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Reconsidering the entropy current… 



Improving thermoelectric 
efficiency by ‘energy filtering’  

Engineering  
the energy-dependence of the 

- Transport function 
- Density of states 

 - Transmission coefficient etc…   

Two key articles… 



Reports of ZT > 2 

Originally envisioned as improvement of  
electronic properties, but turned out to be  
also/especially efficient for lowering thermal  
conductivity ! 

> 2000 citations for the 2 papers 

Mildred Dresselhaus, 
MIT 

Also: PRB 47, 16631 (1993)  





Nature Nanotechnologies 8, 471 (2013)  



Dimensionless figure of merit 
vs. time 
Heremans et al.  
Nature Nanotechnologies 8, 471 (2013)  



Number of articles on Thermoelectrics: 

JC Zheng  
Front. Phys. 
China  
3 (2008) 269 



Reminders on Thermoelectric Efficiency 
For details and derivations, see spring 2013 lectures and notes 

Irreversibly dissipated heat  
in linear response:  

In generator mode: 
-  Power delivered: IΔV=INΔµ 
-  Heat provided by (left) hot source: TLIS 

Efficiency 

Carnot efficiency 

Efficiency relative to Carnot 

à 0 for Carnot (reversible)  
    process with ηr=1 



Optimization variable: ratio of the tension to the `stopping’  
tension (given by Seebeck condition IN=0): 

Expressing the ratio: we obtain: 

Efficiency  
relative to Carnot: 

Where the dimensionless coupling constant is:  



Relation to ``dimensionless figure of merit’’: 

Power:  α2G: `power factor’ 

Maximum POWER is for ξ=1/2 (half the stopping force) 
Maximum EFFICIENCY is for  

Maximum efficiency 
à 1 for gà1 (Carnot), P=0 ! 

Efficiency at Max. Power 
à 1/2 for gà1 
(Chambadal-Novikov-CA) 



0 0.2 0.4 0.6 0.8 1
P/Pmax

0

0.2

0.4

0.6

0.8
R

el
at

iv
e 

Ef
fic

ie
nc

y



0 0.2 0.4 0.6 0.8 1
x = Force Ratio normalized to stopping condition

0

0.2

0.4

0.6

0.8

R
el

at
iv

e 
Ef

fic
ie

nc
y

ZT=1 , g2=1/2
 ZT=2 , g2=2/3
 ZT=4 , g2= 0.8
ZT=10 , g2 = 0.91
ZT=100 , g2 = 0.99

0 0.2 0.4 0.6 0.8 1
Coupling g**2

0

0.2

0.4

0.6

0.8

1 Maximum Efficiency
Force ratio at max eff.
Efficiency at Max Power

0 2 4 6 8 10
Dimensionless Figure of Merit

0

0.2

0.4

0.6

0.8
Maximum efficiency
Force ratio at max eff
Efficiency at max power



Note: All this is done within linear response 
A number of recent works  

consider the efficiency  
beyond linear response 

 

•  See for examples, for references: 
•  G. Casati et al. arXiv:1311.4430 

(review) 
•  R.S.Whitney arXiv:1306.0826 



Reminders from lecture 2: Conductance, Thermopower,  
and Thermal Conductance: 

Dimensionless integrals: 
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Bulk Materials: 
Same expressions apply for  

conductivity (electrical and thermal) and 
thermopower, with  

T(ε) now the transport function: 

From Boltzmann equation, see spring 2013 lectures 



A useful observation 
cf. Mahan and Sofo, PNAS 93, 7436 (1996) 

Think of: 

As a probability density, measuring the contribution to the total conductance of 
states around a given energy (for a given gate voltage) 
Or even better: 



Transmission coefficient (transport function)  
leading to g2à 1 (Mahan-Sofo) :  

Clearly, a narrow transport function (transmission coefficient)  
- approaching asymptotically a δ-function -  

brings g close to unity  

Note however: 
This may not yield the best output power, since the power  
factor is ~ I12/I0 



Ilustrate this for a single resonant level  
In the context of mesoscopics: 

- Quantum Dots -  
Early theory work: Beenakker and Staring PRB 46, 9667 (1992) 
Experimental: Molenkamp et al., see seminar 12/11/2013   
Efficiency: Nakpathomkun et al. PRB 82, 235428 (2010)  
(see also: Mani et al. J. Elec. Mat 38, 1163 (2009) 

Nakpathomkun et al. 



Transmission coefficient is a Lorentzian: 

Two control parameters:  

Coupling constant 



For fixed Γ/kT 
optimize over  

bias Δµ 
AND µ-εr 

Nakpathomkun et al.  
PRB 82, 235428 (2010)  



Max efficiency, Max Power,  
Efficiency at Max Power vs. Γ/kT 

Efficiency is harmed by tails of the Lorentzian distribution  
causing too energetic electrons to waste heat in energy production 
and other electrons to travel in the wrong direction 



Low-T limit kT<<Γ: Sommerfeld expansion as above 

Hi-T limit Γ<<kT<<ΔE: Universal limit (Mani et al.)  

`sawtooth’ 



Reversible heat engines with resonant 
tunneling: qualitative picture 

(realized in a quantum dot for Γ >>kT) 
Humphrey et al. PRL 89 116801 (2002) 

In this (Mahan-Sofo) limit, gà1 and: 

Carnot efficiency applies when the level position is chosen  
such that ‘stopping condition’ is obeyed (no particle flow): 



Humphrey et al. PRL 89  
116801 (2002) 



Efficiency comparison  
between Quantum Dot  
and 1D wire/waveguide  

A 1D waveguide filters out  
unwanted backflow 



Resonant levels in bulk materials:  
band-structure engineering 

http://www1.eere.energy.gov/vehiclesandfuels/pdfs/thermoelectrics_app_2009/wednesday/heremans.pdf 



Hicks-Dresselhaus: Quantum Wells  
and Quantum Wires 

Hicks and Dresselhaus, 1993; Figs from Heremans and Dresselhaus, Handbook. Thermo. 1998 



Semiconductor 
(e.g. Bi2Te3): 
3D bulk 
2D Quantum well 
1D Quantum Wire 



•  Nanostructured Materials: 
•  Increase of ZT from electronic origin demonstrated in Bi 

nanowires 
•  Has proven to be an efficient way at reducing the 

phonon contribution to thermal conductivity ! 

•  Possible Limitations: 
•  Increase of scattering, especially inelastic 



Disentangling band-structure and 
energy-exchange: 3-terminal devices 

Control of inelastic processes 





Scanning Thermoelectric Microscope 
Lyeo et al. Science 303, 817 (2004) 


