100K,
S J’ S
c_‘-U’ 3 © : < 2t
g s
D 1 . < 1.5}
= ¢ [-6-2.3nm —&-3.4nm -#-4.5nm =
1 ) . . 1 : :
200 400 600 2 8 4 0
Temperature (K) Film Thickness (nm)

Boundary scattering mechanism dominates in thin UTB structure.
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A N EMS Conclusions

1. First apply the NEGF+Buettiker probe model to solve the phonon transport.

2. Thermal conductivity and mean free path are calculated and benchmarked with
experimental data.

3. Show the method to extract the local temperature in the device. Understand
the relation between scattering and temperature drop.

4. Show the scattering-dominating picture in the whole temperature range.

5. Compare the difference of thermal transport between bulk and UTB.
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Thermal Transport Study in Heterostructure
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Introduction of silicide materials

> ldeal contact > Realistic contact

Ti

Si

Ti

TiSi,

Si

Nano Lett., Vol. 7, No. 4, 2007

Preferred silicides for
applications are PtSi2,TiSi2,
NiSi and CoSi2 due to their
overall excellent properties.

PURDUE ki Miao

UNIVERSITY

Formation Resistivity Silicon Resulting silicide Py, on

Silicide | temperature consumed (4) thickness (4) n-type
°C) (n€2-cm) per A of metal per A of metal L
"7

[ TiS1, 800-900 13-16 2.27 2.51 0.6 ]

CoS1y 600-700 18-20 3.64 3.52 0.64
PtS1 300-600 28-35 1.32 1.97 0.87
NiS1 400-600 14-20 1.83 2.34 0.7

S. P. Murarka, Silicides for VLS| Applications, London: Academic press, 1983.

<



NEMS Relaxation process‘and read-in method

ixed region open region Fixed region

%& \,\\%A zz

DFT (GGA basis) method is used to relax this heterostructure

 New lattice structure is read into NEMOS5.

 Strain solver constructs the dynamical
2 matrix.

* RGF and NEGF are both available to do the
3 transport calculation. )
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N EM ;‘gg 5 Thermal .conductance in Quasi1D

system

Case 1: ; X
Si[111] bulk ISi
r v \i'\\i'\\ f\\f\\i’\\f\\f\

S si100 g&ggg WH g \{‘V\

. . —1 . b
- —e—Sl bqu
—Si bulk N
I 2 = _)(_Bulk-like TiSi2/Si
£ 14 __ Bulk-like TiSi,/Si 1 (% 1.2l interface .
g 12 interface §
‘B c 1.0f 1
€10 5 J
e
2 30.8 ]
s gl 5
- o
g ]
8 al < 04
= o
2t 3 0.2
©
O " M M m " " 2
0 0.02 0.04 0.06 0.08 100 200 300 400
Energy [eV] Average temperature [K]

Thermal conductance drop is mainly caused by the interface phonon mismatch.
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the relaxation

Case 1: % &g XN\ VA
No geometry relaxation

\\\ \\

» X \
Case 2: ‘V X
Considering relaxation :o '\.\(
7\'_ /

'\Ti'\‘\'\ ﬂ\\\

N EM gg;. 5 Thermal conductance increasing due to

x 107°

W

~15% increase

N
o

\ 4

Relaxation process make the structure
transition from Si to TiSi2 more smooth =
Lattice mismatch is reduced -

Thermal conductance is increased.

N

-~ No relaxation
—»— Relaxed structure

Thermal conductance [W/(K*nm?')]
()]

0 100 200 300 400
Temperature [K]
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Relaxation with VFF model

s o e T Y T R

L] LI IIIJ L] L] LI
—~ [ Nominal

~ C - :

N . scattering

o
N
B
|
z
-
3
o~
1

o

N

w
1

o

N

N
1

| —Relaxed structure J

Phonon conductance (10’9an

0.21_-

L | > No relaxation

[l AR | AN |
02 0.1 1 10

Scattering scaling factor SF (unitless)

Relaxation increases the thermal conductance - Using VFF model gives a
same conductance enhancement as by using DFT model.
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Landauer treatment

Physics picture Theoretical interpolation

Interface Interface
A

Emitted phonon

— — — —

Equilibrium
Equilibrium f—=— — —» Leay)

> 1 e
Emitted phonon < @y)

C. Gang et al. Microscale Thermophysical Engineering, 5:71-88, 2001

L—>R [fBE(w’ TL) fBE(w’TR)p(ha))
(27f)

1. Emitted phonon at the interface is out of equilibrium.
2. Local equivalent equilibrium temperatures are redefined.

3. Incorrect result of a nonzero thermal interface resistance is

predicted in homogeneous structure.
PURDUE kaj Miao




Landauer formula with NEGF

lleft=[—ooT+oo i) =1,/%iTNIA & n=1,n¢m7‘31//z E[Tdleftright (£)(1/eTE/ kB
Iright =1 =1/eTE/kIB Tlleft —1 )+TL(Gm)left (E)(1/eTE/ kLB Tlim —1 —1/eTE/
B Tlleft —1)]dE

Light = ~liert

If there is no scattering, 74(;m)left is 0, which gives:
HNleft=[—oo T+ Y j=1,/#iTNIA EXn=1,n+m13 1 /h E[T lleftright (£)(1/elE/kiB
Tright =1 =1/eTE//IB Tilleft —1 )]dE

| andauer formula with traditional treatment:
1o LS (@0.T, )= fop(0.T, ) (ho)

C. Gang et a? Microscale Thermophysmal Engineering, 5:71-88, 2001
PURDUE Kai Miao @ .,




Landauer formula
with quantum NEGF and scattering

3 —Right
o : — Left
s 303
©
o |
_r 0.02
EJ Realistic | Smaller
301 scattering | scattering
I
0 3 10 % 5 10 15
2_\/2\ o 40
Transport direction (nm) Soectrum (nm™“eV ") x 10

The different scattering rate will give a different temperature drop in device

Pul Interface resistance can be neaqlected.



NEM@5 DOS at Si(30)/Si(28) interface

0.07
0.06

S\0.05 l10 %\
L0004 — 0.04
> P
> <
5 0.03 2
c L]
Wo.02 0.02

0.01

0 5

Position (nm)

10

Mass difference will affect the phonon dispersion dramatically, hence

the interface interference DOS appears.
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NEMES \ S ot
| inside the device

20 unit cells
O O O e o o
O O @ e e
GO O O e @ @es|
O O :T: ® ©o
O O Olle © e
: ; -2 - 5
305 ' - Interface nm eV 10
— Ballistic 3
o — Scattering 0.05
~ S 0.04
(())
5 303 %oos
> Ge | . Si =
3 £ 0.02
= 301} : 0.01
0 5 10 0 5 10

Position (nm)
Temperature drop inside the Si/Ge heterostructure is due to:

1. Scattering in material;

2. _Interface reflection> dispersion mismatch.

Transnort direction (nm)



9.

ALY B

Tt

w
o

'| =100 times larger than "'

—B— 10 times larger than 1’

» resistance

< <
g g 304} —EReaIistic scattering 7! Stance
© ©
0 O
g 303} S 303 : .
5 & S G | resistance
Q €< > © ! = >
S 302 ‘ S 302] :
= S
() 1) .
2 gl sistance
g 301} g 301} .
< Z )
0 < (a) e resistance
T I

1. Different scattering rate will cause different temperature drops inside the device.

Position (nm)

Position (nm)

2. With the small scattering, dispersion mismatch causes the temperature drop at
the interface. This effect decays with larger scattering rate.
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N EMS Energy resolved current and DOS

20 unit cells
305 K Ge Si 300 K
Ballistic case ;47 \yrey'nm?) scattering casg. (WoeV )
0.06 0.06
o ’Do C—— - - -
0.05 6 0.05 6
@ 0.04 5 0.04
>
0.0 4 8003 4
(O] (O]
c < —_—
0.0 "0.02
2 12
0.01 0.01 —
0 5 TR 0 5 TR
Position (nm) Position (nm)

Scattering case will change the resonant state pattern

- Tunneling of High energy phonons.
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N EM fgé 5 Energy resolved phonon current &
‘ Phonon density of states

Colorful contour plot is the energy resolved phonon current in Si/Ge heterostructure.
Contour line is the phonon density of states inside the device.

-8 * N\ /- 1% -2 -8 %\ /- 1% -2

60 10° (W*eV™"nm™)  gq . 107 (W*eV™ "*nm™@)
(a) Ballistic NEGF (b) Scattering NEGF
50 8 50 3 ® T ©

Ge Si Ge Si Ge

LN
(@)

1N
o

energy (meV)
w
Energy (meV)
w
o

14 14
2 20
{2 - {2
10 10
% 5 10 15 ° % 5 10 15 °
Position (nm) Position (nm)

K. Miao, el al., Appl. Phys. Lett. 108, 113107 (2016);

1. Quantum mechanism is considered with the application of NEGF+Buttiker probe.
2. NEMOS is capable to understand the phonon transport more straightforward.
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N EMS Interface resistance extraction

O O Oi

o O

Interface

Material 1 Material 2

Temperature
drop AT

Temperature

N
' m

Transport direction
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N EMS Extraction of interfacial thermal resistance

Method Resistance

O O O e o ©

O O ® O
5O O O ‘@ ® ®eGe 3—
O O ® ® ' Nomical
O O Oi|lle @ e 25| | e——gcattering
Interface :

N

Interfacial thermal resistance (109m2K/W)
Ef

—

Extrapolation

N7/

o :
o

OO

2 4 6 8
Scattering scaling factor

Interfacial thermal resistance

L1 L2

Interfacial resistance is largely independent on the scattering
PURDUE ' strength.
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N EM &Zﬁg 5 Comparison of interface thermal resistance
| with MD

M2 M1

305 K Si Si 300 K

I
(0]

RN
o

RN
o
oY)

10 - AMM
-a-NEGF

RN
o

Interface thermal resistance (m2K/W)

2 4 6 8 10
Mass ratio M2/M1

A significant difference between NEMD and NEGF is noticed.
1. NEMD needs a large structure to predict the thermal transport in bulk.
2. NEMD needs a large time steps to achieve conserved transport results.
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N
N 1w O

RN
9]

—

—NEMD(ref.1)
—=-NEGF
— Experimental

200 400 600 800 1000
Temperature (K)

o
o

Interface resistance R 10'9(m2K/W)

o

Ref.1: E. S. Landry and A. J. H. McGaughey
Phys. Rev. B 80, 2009

Experimental: Superlattices and Microstructures,
Vol. 28, No. 3, 2000



A N EMS Conclusions

1. Include the process of relaxation calculation in the heterostructure.
2. Show the capability of this work to solve phonon transport of interface problem.

3. Intrinsic scattering is not the main reason for the interface resistance.
The mismatch of phonon dispersion is!

4. Interfacial thermal resistance is largely independent on the intrinsic scatterings.

5. Variance between our model and other models are explored.
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Transport Study with Electron-Phonon Coupling
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NEMS Different temperatures in the device

Example in a n type device.

High Low
Temperature Temperature

[ o< DOS-(f,—1,)

Energy

Why should we care about
this mechanism?

0 0.5 1 DOS 0 0.5 1
Distribution Distribution

Temperature will bring electron flow in the device.
PURDUE @



NEMS Temperature-driven electron flow

Thermoelectric generator

TR

BTN
Wy

Seebeck effect: electron current
Is generated by temperature.

Electron-phonon coupling

Electron is coupled with phonon
inside the device/materials.

Electron and phonon transport with coupling due to
temperature difference should be understood.

PURDUE



NEMS Electron-phonon coupling model

Temperature,

current] etc.
Yes

| outruts

Global energy conservation check

Electron Buttiker probe | Energy Phonon Buttiker probe
Inputs ‘ED > Charge >. >Energy current

conservation check | exchange conservation check

Scattering,
temperature,
chemical
potential, etc.

NEMOS5 can couple electron and phonon transport inside
the device to do the electronic and thermal analysis.

PURDUE ]



NG  ciccron phanon couping mocel

Electron energy flow

Temperature 1 ! | Temperature 2

Phonon energy flow

Electron transport:
1.Tight-binding model (10 bands model)

2.NEGF+Buttiker probe One probe is attached for
each atom for both

Phonon transport. electron and phonon case.

1. Valence force field model (3 bands model)
2. NEGF+Buttiker probe

PURDUE ]



NEMS Effect of including e-p coupling

Energy
Electron Biittiker probe Phonon Biittiker probe :> Outputs

exchange
350 T T T
—Phonon w/o e-p coupling
Black: included in the simulation — Phonon w e-p coupling
3401 — Electron
Red: Can be turned on or off 3
© 330}
>
©
O
& 320}
Phonon temperature drop is increased <~
with e-p coupling. 310}

300

5 10 15
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N EMS Energy conservation check

Yes

| outputs

Global energy conservation check

Energy

Electron Buttiker probe Phonon Buttiker probe
exchange

Black: included in the simulation 350
Red: Can be turned on or off

— Phonon, 1 iteration
—— Electron, 1 iteration % 4
340} ==~ Phonon, conserved
----- - Electron, conserved

w
w
o

Self-consistent iteration with e-p
coupling results in a larger temperature
drop for both electron and phonon.

Temperature (K)
w
N
Q

w
=
(@)

w
o

5 10 15
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N EM5 NEMO5 implementation

Energy dependent models are added into NEMOS5.

1. Scattering rates

704 Akg T, D Ec(Pe)]

Acoustic phonon scattering fo-p.A = hpu s

absorption

o oo fo(@p.0)m) [E(p) +hw,,o]‘ 2
Optical phonon scattering ep.0 2213 pw, 0

emission

0= (de[j (@p.0) + 1m)2[Ec(p) —hw, 0]
e=p, ‘

1/2
21 20h3 PWy.0

2. Relation between scattering rate and self energy

ul

v(ky, E) = —m [(Zﬁp(l?“, E))]
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N EMS Scattering mechanisms
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Here, the acoustic and optical phonon scattering are considered.
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Results
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Preliminary result about the energy exchange inside the device:

/
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Here is dissipated in the drain side. In future, we will apply our
method in real large device to capture the self-heating effect.
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Future work

Foundation

+ Self-consistence
electron phonon
coupling model is
implemented into
NEMO5

Future improvement

« Enable more
effeicient RGF.

* More applications

in different devices.

PURDUE

UNIVERSITY

FRAMEWORK

Electron-phonon coupling in NEMOS5
Electron transport with Tight-binding basis is verified.

Phonon transport with VFF model is ready.

The self consistence with e-p coupling is implemented.

Core

EFFICIENCY

Implement
Buettiker
probe with
RGF.

Superlattice

Test the
general lead
model in both
electron and
phonon
buettiker

Applications

LED device
simulation.

Method-
Semiconducto
r simulation.
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Thanks!
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