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Thermoelectricity: From Atoms to 
Systems 
Week 5: Recent Advances in Thermoelectric Materials and Physics 

Lecture 5.6: Overview of Week 5, Recent reviews 

 

 

By Ali Shakouri 

Professor of Electrical and Computer Engineering  

Birck Nanotechnology Center 

Purdue University 
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Thermionic (TI) vs. Thermoelectric (TE) 
Energy 

Hot electron 
Cold electron 

     Cathode                 Barrier                 Anode 

Thermionic: ballistic, non-linear transport 

Material 1 Material 2 
Single Barrier 

Material 1 

Material 1 Material 2 
Superlattice 

Material 1 

Superlattice: Linear transport: “effective” Seebeck coefficient 

D. Vashaee, A. Shakouri, Phys. Rev. Lett.,  2004 

Lateral momentum 
conservation 
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0.3% ErAs:InGaAs 

3% ErAs:InGaAs 

6% ErAs:InGaAs 

Embedded ErAs nanoparticles in InGaAs matrix 

W. Kim, J. Zide et al. Physical Review Letters 2006 
J-H. Bahk, et al. , Applied Physics Letters 99,  072118, 2011 
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ZT~1.3-1.5 @800K 

Potential distribution 
around nanoparticles 
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Material Figure-of-Merit for Thermoelectrics 

Mobility 

Keyes’ Relation (phonon-phonon 
scattering dominates klattice at high T) 

Tm: melting temperature, A: mean atomic weight, 
γ: Gruneisen constant, ε: fractional amplitude of 

interatomic thermal vibration, R: ideal gas 
constant, N0: Avogadro’s number, ρ: density  

τ: scattering time 
m*: effective mass 
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Boltzmann Transport /nanoHUB simulation  

S = -95 μV/K 
σ =2.2e4 /Ωcm 
for EF=0.3 eV 

n-PbTe, 300 K 
Input e.g. τ= 0.1 ps (const.) 

S = -37 μV/K 
σ =4.6e3 /Ωcm 
for EF=0.1 eV 
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P= Kane matrix 
element describing 
direct gap material 

Sofo and Mahan, Phys. Rev. B 49, 
4565–4570 (1994) 

Optimum band structure for thermoelectrics 
Direct bandgap material 

Changwook Jeong, Raseong Kim, and Mark S. 
Lundstrom. J. Appl. Phys., Vol. 111, 113707, 2012. 
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Record ZT~2.2 (Sept. 2012) 

Na-doped PbTe Na-doped SrTe:PbTe 

[Biswas et al.(Kanatzidis group), Nature 489, 414 (2012)] 

Spark-plasma-sintered               
Na(2%)-doped PbTe:SrTe(4%)  

SPS 
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Potential cause of high power factor: 
•  Large entropy of mixed Co3+/Co4+ state with low spin (Koshibae et al.) 
•  There are correlation effects, geometric frustration (B.S. Shastry) 
•  Potential explanation of high Seebeck using standard band theory (D. Singh) 
 

Difficult to control Na content (evaporates at high T) and decomposition at 1100 K. 

Oxide Thermoelectrics 

B O(β t)3 
Triangular 

lattice 

K. Koumoto, Y. Wang, et al.; Annual Rev. Mat. Res., VOL 40  Pages: 363-394    2010 
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Giant Spin Seebeck 

Jaworski, Heremans, et al., Giant spin Seebeck effect in a 
non-magnetic material. Nature (2012) 487, 7406, p. 210 

Maximum Spin Seebeck at 2.7T of the cold Pt bar. 
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Resonant State Thermoelectrics 

Heremans et al. Science 321, 554, 2008 
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Single Level Thermoelectrics 

T. E. Humphrey and H. Linke, Phys. Rev. 
Lett. 94, 096601 (2005) 

Nakpathomkun et al., Phys. Rev. B 82, 235428, 2010 
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Phase transition; Coupling between charge and 
energy transports 

C. Vining, MRS 
Spring 1997 
(Vol. 478, p.3) 

 ξ coupling factor 
between charge and 
energy density 
  

 Z* high frequency 
limit of figure of merit 

*

*1
Z T

Z T
ξ =

+

• B. S. Shastry,      
Rep, Prog, Phys 72, 
016501, (2009) 

• Y. Ezzahri et al. 
Phys. Rev. B, 79, 
184303, (2009) 
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SiGe/Si superlattice thermal conductivity 
S. Huxtable, A. Majumdar, E. Croke, et al. 

A. Shakouri, Annual Review of Materials Research, July 2011 
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Cathode         Barrier          Anode 

Energy 

Conduction 
Band 

Opto thermo electric devices 

Entropy 
Decrease 

Ali Shakouri and John E. Bowers, “Heterostructure integrated thermionic refrigeration“, 
International Conference on Thermoelectrics, Dresden, Germany, August 1997 
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The Zintl Phase Yb14MnSb11 

S. R. Brown, S. M. Kauzlarich, F. Gascoin, G. 
J. Snyder, Chem. Mater. 2006, 18, 1873. Sootsman et al., Angew. Chem. Int. 

Ed. 2009, 48, 8616 – 8639 

Hot-pressed pellets showed electrical 
Conductivity of 185 /Ωcm and 
Seebeck coefficient of 180 µV/K at 
1200 K. The low thermal conductivity 
0.7–0.9 W/mK in temperatures 
between 200–1275 K gives rise to the 
remarkable ZT of ~1.0 at 1200 K.  
 
The low thermal conductivity is 
primarily attributed to the large lattice 
constant, the structural complexity, 
and to the ionic character bonding in 
the lattice.  
 
It is possible that Yb14MnSb11 and its 
alloys may replace p-type Si-Ge 
alloys in future space missions. 
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B. Poudel, Z. Ren, G. Chen, M. Dresselhaus et 
al.; Science 320, 634 (2008); 

Nano-enhanced (e.g. using Spark 
Plasma Sintering to create nanoparticle 

composites) 
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G. Jeffrey Snyder and Eric S. Toberer  "Complex 
Thermoelectric Materials," Nature Materials 7, 105-114 
(2008). 
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5.1 • TE vs. TI: non-linear, lateral momentum conservation  
5.2 • ErAs embedded nanoparticles in InGaAs 

• Reduce klattice by mid/long phonon scattering, doping the 
matrix, energy dependent scattering 

5.3 •  Optimum band structure  
• Classical TE materials: Bi2Te3, PbTe, TAGS, SiGe 
• Chalcogenides: SPS Na(2%)-PbTe:SrTe(4%)  ZT~2.2 at 900K 

5.4 •  Skutterudites, Clathrates, Half Heuslers, Oxides, Zintl 
phase, nano-composites 

• Spin Seebeck   • Resonant state 
5.5 •  Carnot vs. Curzon-Ahlborn 

• Single level thermoelectrics 
• Some open questions (phase transition, coupled charge/energy 

transport, superlattice thermal conductivity, opto thermo electric devices) 
 

 

Week 5: Recent Advances 
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Thermoelectricity: Atoms to Systems 

µ1,T1 
 
 

µ2,T2 
 
 

I, IQ 
 
 

Generic 
thermoelectric device 

Terminal characteristics 
of device 

Systems 

Atoms 

Weeks 1-2 Transport 
models 

Weeks 4-5 Energy balance 
and module models 

Experimental 
methods 

Nano and macro characterization 

Week 3 
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