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The main concern of the TE community:

TE generation efficiency   η 
TE cooling performance Ф
Figure of merit ZT T

c
(T

h
) = temperature of 

cold(hot) end of device

Efficiency for T
c
=300K and T

h
=700K

13% for ZT=1; 19% for ZT=2; 
24% for ZT=3; 27% for ZT=4



Nature Materials 8, 83 (2009)



Material type and components of ZT

Doped semiconducting 
materials good 
candidates for high ZT



G. Chen, M.S. Dresselhaus,Int. Mat. Rev., 48, (2003).

Current status Current status 

Reminder: 
Efficiency for T

c
=300K and T

h
=700K

13% for ZT=1; 19% for ZT=2; 
24% for ZT=3; 27% for ZT=4



Message from previous slide and other works

 

fabricating ordered nano-composite structures,
e.g.  (a) superlattice formation;

   (b) embedded wire formation,
   (c) embedded dot formation 

Research over 6 decades (1950-2010) suggests:

Large ZT for bulk alloys or complex crystal structure

Larger ZT for embedded structures

ZT>4 for commercial viability



Another look at the expression for ZT

S=S(carriers)
σ=σ(carriers)

κ= κel + κph

κ
el
= κ

el
(mono-polar) + κ

el
(bi-polar)

ZT determined by a total of 5 transport coefficients.
While other coeffs are inter-related, 

phonon conductivity K
ph 

can be controlled 

independently



Limits of thermal transport

Kim et al, Nanotoday 2, 40 (2007) 

K
ph

 spans four orders of magnitude 



Promise land: the PGEC concept
 
∙ZT ∝S2σ/kph ∝ μm*3/2/kph   (μ: carrier mobility)

∙Conficting requirements of high m* and high  μ 
can be by met by employing the PGEC 
(phonon-glass electron-crystal) concept: achieve 
record low Kph without appreciable deterioration in 
electron transport (Slack 1994).

∙For low Kph fabricate nanocomposite structures, 
with length scale range 5-250 nm, with deliberately 
roughened (or intermixed) interfaces.



Theoretical ingredients-1
Carrier transport:



Theoretical ingredients-2
Phonon transport 

Considerations must be based on phonon MFP (Λ) 
vs. unit cell size (d) in structure:

(1)  d << Λ (bulk and ultra-thin nanocomposites)
(2)  d ~ Λ 
(3)  d >> Λ



Theoretical ingredients-3
Phonon transport

(1)  d << Λ (bulk and ultra-thin nanocomposites)
 



Theoretical ingredients-4
Phonon transport in superlattices

(2)  d ~ Λ   and (3)  d >> Λ 



Theoretical ingredients-5
Phonon transport in 

low-fraction embedded nanowires and nanodots 

Effective medium theory, based on multiple scattering theory

Nan et al, J. Appl. Phys. 81, 6692 (1997)
Minnich and Chen, Appl. Phys. Lett. 91, 073105 (2007)
Behrang et al, J. Appl. Phys. 114, 014305 (2013); Appl. 

Phys. Lett. 104, 063106 (2014)

Host (cubic unit cell size L)

Particle (diameter d)



Effective medium theory for particle insertion volume fraction V
f

Conductivity across particle-host interface: K
⊥
=g K

h

Conductivity along particle-host interface: K
∥
=V

f
 K

p
 + (1-V

f
) K

h

 

K
p
 (K

h
) : particle(host) conductivity;   α = K

h
 R

TBR
/(d/2)

= Kapitza's thermal boundary resistance

C=specific heat; v=sound speed



Effective medium theory for particle insertion volume fraction V
f

Particle interface density Φ plays an important role:



                      Ingredients for computation of ZT

Power factor: 
(1) Electronic band structure;
(2) Temperature dependent Fermi energy;
(3) Relevant carrier relaxation rates;
(4) Sound scheme for carrying out k momentum-space 

summation (integration).

Phonon transport: 
(5) Phonon dispersion relations;
(6) Relevant phonon relaxation times;
(7) Kapitza thermal boundary resistance;
(8) Sound scheme for carrying out q momentum-space 

summation (integration).



SOME RESULTS



[1] Doped Si
0.75

Ge
0.25

 alloy (n=9.4 x1025 m-3)

Thomas and Srivastava, PRB 86, 045205 (2012)



Thomas and Srivastava, PRB 86, 045205 (2012)

Doped Si
0.75

Ge
0.25

 alloy (n=9.4 x1025 m-3)

ZT < 1



[2] Ultra-thin  superlattices: SiGe(4,4)
periodicity 2.2 nm; different doping levels and sample lengths 

Thomas and Srivastava, J Appl Phys 119, 244309 (2016)

1 bilayer interface mixing



Ultra-thin  superlattices: SiGe(4,4)
periodicity 2.2 nm; 1 bilayer interface mixing;

doping n=9.4 x1025 m-3 

Thomas and Srivastava, AIP Conf Proc 1590, 95 (2014)

Alloy and amorphous 
conductivity limits 
(~ 4 W/m/K) beaten

ZT >3



[3] Thin and thick PbTe-PbSe nanocomposites

AlOtaibi and Srivastava. JPCM 28, 145304 (2016)

PbSe nanoparticles 
inserted in PbTe host
of sample size 500nm



Dimensionality- and size-dependent phonon 
conductivity results for nanocomposites

AlOtaibi and Srivastava. JPCM 28, 145304 (2016)

∙In general K(SL) > K(NW) or K(ND);

∙For small nanodots (typically d=10 nm) K
ph

 is strongly 

influenced by interface density:    K
ph

 ∝1/√Φ



• Discussed theoretical ingredients for tuning TE 
properties of semiconducting systems.

• Showed that the PGEC concept applied to 
nanocomposite structures has the potential to improve 
ZT in the range of commercial viability.

Summary
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EXTRA SUPPLEMENTARY SLIDES



Normal practice: 
Use free-electron Fermi gas 

model for calculating 
S, σ and κel

κ= κel + κph



,

Phys. Rev. B, L.D. Hicks, M.S. Dresselhaus, 
47,19,1993.

,



 For an n-type semiconductors 

John P. McKelvey, Solid State and Semiconductor Physics, The Pennsylvania State University, 1966.

 For an intrinsic semiconductors 

 Chemical potential



Phonon dispersion curves in bulk Si and Ge

Results in complete agreement with experimental measurements



Interface mass-mixing scattering
 in A(n)/B(m) SLs

 = (q, ω , amplitude ratio)



Interface broken-bonds scattering
in A(n)/B(m) SLs

 = (q, ω , amplitude ratio)



Anharmonic scattering in SLs 

 = (q, ω , T, amplitude ratio)



Anharmonic scattering in A/B SLs -- 
Dual Mass Term

 = mass density



  

Si(n)/Ge(n)[001]
n=no. of bilayers

I Thomas and GPS
PRB 88, 115207 (2013)

Si(n)/Ge(n)[001]
n=no. of monolayers

S P Hepplestone and GPS
PRB 84, 115326 (2011)

Phonon conductivity of short period Si/Ge superlattices

Theory of interface scattering and anharmonic interaction:
Originally by Hepplestone+GPS and revised by Thomas+GPS 



  
(A), (B): Srivastava, J Phys Chem Solids 41, 357 (1980)
(C), (D):  Garg et al, PRL 106, 045901 (2011)



  

(A) and right-hand panel: Lee et al, APL 70, 2957 (1997)
(B): Borca-Tasciuc et al, Superlattice Microstr. 28, 199 (2000) 
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