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Waste heat recovery and thermoelectricity

Waste Heat to Electricity

ﬂ Heat Dissipated
Automoblle Waste Incinerator -" (Cold Side)

Nuclear Power Plant
Factory
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Energy <
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EEIEEE
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Electrical Electricity

Thermoelectrics R Energy

-Urgent need to covert waste heat in recoverable form of energy

-The ideal thermoelectric material is a good electronic conductor,
but a poor thermal conductor



Thermoelectricity and thermal conductivity

Figure of merit
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Strategies to reduce the thermal conductivity

Nanos
-

Two main strateqies :

-boundary scattering (nanowires)

D == A, Diffusive regime -interface scattering (superlattices)
D~ A. Ballistic regime

Si @300 K : A > 300nm



Thermal conductivity

Semi conductors
(phonons)
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Thermal conductivity
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1l. Vibrations



Dynamics of a monoatomic chain

-2 LI |

s x>l c

2

. . d
Equations of motion :  m—=== C(uns1 + -1 — 2up)

Solutions : u, (t) = qrexp(i(kna — w(k)t)) k = 2% (pinteger)

Dispersion relation :

1/2 :
4C ka B _
w(k) = <—> | sin (—) | |
m 2 =
2 06 —~
Group velocity = el )

c\V? ra 0,2_—
vg(k) = (E) acos (7) ol




Dynamics of a diatomic chain

Un-1 Hp—] Un Un Un+i Hn+l Uns2
o e o —_— - - - e i
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Equations of motion :

dZU
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K
md n = —c(up — Upy1) — Cluy, — Uy) \ / \ /
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Three dimensional dispersion curve

Harmonic Hamiltonian : u = H, + 22 O uguf OB EXY 2

\

Harmonic force constants

. i d?u®
- _ BB
Equations of motion :  m;—- = —Z} P

. QG - P
Plane waves solutions :  u{= \/miiea(k)exp (i(k -7 - wt))

Polarisation vector

Dynamic matrix :  peB -

1 B . ~ . .
U= o Cu Dap(F)ep(R) = 02 (F)eq(¥)




Dispersion curves

Gold (faced centered cubic) ,
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A. Alkurdi thesis




Dispersion relations for complex crystals

Eigenmodes : uf(b) = ﬁ%ea@ b)exp (i(k - 7i(b) — wt))

N

vector defining the position in the primitive cell

Eigenvalues :

> Dag (K:5,5)eg(k, B') = w?(k)eq (K. b)
br

" Three dimensional crystal : index s
Total = 3*p branches with p = number of atoms
In the primitive cell

w? (%), €as (E, 1_5)

3 acoustic modes
- 3*(p-1) optic modes




Dispersion curves

Germanium (diamond)

o | TS R T ST SE SRR ()
. TO g . _
] LO ™=@
: : LO
G e ’ \,' A /C;J\ 45 O Experiment : ;:
Germanium '\k E_‘ T|— LD o o+
S S =) LA LA
- Boorwa e
0000
TA o °

3 s 08650 a 3\ TA
- T - Q 002 @
i [%OO] | [05.@]| 2 | [EEE] 1
OF A X K X I A L
T T T | T Lo T T |||TO || T T T |TO| |
. TO oo :
30 - LO LO |
—_— L ; — LD layer2 y
a = : — LD laicrd- =
L : —— LD layer 6 —
% 60— A LA — LD laiers 4
e - (b) Si © Experiment LA |
N— 40 — o o o =
[ TA | oomlo _
L 3 | ' TA -

201
/ A 088 L

g | | | | | | | | | | ||| | || | | | | | | | ‘ | | | |

o O A X K X r A L

Reduced wave vector &



Dispersion in complex crystals

BaGeNi clatrate
(Pailhes et al., ILM)

Ge supercell

.18..‘.‘01.6.1\ . 7 R IR A
0 02 04 06 08 0 02 04 06 0
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-0
8 1

Euchner et al., Phys. Rev. B 2012



Phonon dispersion in graphene

a b

Dispersion of the

w bending modes
s w~q*
B plane g
X v 3
&
8 .
h=335A |- 2D material
A plana 2 o
i R (»\ 9(w) = Vg (0)v,(w)
ik [

0
— M a 5 10 15

g=246A /N:m: Vector g (10° m*)

Bending modes dominant at low g

E. Pop, V. Varshney and A.K. Roy, MRS Bull., 37 (2012) 1273
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Ill. Thermal conductivity



Molecular dynamics
-> see Evelyne Martin’s talk

_ d’r;,  0d
Molecular dynamics: ™3z ="5  +thermal bath

Interatomic potential :
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Thermal conductivity in MD
(workshop MD part Il)

Essentially, three methods :

1. the « direct » method

Apply a temperature gradient or energy flux
and calculate the conductivity with Fourier law

2. Green-Kubo method

Probe the fluctuations around equilibrium
of the energy flux vector

3. « approach to equilibrium »

Probe the relaxation of a temperature profile
-> see Evelyne Martin’s talk



1. Thermal conductivity : the direct method

Steady state temperature profile Heat source

Example Si/Ge ”'”“_jl _____ B :/./ -

Temperature (LJ)
>
=
’
p d
Vs

e
0.13 | ./ L .\\x
orzd S 3
G_ID | 072 | Gfd | o_le | afa | 170
normalized size of superlattice
Heat sink AT

Fourier law :| J= —9\7

Molecular Dynamics Simulations and
Thermal Transport at the Nano-Scale

Konstantinos Termentzidis!? and Samy Merabia?



1. Thermal conductivity : the direct method

Strong finite size effects !
Si T=1000K ‘/

550
Si T=500K

4x4x288 Si
T=500K

n
Lo
T

i
-
?

Temperature (K)
D
<

Diamond T=1000K
470~ X
0 1 | .
45':' T T 1 I T I 1 0 .M 0.02 D{JE 004
0 20 40 60 80 100 120 140 p
z (nm) VL, (nm )
« Bulk » thermal conductivity 1/A(L)=2/L+1/A(L—> =)

Schelling, Phillpot, Keblinski, Phys. Rev. B (2002)
Selan et al. Phys. Rev. B 2014



ll. Thermal conductivity :
Green-Kubo equilibrium simulations

1 [t
Green-Kubo formula : | A = TNE (Ja(t)]g(0)) dt
Heat flux vector : > d .
/= E(Zﬁ )

- 7 — 1 —>
Two body potentials : /=) Evi+5)  #jF;-(vi+7))

Many body potential : ll l

pot 2 E l.—/.-] lj a,r,lj l ] :

Hardy’s formula (1962)

1 1 1 1 I 1 1 1
0 10 20 30 40 50 60
time (ps)



Filtering optical modes
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Spectral thermal conductivity :

1
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Termentzidis, Merabia, Chantrenne [JHMT (2011)



Anisotropic systems

1 [t
Green-Kubo formula : | A = > Ja(£)]p(0)) dt
VigT? ),
I ' — T T 1 o g . 1 , : -
&9 In-Plane L‘?U- ]
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Lannord, Merabia, Albaret, Lacroix, Termentzidis, JPCM (2014)



Thermal conductivity :
NEMD vs Green-Kubo equilibrium simulations

NEMD Equilibrium Green-Kubo
Advantages : Advantages :
-easy to implement - less severe finite size effects
-computation of the - full thermal conductivity tensor

thermal boundary resistance

Inconvenients : Inconvenients :
-check of the linear regime -need to run several independent
-severe finite size effects ! simulations

-plateau is difficult to identity
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V. Phonon spectroscopy



Relaxation times
phonon-phonon scattering

k!!
k” k
k!
k!
phonon fission phonon fusion

. 1 2 kBT (1)2
Three phonons processes (Klemens formula) : t™(w,T) =v YE
D

Grlineisen parameter /

N 1
Crystal Hamiltonian =~ 1 =2 o ulauJB+6quk g Qs Uy

Phonon dispersion Phonon scattering

P.G. Klemens, « Solid State Physics » Academic Press New-York 1958



Thermal conductivity

Matthiessen's rule

Dislocations o
e

k!
Defect scattering
D

Boundary scattering

diffuse scattering



Relaxation times
phonon-phonon scattering

k!!
k” k
k!
k!
phonon fission phonon fusion

. 1 2 kBT (1)2
Three phonons processes (Klemens formula) : t™(w,T) =v YE
D

Grlineisen parameter /

N 1
Crystal Hamiltonian =~ 1 =2 o ulauJB+6quk g Qs Uy

Phonon dispersion Phonon scattering

P.G. Klemens, « Solid State Physics » Academic Press New-York 1958



Boltzmann transport equation

an(ﬁ, S) = I —
S Ty T = zfa’%”c (K, &, k")

Boltzmann Transport Equation :

Collision operator

k i _ k”
k” k ¢ =T(k) + Ak, k', k")
Depends on k,k’,k” !
k, k!

(n(E,5) = noq(R.5)

o(%,5)

Single relaxation time approximation (SRTA): ¢ =-

an(k’, ) I (n(ﬁ, §) — Neg (E S))

Boltzmann equation in the SRTA: +v, - Vn=-— =
at t(k,s)

- 1 2 7
Thermal conductivity (SRTA) A=3 zﬁ}s o, 72 2x(F )




Phonon-phonon scattering :perturbation theory

Hamiltonian : H =Hy+ H,

E 1
f H, = Ez clbf;fB U o) 8
A
1
Hy= = ) X5EY wiqtt gty
f 210 2

P/ = = ity ) *p(ES(Ef — Ey)

E;
k ku : o p
k’ k . ‘

E. Fermi

k!
Initial state Final state Initial state Final state



Normal and Umklapp processes

Normal processes

Brilllouin zone

Umklapp processes

EII

Demystifying umklapp vs normal scattering in lattice thermal
conductivity

AL A Maznev
Deparsment of Chemiziry, Massachusens Institute of Technology, Cambridge, Massachusetts 02139

0. B. Wright
Division of Applied Physics, Facwley of Engineering, Holkaido University, Sappore 060-8628, Japan

(Received 17 October 2013; accepted 28 July 2014)

&~

+
R




PHYSICAL REVIEW B 81, 085205 (2010)

Intrinsic phonon relaxation times from first-principles studies of the thermal conductivities

Relaxation time (s)

of Si and Ge

A. Ward and D. A. Broido

Department of Physics, Boston College, Chestnut Hill, Massachusetts 02467, USA
(Received 23 December 2009; published 4 February 2010)

1{]_? L B L L L BB LR BRI LR
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10®

10°

107° Normal

10"

1072

w ( THz)

T T T T N I T B O ' A T I T T I I
0 10 20 30 40 50 60 7

DFT calculations Si,Ge

-Importance of N processes

Ty ~ ™% Limit thermal

transportas t™w ~ =0

Ty ~ 0" Limit thermal

Transport at high frequencies
/high temperatures



PHYSICAL REVIEW B 81, 085205 (2010)

Intrinsic phonon relaxation times from first-principles studies of the thermal conductivities

Relaxation time (s)

of Si and Ge

A. Ward and D. A. Broido
Department of Physics, Boston College, Chestnut Hill, Massachusetts 02467, USA
(Received 23 December 2009; published 4 February 2010)

107 gy
W ]
10° - () Umklapp 3 DFT calculations Si,Ge
- : -Importance of N processes
-Optical modes participate
100 | \ I In phonon scattering :
F orma
C iN)
i % (w) _ >50 % of the scattering processes
10" L ) ; Include optical phonons
102 : . . | | . . < With optical : A =150W /M /K @300K

0 10 20 30 40 50 60 70O &80

Without A=500W/M/K
w(THz)

-single relaxation time
Approximation OK for Si,Ge



Scattering processes in graphene

Thermal Conductivity (Wm 'K’
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Predominance of ZA modes

Constraints on ZA modes
Even number of ZA modes
(symmetry reasons)

Ex:ZA+ TA —» ZA
ZA + LA — TA forbidden !

PHYSICAL REVIEW B 82, 115427 (2010)

S

Flexural phonons and thermal transport in graphene

L. Lindsay,"? D. A. Broido,' and Natalio Mingo™#



Collective excitations of graphene :
Failure of the single relaxation time approximation

Thermal Conductivity of Graphene and Graphite: Collective
Excitations and Mean Free Paths

iorgia Fugallo,”)* Andrea Cepellotti, Michele Lazzeri,” Nicola Marzari,"*
an

d Francesco Mauri

fIMPMC, UMR CNRS 7590, Sorbonne Universités — UPMC Univ. Paris 06, MNHN, IRD, 4 Place Jussieu, F-75005 Paris, France
{’-Theory and Simulations of Materials (THEOS), Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland

$National Center for Computational Design and Discovery of Novel Materials (MARVEL), Ecole Polytechnique Fédérale de
Lausanne, 1015 Lausanne, Switzerland
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AMw) = jo

Message 1 : wide distribution of mean free paths

w

¢y (W) vy (w)A(w)dw

Themal Corductivity Accumulation (%)

Accumulation function :
phonon spectroscopy

MD simulations Si, Henry and Chen
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Henry gnd Chen, J. Comp. TheJJ. Manosci 5, 1 (2008)
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Accumulation function :phonon spectroscopy

w MD simulations Si, Henry and Chen
AMw) = J ¢y (W) vy (w)A(w)dw
0 100 - —
£ |(b) e
Kinetic theory: = . g w -
INEtiC theory. A= gUszA k- 1000 K P
- N,
3 s
< % Re 300 K
A=150W/m/K @300K E /
S 40 /
2 /
© /
5 20 f
A =100nm 5 -
o Loz

10 10 101 104 100 102 102
Mean Fraa Path (um)

Henry and Chen, J. Comp. Theo. Nanosci 5, 1 (2008)
Message 1 : wide distribution of mean free paths

Message 2 : kinetic theory severely underestimates mean free paths



Accumulation function :
phonon spectroscopy

N MD simulations Si, Henry and Chen

acc(w) = j ¢y (W) vy (w)A(w)dw
0
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Mean Fraa Path (um)
Henry and Chen, J. Comp. Theo. Nanosci 5, 1 (2008)

Message 1 : wide distribution of mean free paths
Message 2 : kinetic theory severely underestimates mean free paths

Message 3 : boundary scattering reduces significantly conductivity
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V. Phonon scattering at interfaces



Importance of interface phonon scattering

Logic circuits Liquid-solid coolers Thermoelectric devices

IDTechEx
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Thermal interface materials Thermal management hot spots High power electronics

3
3
3
=
E
=
-
A1




Thermal Boundary Resistance (TBR)

Kapitza resistance

1941 : Kapitza's measurements of the temperature drop
near the boundary liquid helium/solid

Kapitza resistance :

medium 1

Kapitza length

medium 2

Kapitza

I = \/G

Heat flux

I, ~1-100 nm



Some elements of history

First measurements Helium 4-metal
Kapitza 40's

acoustic mismatch

Kapitza, P. L., 1941, "The-study of heat transfer in helium I1,”
Zh. Eksp. Teor. Fiz. 11, 1 [J. Phys. (USSR 4, 181 (1941)]; also

RadT” [K!/(W/em?)]

10 e

in Collected Papers of P. L. Kapitza Vol. 2, edited by D. ter |
Haar (Pergamon, Oxford, 1965), p. 581, diffues. mismaten
gl'é.‘mperature El'i(}j
Metal-solid interfaces | (80 du -2

1000 P( o
!

Stoner and Maris, Phys. Rev. B (1993)

200 a::
: L : el Au/di d
Blowing activity in the 2000's : Notrris, ﬁ 'a”TO”

gy (Wem K™!)

Hopkins, Cahill, etc ’ - w 0
EE |
. . . . Sao |
Liquid-solid interfaces tal LJ modgls
Saf
Barrat and Chiaruttini, Mol. Phys. (2003) t 5

=]

Xe and Keblinski, J. Chem. Phys. (2003) o AL



Computational methods

Landauer formalism : Transport is viewed as a transmission process
between two reservoirs at equilibrium.

+
1 df
Geq = — Zhwvuflz -
. . p.k
Reservoir : Reservoir equilibrium distribution function
T e T Non equilibrium effects :
LRSS Landry and McGaughey, Phys. Rev. B (2009

Merabia and Termentzidis, Phys. Rev. B (201



Computational methods

Landauer formalism : Transport is viewed as a transmission process
between two reservoirs at equilibrium.

+
1 df
Geq = — Zhwvuflz -
. . p.k
Reservoir : Reservoir equilibrium distribution function
T e T Non equilibrium effects :
LRSS Landry and McGaughey, Phys. Rev. B (2009

Merabia and Termentzidis, Phys. Rev. B (201

Left lead Interface Right lead -Phonon I_\!E_GF .
------------—-;  (NON equilibrium Green’s function:

tiz(w) =Tr (LG T, GY)
G(w)=(w?—H; — T, —%,)7 !

Mingo and Yang, Phys. Rev. B (2003)
Guo et al., Phys. Rev. B (2020)

47



Computational methods

Landauer formalism : Transport is viewed as a transmission process
between two reservoirs at equilibrium.

+
1 0fe
q
Geq — _Zhwletlz .
: . P,k
Reservoir : Reservoir equilibrium distribution function
T e T Non equilibrium effects :
el Landry and McGaughey, Phys. Rev. B (2009
Merabia and Termentzidis, Phys. Rev. B (201
Leftlead K, Interface Right lead -Phonon NEGF

(Non equilibrium Green’s function:
tlz((l)) =Tr (F]_G Fz G+)
G(w)=(w?—H; — T, —%,)7 !

Mingo and Yang, Phys. Rev. B (2003)
Guo et al., Phys. Rev. B (2020)

-Lattice dynamics

K
r AA 2 A, 5AB B _
Stoner and Matris, Phys. Rev. B (1993) (dja,/f ~MA® Iy, )Jﬁ +Dgpup =0

Zhao and Freud, J. Appl. Phys. (2005) 48

_ _ &PBUA 4 (#BB _moow2s. . LB =0
Alkurdi and Merabia, Appl. Phys. Lett. (2017) apip ( ap ~BY aﬁ)Jﬂ



Molecular dynamics

Steady state non equilibrium
simulations

1 (T -Ty)
R_G_ p
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Barrat and Chiaruttini, Mol. Phys. (2003)
Landry and McGaughey, Phys. Rev. B (2009)

Merabia and Termentzidis, Phys. Rev. B (2012)

Green-Kubo simulations

G

v ARCIORUIONL

Analogous to the Green-Kubo formula
for the thermal conductivity

+o00
G=R= zj (T(t)- T (0))dt
150) T T !
300 H ( . - }—
. - V.4V,
-d‘-ll.= _qﬂ q _— Z X ‘—.'r_-
= L f=l, je2 U 2
v 200 H -
= I |
E lﬁl:]-— —-
2 1004 _
A - \.,,,__': -
{ i 1 i 1 i 1 :
0 S0 i | 50 200

Time (ps)

Barrat and Chiaruttini, Mol. Phys. (2003)
Merabia and Termentzidis, Phys. Rev. B (2012)
Chalopin et al., Phys. Rev. B (2012)
Rajabpour et al., J. Chem. Phys. (2019)



AT() (K)

=

Transient simulations

Temperature relaxation

t(ps)
AT (t) < exp(—t/T)

G = C,/(AD)

Well adapted to irregular interfaces !

200
{ LA
v
o W H ‘ B0
1 0o &
/ ¥ v
3 '::.. .\"‘.. ) : t w
/'/ e x
/ X | random rough squares wavy
; 11,
500

S. Shenogin et al., J. Appl. Phys. 2004

E. Lampin et al., Appl. Phys. Lett. 2012
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T emd boundary conductance, hy (MW m—2 K1)
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Acoustic Mismatch Model (AMM)

« Continuum acoustics
« Acoustic impedances

« Specular scattering
o1 B Material 1
Phonon transmission :
f12(91392) — (Z 0501 + Zo cos 0 )2 0, 7 :
1 1 2 2 Material 2

Khalatnikov (1952)

Generalized AMM model :

47179 cos B cosbs

(Z1 cos By + Z5 cos B3)? ;j (Z1Z5 cos By cos 05)?

112 (01,0,) =

d?Vi,

2 =72/23n, £1, /0%

Interface spring stiffness : Ky, =

Prasher, Appl. Phys. Lett. 94 (2009) 041905
Merabia et al., Int. Jour. Heat Mass Transf. 100 (2016) 287



Diffuse Mismatch Model (DMM)

The transmission coefficient
IS given by detailed balance

Diffuse

3

The transmission coefficient
IS given by detailed balance
Swartz et Pohl, Appl. Phys. Lett. (1987)

Phonon transmission :

c282(w)

(@) = @) + caga(@)

A DOS Medium 1

g,(w)

Medium 2
g,

W



Comparison with AMM
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Effect of the roughness

g

g
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S. Merabia and K. Termentzidis,
Phys. Rev. B 2014
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Experimental confirmation

Nanopillar Si

LY. Y.Y.
' ¥ ¥ ¥

Lee et al., ACS ami (2016)
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Comparison with the models :
spectral transmission
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Comparison with DMM model

Highly disordered interfaces

(21 Flat boterface ]
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Modes are not found to loose memory of their polarization and orientation
Kadlokar and Feser, J. Appl. Phys. 2017



Comparison with the models:
conclusions

1. AMM and DMM models may provide a good description
of the thermal boundary conductance

2. However, the spectral transmission is in general not
In agreement with simulations/experiments

3. In conclusion, they are phenomenological models which
may help understand the physics of phonon scattering.

Accurate predictions should rather rely on atomistic models
such as NEGF or lattice dynamics with ab-initio force constants.



Metal-semiconductor interfaces

metal non-metal substrate

Alkurdi, Lombard, Merabia, Phys. Rev. Appl. (2020)

Metal electrons
Interfaces ?
Semi-conductors phonons

Measurements :
Hopkins and Norris. J. Appl. Phys. (2009)

Theory . 560 15‘00 2560 3500
Sergeev .Phys Rev B (1998) Predicted electron temperature [K]
Mahan, Phys Rev B (2009)

Lombard, Detcheverry, Merabia, J. Phys. Cond. Mat. (2015)



Electron-phonon interface thermal transport
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Thermal transport

across nanoscale vacuum gaps
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Cui et al., Nat. Com. (2017)
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Thermal transport across
gold/vacuum gap/gold
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Phonons dominate thermal transport for subnanometer gaps
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Interfacial heat transfer
iquid interfaces
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Heat transport on nanostructured graphene

with C. Herrero and L. Joly
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Heat transport at charged nanoparticle interfaces

with R. Rabani, L. Joly and A. Rajabpour
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Some useful books and reviews

Textbooks : « The physics of phonons », Srivastava
« Nanoscale energy transport and conversion : a parallel
treatment of electrons, molecules, phonons and photons »,
G. Chen

Review articles : « Nanoscale thermal transport Il », App. Phys. Rev.,
2014, Cabhill et al.

« A review of experimental and computational advances
In thermal boundary conductance and nanoscale
thermal transport », Adv. Funct. Mater, Giri and Hopkins

« Interfacial thermal resistance: past, present and future »,
Chen, Xu, Zhou and Li, Rev. Mod. Phys. 2022
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