
––WARREN M. ROHSENOW HEAT AND MASS TRANSFER LABORATORY, MITWARREN M. ROHSENOW HEAT AND MASS TRANSFER LABORATORY, MIT

Gang Chen

Mechanical Engineering Department
Massachusetts Institute of Technology

Cambridge, Massachusetts

NANOSCALE HEAT TRANSFER FOR
THERMOELECTRIC ENERGY CONVERSION

DOE/EPRI High Efficiency Thermoelectrics Workshop
February 17-20, San Diego, CA



––WARREN M. ROHSENOW HEAT AND MASS TRANSFER LABORATORY, MITWARREN M. ROHSENOW HEAT AND MASS TRANSFER LABORATORY, MIT

STRUCTURES WITH ENHANCED ZT

PbTe/PbTeSe Quantum Dot
Superlattices

Ternary: ZT=1.3-1.6
Quaternary: ZT=2
∆T=43.7 K, Bulk ∆T=30.8 K
T.C. Harman, Science, 2002

∆T=32.2 K,  ZT ~2-2.4
R. Venkatasubramanian, Nature, 2001

Nanostructure      Bulk

Power Factor (µW/cmK2)         32          28                                        40                 50.9
Conductivity (W/mK)                 0.6       2.5                                 0.5               1.26

PbTe/PbSeTe Bi2Te3/Sb2Te3 Superlattice    Bulk
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Thermal Conductivity of Superlattices
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Thermal Diffusivity of GaAs/GaAlAs
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THERMAL CONDUCTIVITY OF SUPERLATTICE
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Bulk Crystal Thermal Conductivity
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Phonon Reflection at A Single Interface
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Homogeneous or Inhomogeneous?

A New Crystal? Inhomogeneous Multilayers?
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Phonons in Homogeneous Superlattice
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COMPARISON WITH EXPERIMENTS
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Composites: Sequential Interface Scattering
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Each layer has bulk 
phonon dispersion

• Interface Reflection
Mismatch in acoustic properties
Mismatch in phonon spectrum
Interface roughness and anharmonicity

• Interlayer Coupling

• Boltzmann Equation

cosθi
∂ii
∂zi

+ ii
Λi

= −sinθi
dIoi
dx

Ioi --- Equilibrium Intensity
ii --- Intensity Deviation
Λi --- Mean Free Path
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CROSS-PLANE HEAT CONDUCTION
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Superlattice Modes vs. Bulk Modes

Mean Free Path in Bulk, lbulk Mean Free  Path in SL, lSL

Unit Cell Unit Cell
Minimum # of Period

to Form Bulk 
Phonon Band

Minimum # of Period
to Form Superlattice 

Phonon Band
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Results from Unified 
Lattice Dynamics Model

0

20

40

60

80

100

100 200 300 400

Bulk, In-plane

SL, In-plane

SL, Cross-plane

Bulk, Cross-plane

Temperature (K)

Th
er

m
al

 C
on

du
ct

iv
ity

 (W
/m

 K
)

Capinski et al. 1999
GaAs/AlAs (2X2)

1

10

100

0 10 20 30 40 50 60

P=0.83
P=0.9
P=1.0

Th
er

m
al

 C
on

du
ct

iv
ity

 (W
/m

K
)

Cross-Plane

In-Plane

Capinski et al. 1999
GaAs/AlAs (2X2)

Period Thickness (Å)

Coherence Not Important.  Reduction of MFP is More Effective.



––WARREN M. ROHSENOW HEAT AND MASS TRANSFER LABORATORY, MITWARREN M. ROHSENOW HEAT AND MASS TRANSFER LABORATORY, MIT

Molecular Dynamics Simulation

Daly et al., PRB, 2003.
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Nanocomposite Approach
Ge Host Si Nanoparticle

Phonons:
• Reduced thermal conductivity

by Interface Scattering
Electrons:
• Control interface potential to 

maintain power factor Preliminary
Hot Pressed Si-Ge

NanocompositeMIT/BC/JPL
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HEAT CONDUCTION IN NANOCOMPOSITE
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Future Needs

• Predicative tools for interface processes
• Concurrent electron/phonon transport
• Explore different materials combinations
• Synthesize/characterize nanocomposites
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MEAN FREE PATH OF HEAT CARRIERS

•   KINETIC THEORY •   BULK THERMAL CONDUCTIVITY
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