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Approaches and Opportunities 
 Improve intrinsic material properties for higher ZT via doping and 

interstitial defects 
– Increasing the power factor through: 

• Complex crystal structures (Phonon-glass electron crystal approach) 
• Dopant-Enhancement of density of states (DOS) near the Fermi level 

 

– Decreasing the thermal conductivity through: 
• Heavy element compounds 
• Alloy point defect scattering 
• Increasing the presence of interfaces and surfaces  
     to enhance  phonon scattering 

 

– Leading to higher ZT 
 

 Improve system performance η or COP, equivalent to higher effective ZT 
– By creating stackable thin-film thermoelectric devices, utilizing superlattice 

and/or quantum effects to reduce thermal conductivity while increasing ZT 
– By employing geometric restructuring, such as heterogeneous composite 

design, substantially higher equivalent ZT and performance can be achieved 
– By implementing effective system integration for enhanced overall 

performance 
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Composite Thermoelectric Devices 

Cu 

Cu  Composite thermoelectric element: 
Semiconductor plates laminated with a 
highly electrically and thermally conducting 
material 
 

 Composite approach effectively optimize the 
collective thermoelectric properties to reduce 
the Ohmic heating and increase the power 
output and equivalent ZT values 
 

 Reduction in rare-earth metals usage 
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Power output 

Heat recovery efficiency  

Bi2Te3—Bi2Se3 (N)                      Electrical Resistivity(Ωm) 
or  Bi2Te3—Sb2Te3 (P)   10-5  
Copper      1.7 ×10-8 

Indium       8.4 ×10-8 



Integrated Thermoelectric Devices (iTEDs) 
 Major part of the semiconductor material is 

replaced with a conductor along with flow 
channels drilled through it.  
 

 This configuration also acts as a low thermal 
resistance heat exchanger eliminating the 
thermal resistances attributed to the heat sinks. 
 

 Helps to enhance heat transfer on the hot side. 
 

 Eliminate thermal resistance between 
conventional Cu/ceramic heat-exchanger 
interface 
 

 Reduce heat flow-back between elements 
 

 Alleviate potential of stresses/mismatch 
induced from thermal expansion. 
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iTEDs 

 Applications include: 
 
 Waste heat recovery 
 Solid-state refrigeration 
 ZT doesn’t matter if can’t 

take large quantities of 
heat! 

 
 Benefits: 
 

 Scalable 
 Can use any TE material 
 Can cascade TE materials, or place different material in different 

flow position to optimize temperature-dependent ZT values 
 Can place thin-film materials on top and bottom  
 (C-TED+iTED) 



 Assumptions for Solving temperature profile T(x) 
 Homogeneous and isotropic material properties 
 One-dimensional, steady stat 
 Fourier conduction 
 Ohmic heating 
 Thomson heating 
 Convective heat transfer 

CTED-Analytical Solutions 

Energy equation: 0 

Interface temperatures: 

where 



CTED-Analytical Solutions 
Heat transfer at the hot surface: 

Power output conversion efficiency  

here 

where 

To achieve ηmax, an optimized width of p-type material is 



CTED-Analytical Results 
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CTED-Analytical Results 



CTED-Analytical Results 



CTED-Figure of Merit 



CTED-ZT 

 Redefining ZT to include N-type Bi2(Te,Se)3 layers with material 
properties evaluated average temperature 
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HC-TED Figure of Merit 
ZT Bulk 

ZT Copper 
Composite 

ZT Indium 
Composite 

δ [mm] ZT(In) ZT(Cu) 
1 0.863 0.881 

0.1 0.919 1.057 
0.01 1.192 1.348 
0.001 1.450 1.430 

0.000 1 1.500 1.440 
0.000 01 1.505 1.441 

*Based upon L = 10 [mm] 

96% increase! 



TEDs- Numerical Solutions 

Fluid domain: 

Thermoelectric material: 

(1) 

(3) 

(2) 

(4) 

(6) 

(5) 

Joule heating Peltier effect 

Thomson effect 

Electrostatic distribution Seebeck  voltage distribution 

Governing equations 



Fluid-Thermo-Electric fields calculations-Flow chart 
Start 

Initialisation 
VO(x,yz), VS(x,yz), T(x,yz) 

Initialisation 
u(x,yz), T(x,yz) 

Boundary conditions 
data 

Boundary conditions 
data 

Fluid field values 
u(x,yz), P(xyz), T(x,yz) Semiconductor 

ρ(T), k(T), α(T) 
 

Conductor 
ρ(T), k(T) 

Temperature dependent  
properties  Joule heating, Peltier and  

Thomson effects as  
source terms  

Thermo-electric  
fields calculation 

VO(x,yz), VS(x,yz), T(x,yz) 
 
 

Converge solution ? 
u,T, VO and VS 

End 
Fluid domain Thermoelectrics domain 

Tw(x,yz) 

  Internal resistance R 
and build-in Seebeck 

Voltage (VS) calculations 

   Load resistance  
RL 

Circuit current I 
calculation  

Current density  
J(x,yz) calculation 

No No 

T(x,y,z) 
ρ(T) 
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CTED- Power output 



CTED- Conversion efficiency 



Integrated TED 

Homogeneous , isotropic  
Temperature dependent properties  
                             ρ(T), k(T) and α(T)  
Thermo-electrical interface contact  
                    resistances are negligible 

Thermoelectric materials: 

Fluid- Air 
Steady , laminar and  incompressible flow 

Flow : 
p-type (25% Bi2Te3, 75%Sb2Te3 ,  
                                      1.75  excess Se) 

n-type (75% Bi2Te3, 25% Bi2Se3 ) 



iTED- Flow rate (Re) 

 
Qh 

Tin = 550 K, Tc = 300 K, d = 5 mm, Rin = RL 



iTED- Semiconductor slice size (d) 

 
Qh 

Re = 500, Tin = 550 K, Tc = 300 K, Rin = RL 



iTED- Number of modules (N) 

 
Qh 

N  = 5 

Re = 500, Tin = 550 K, Tc = 300 K, Rin = RL 



Conclusions 
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