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Ab initio methods in thermoelectrics
working more to relax more accurately

Matthieu Verstraete
University of Liege, Belgium
IPAM workshop IV - Nov 2013
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More numbers on energy!

* www.iea.gov in 10> BTU
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Energy issues

Post-petroleum scramble for new energies
Nuclear?
Solar, Wind

Biomass (still carbon)
Efficiency and recovery




Thermoelectrics

integrated device Q - V or vice versa
waste heat harvesting
power generation (satellites)
solid state cooling/heating
cpu spot cooling




Quality factor of TE materials

* Figure of merit: material vs device

S’ 4 = (5 = Sh) 2
===
K ( Kp/Op + \//sn/an>

* real criteria depends on usage
e electron crystal: large o
* phonon glass: low K



Thermodynamic caveat

* hot/cold source separation

e e fluid loses too much heat

Efficiency (%)

80

70+

60 f-

50

40}

30

20+

10

Carnot efficiency —1
Thermodynamic limit
ZT=infinity

ZT=20, unlikely |

o Solar/Brayton
Nuclear/Brayton+Rankine ©

Solar/Stirling
® o Nuclear/Rankin/

®Solar/Rankine ZT=2, plausible eventually—"

//ZT=O.7, available today — |

@ Cement/Org. Rankine
Geothermal/Kalina /

Geothermal/Org. Rankine

ZT=4, ambitious

|

0
300

400 500 600 700 800 900 1,000 1,100 1,200 1,300
Heat source temperature (K)

CB Vining Nature Materials 8 83 (2009)



Improving ZT at all length scales

e optimization of:
— dopants
— nanoscale
— mesoscale

e systematic phonon killing *
A
§ .».' l:’«-
e e B

Biswas Nature 489 414 (2012)

'.— 100 - — 300 K -
o - = 600K
[s] 80
&
g /7
g 60+ / o
& 2 8 £
g 401 8 s g
: LB g 3
E .
s 20 © Q
g e
< 0 =

1 10 100 1,000

Phonon mean free path (nm)

2.4 4 —@— 4 mol% SrTe, 2 mol% Na: SPS
1 —6&— 2 mol% SrTe, 1 mol% Na: ingot (ref. 14)
—A— 0 mol% SrTe, 2 mol% Na: ingot

2.0+
ps _e»*
12 SS’
¢
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Electronic structure + BTE



Where it all began: Hicks and Dresselhaus

BTE+RTA+m’
analytical solution
param on Bi,Te,

no K limitation

2D and 1D structuring

The calculations assume a one-
band material. This is because one-band materials (such
as heavily doped semiconductors) give the best Z

e
N

2.0

1.5 -
1.0 +

05

0.0

\ (@) |

0.0 ' o
0.0 20.0 40.0 60.0 80.0 100.0
a(A)

Hicks & Dresselhaus PRB 47 12727 + 16631 (1993)

but! Sofo & Mahan APL 65 2690 (1994)
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Where it all began: Mahan+Sofo

* Dope with f- or d-metals
 resonant levels
* huge dN/de

* binding is critical: 5&
* Goldilocks hybridization '\,
o.si—\ \\\g\ K 7
ni \\c‘\ﬂt}& =g _ |
N(e) = ﬁ |16(x —b) +a] | T - D
B 0 0.05 0.1 0.15 0.2

Mahan Sofo PNAS 93 7436 (1996)
Heremans En Env Sci § 5510 (2011) «



Boltzmann transport equations

* Boltzmann equations

of . Of  (of
or U VI E i (at)cou

- S of
Ja = Zek% (‘a—ek>
k

* single mode lifetime approx (ﬁ) _ 9
coll

8t Tl

0
* variational approx (a—{> =) Qjiti
coll
basis set of = ci¢;



Industry standard scheme

* Boltzmann equations + constant RTA

0ap (i, K) = €°7; ke (i, K) g (i, K)

1 of . (T;
0ap(T; 1) = 5/%/3(8)[— f“;g 8)]d8,
afu(T;e)]d(9

1
Vo (T ) = IO /Uaﬁ(E)(E — W) [— "

Sij = E; (VjT)_l = (U_l)aivaj

e BoltzTrap - Madsen&Singh CPC 175 67 (2007)

13



Multiband interference with
nanostructuring



The 2DEG@ STO/LAO system

e Oxide-oxide interface

e Zener polar breakdown creates 2DEG
* Good mobilities —what about TE?

X §-‘°‘| §:4

%@ Pv®

WedoQo@ L
e s s ) 3'

Pr@oR2R ©
fj'é? NS
i

ub

‘%
o'»cu

Q

Thiel Science 2006

al 1:»

LaAlO, (260 A) /SrTiO,(001)

1 10 100
T (K)

Ohtomo Nature 2004
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Contradictory experiments

e Oxide 2DEG enhances S... sometimes
* noin LAO/STO yes in (STO/Nb-STO),

Thickness of Ly (nm)

Y

0 N T 171 LR I IR I IR LI L = i A 5' * 1|0 R g
N R DR ) L I R o ey
& 200f, tg=2 o L B
> = - = £ 2001 | g 20] 1 Se
= -300 |- 6x10 em 3 N 2
p— - x10 "em "5 S 1N 95 0 0.5 1
m -400 = t =30 nm - ?} 100 \.\"»»i Log Lw (nm)

- T s ISlap
'5005.(t.’.)|.“.|.“.|.H.|H..“_ .
0+ ——————— ——
S0 100 150 200 250 300 R
T (K) umber of SrTig gNbg 203 unit cells, Ly
experiment D Marre’ Ohta TSF 516 5916 (2008)
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STO/LAO transport

* nano-Sis not better? DFT+Boltztrap agrees!
Need model lifetime (o _ . (Tref)’\ (e—eo>A

Durczewski Ausloos PRB 61 5303 (2000) T KpT

* Compare with Nb doped 3D STO

(' L T L ] L ] L |
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cOIveET

Parabolic bands model

 fit eff mass BS to ab initio
* position of E; gives boost

Seebeck (LV/K)

ERYAAYAYAYAY

207 Ao Al Xl AL Al AL

d0V4ddLNI

* t,, shifts reduces S

* relative shift of layers kills S

PRB 86 159301 Filippetti (2012)

0.0S8

] | Ly gl

0.1 02 03 04 05

Q



Parabolic bands model

* H&D are correct about 1 band... but...

e also suppose 1 subband in whole Qwell
* not « single » 2DEG
 shift linked to t2g shape

e change d orbital ordering?

’////l;lii'
4

Wi
s
GIHTY
ﬂf’go‘a‘ll

&,
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STO/SrTi,Nb,_ O, superlattices

Deposit doped STO layers
modulate heterostructure

and Nb doping level
— confinement changes

— enhanced S for low doping

2 new degrees of freedom

Ohta Nature Nat 6 129 (2007)

20



STO/SrTi,Nb,_ O, superlattices

* Thin Nb-STO layers |
g0 (Fef.20) 2
* Sufficient spacing ¢ |

* Which elec structure?

j Slope
200 ] 200 pV K-1
a Thickness of Ly (nm) | 9

0 5 10 15 01 ALY B R A AR ALY

e 18 19 20 21 22
F’-\ 1 " ’ _3
% 3001 DOS(E) o< Ly, 1] Log 7, (em=)
> ] b 0 5 10 15 20 25
1 400 ) T TR ST SN NN TN NN TN SN SN TN ST WY U SN WO TN SO S N NN S T
0—) _ LW=1
2} ] E .
€ 200- i 4 o oo .
5 2 3wl 8 |
= J & .. L]
8 0 05 1 Z 0" ]

1 ; 1 [} A ]
§ 100+ Log Lw (nm) 1 8 2001 of ]
T ISlap 8 ¢
(s)) 1 % o J

] S 100 ]

Q 4
0 ————— 2 ®---bulk
0 10 20 30 n
i i -
Number of SrTig gNbg 203 unit cells, Ly 5 o 20 30 40 50 o 21

Number of SrTiO3 unit cells, Lg



STO/SrTi,Nb,_ O, superlattices

* 10 layers, 1 doped with Nb (extra e  shared)

o DO p | n g fra Cti O n W| I | : 25%-dop SL SO%-doped SL 100%-doped SL
" :,"- . N L -

—reducem’

Xz,yz

— -

b, o7

Xy

* Xz yz bands in violet CoMbzxoToMn

* (PSIC, Qespresso...)

22



STO/SrTi,Nb,_ O, superlattices

. . BULK SL

* Dilution enhances S! g :
=20 - —

* Smaller effective DOS g 0} 3
-60 —

> : -

* Cutler Mott S 3
Q -100[uar 5% =

@ -120( 33 300 —

N A 20% u

g n2k3T | 9(Inn) N d(ln ) 1:2 :%2 ey
3e de o€ :180 o S ST "fg"// oovabivnlon,
0 50 100150200250300 50 100150200250300
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STO/SrTi,Nb,_ O, superlattices

e Weak confinement

works better

* dilution # n, reduction

* dilution - E rises wrt
bulk states A T
e multiband effect "M ™ Coping concentration

* m* model for any doping
Delugas PRB 88 045310 (2013) * S effect in upper manifold



Comparison with LAO/STO

* T2g shift + #degenerate bands
Never homogeneous in z for LAO/STO

‘BN_A
STO/Nb, ,-STO 9
; 3.6 % _3 0.6:
3 3.4 __ ? 0.4_—
g 32 18 02
> 41 @ !
& RE B =% o}
- 4 =
¥ «
v 2.8 —‘-Q_OZ
o /j
m 2.6 _{)4__
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Ab initio Seebeck coefficients



Seebeck coefficient in simple metals

Normal picture: carriers = e
More and fastere = so S<0
i Au Ag Cu have S>0

Jones: not free electron dispersion

Robinson: mfp(€) and exotic EPC

Robinson PR 161 533 (1967) PR 171 815 (1968)
Jones Proc. Phys. Soc. A 68 1191 (1955)

e
Il
__
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Normal anomalous cases

* Signature: n,vs S
* Possible for multi-band BS Ex: FeSb,
* Not the case in simple Li: beyond RTA

0 FEg e = B AL Yy
l! .- —m—S/a (0 T:9T) i
e e o A 0.4
10000 - ._ i g S/ (0T) |
W, (i | § 1Y ~~
Ag 8 < of | A > 027 ~~_ |
-20000 : o (W O u 1
o 100 o
'."\ v L A I ———
§ 0 ngo 200  300) >\ 0
(\0/-30000 F o0 ) 4B &0
s ol ©-0.2
-40000 | “ 1o ] o
05 a8
00 e i = —-0.4 I \ j
-50000 S L
0 20 50

Bentien EPL 80 17008 (2007)

I'Z R
Diakhate PRB 84 125210 (2011)



Allen theory

Metals or heavily doped SC

Variational approximation to BTE

FSH basis Fa(k) = vo(k)/va(er)
va(e) = [k va(k)d(ex —¢€)] /N(e)

Closed solution of BTE with scattering

matrix between basis states Qun gn’

Lowest Order VA (n =0, 1) No RTA at all!



Allen theory — Seebeck coefficient

e Simplest: elastic LOVA, but S=0
e Inelastic LOVA S, = "8 Qav,1

B V3e Qa1,51
e Get Q from DFPT:
_ 27Vee N(er)
Qan, Bn’ — hli‘lBT /de/de /dw Z

s,s'=%+1
ol F(s, s, a,B, €€ ,w)J(s,s,nn e€)f(e) [l — f(€)]
X {[N(w)+1]é(e — € — hw) + N(w)d(e — € + hw)}

@ F(s,8' 0, B8,€, € ,w) = 2N( Z|Qkk K

X [Fa(k) — sFa(k')] X [Fs(k) —s'Fp(k)]
X 0(ex — €)0(eyr — € )0 (wq — w)
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Lithium

40T bee: ABINIT L L
| |— - bcc: BoltzTraP |
o Expt. LB
30} Expt. Bidwell -
o Expt. Kendall
- Expt. Surla o .
ool ) -
> )
= } : i
N :
10 5 , -
OF —ie_________ -
C 1 . | 1 | 1 | 1 | h. -l 1 7
0 100 200 300 400 500

Temperature (K)

* VA is great, RTA fails miserably

600
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oF -
5 T
X~
>
> :
C\O/ — - bee: RTA %o
o Expt. LBNRC2| pec : S
10 e Expt. LB NRC3 : ° )
e Expt. Kendall :
! - Liquid
-1 5 R | N | 1 | " | 1
0 100 200 300 400 500

Temperature (K)

« normal » S behavior. Still better than RTA



A « simple » explanation

* Drude o = ne?r/m*

g —

B 2 k3T [l da(e)]

3e o de

 Model t(g) ~ 1/N(¢)

* o(g) ~ v?/N(g)

* o(E;) slope - -sign of S
e |g| =1stllS>0




A « simple » explanation

* More electrons than holes

 They are marginally faster =h .
* BUT Li E; close to BZ edge i
* Shorter t for e

* NeteffectisS>0

10F [

DOS (states Ha 'sp




Other anomalous cases

R
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* Smaller DOS effect: |g| and
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Multiband case: FCC Al

<
>
=
£ 5F
Q0
O
© — - BoltzTrap
3 Expt. (Gripshover et al. 1967)
S — ABINIT (new)
Q S =-229/T
o -10 Tt ST —
3 .. §,=0.003T
w
Se+Sg
15 1 I L l 1 l L l
0 200 400 600 800

Temperature (K)

FS more complex

more painful convergence in k...
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Why is S so small in Al?

30 T T T |

—— band2

band3
— band2+band3
EF

20 — —
10
0 1

* Not so simple metal
e 2 opposing contributions



Can we exploit the anomaly?

* Li Mg, dopingexists
* What about Na?
* Sigh change works!

so it’s not impossible... - |
-5 1 l

+ Apply to TE materials? " @ 20 " s~ w0 s
* DOS distortion & lifetime effect is key

38



Conclusions?

Don’t worry, I’'m looking for trouble
RTA usually works

RTA(g) general and flexible (phonons too)
Dresselhaus paradigm usually wrong,

but so inspirational...

Variational method for phonons?

Need a good basis



Bin Xu, G Madsen (Boltztrap)
A Filippetti, P Delugas, V Fiorentini, D Marre’
Aldo Romero, Olle Hellman
Belgian ARC grant
UCagliari visiting prof
SEGI/CECI/PRACE

Thank you for your attention!
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