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Overview

• Brief history of transport phenomena

• Characteristic length scales of heat transport

• Spectral nature of heat conduction

• Applications

• Summary



Heat Conduction

Brownian Motion or Diffusion
Mean Free Path = Λ
Mean Speed of Propagation = v

Fourier Law
   q = - k∇T

Kinetic Theory
  k = CvΛ/3

  Specific Heat = C

J. Fourier(1768-1830)

L. Boltzmann (1844-1906)

Boltzmann Equation
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Phonon Dispersion in a General LatticePhonon Dispersion in a General Lattice
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Physics of Heat Conduction in NonmetalsPhysics of Heat Conduction in Nonmetals

Acoustic Wave

Boundary 
Scattering

Defect
ScatteringPhonon-

Phonon
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1900 2006

Uncorrelated 
Scattering

(Drude)

History of Charge Transport

Technological Impacts
• Integrated Circuits
• Wireless Communication
• Data Storage
• Light Emitting Diodes and

Diode Lasers
• ……

Electron 
Interference

(Aharonov-Bohm)

Electron 
Tunneling

(Giaever, Esaki)

Quantum 
Hall Effect/

Conductance
(von Klitzing)

High Mobility
2D Gases

(Kroemer, Alferov)

Spin Dependent
Scattering

Transistor
(Bardeen, Brattain,

Shockley)

GMR
(Gruenberg, Fert,..)

Conduction
Channels
(Landauer)

Free Electron
Model

(Sommerfeld)

Electrical Conductivity/Conductance
Low High

1020

CuCuGlassGlass



Molecular 
Heterostructures

Nanowires &
Arrays

Nanotubes

Ultralow Ultrahigh

Uncorrelated scattering 
& diffusion

Phonon 
Filtering

Correlated scattering 
& diffusion

Waveguiding &
ballistic transport

Phonon Optics at Low
Temperature (1970s--.)
(Narayanamurti, Dynes, et al;
Wolfe et al.)

Quantum Phonon 
Conductance
(Schwab,Roukes, 2000)

Thermal Conductivity
k = Cvl/3

Phonon Length Scales (300K)
Wavelength = 1-10 nm
Mean Free Paths = 10-100 nm

Information Technology
• Microelectronics
• Data Storage (> 1 TBits/in2)
• Wireless (>100 GHz)

Energy Technology
• Insulation (k < 1 mW/m-K)
• High Cond (k > 5000 W/m-K)
• Thermoelectricity (ZT > 3)

104 @300K
DiamondPolymers



Transport in Individual Nanotubes and Nanowires

Kim, Shi, Majumdar, McEuen, PRL 87, 215502 (2001); Shi, Li, Yu, Jang, Kim, Yao, Kim, Majumdar, JHT 125,
881 (2003)

Pt resistance 
thermometer

Suspended SiNx membrane
Long SiNx 
beams
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d = 1 nm

d = 3 nm d = 1 nm

d= 2
nm

Yu et al., Nanoletters (2005)

Multiwall CNT

T2

Collaboration:
Li Shi (UT-Austin); P. McEuen (Cornell)
Philip Kim (Columbia); Alex Zettl (UCB)

Single Wall CNT
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Model by Mingo etal. PRL, to appear.



Collaboration:
Deyu Li (ME, Vanderbilt)
Peidong Yang (Chem, UCB); Joel Moore (Phys, UCB)Temperature (K)

20 40 60 8010 100T
h

e
rm

a
l C

o
n

d
u

c
tiv

ity
 (W

/m
-k

)

0.1

1

10

100

115 nm

56 nm

37 nm

22 nm

k~T3

k~T2

k~T

G=5go

Transport in Nanowires 
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Si Nanowire

Carbon Deposits

Si Nanowire

Carbon Deposits

Si Nanowire

Li, …, Yang, Majumdar, APL (2003a,b)

SiGe Superlattice NW

Si

SiGe

Temperature (K)
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58 nm Si/SixGe1-x nanowire

83 nm Si/SixGe1-x nanowire

Si/Si0.7Ge0.3 superlattice film [7]

Si0.9Ge0.1 alloy film [7]
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CVD MWNT
– Catalyst:10nm Al / 10nm Fe
– 750 oC, ethylene
– Si or Mo substrate

Tube Φ 20~30 nm
Height 5 ~ >100 µm
Density 1010~1011 cm-2

Collaboration:
Lance Delzeit, M. Meyyappan (NASA-Ames);
Yang Zhao, Ali Kashani (Atlas Sci.)

Boundary 
conductance, h1

h2
Si

Heat

CNT cond. k/b CNT
1/h1

1/h2

bCNT/kCNT

Glass

•  Harmonically modulated CW laser heating
•  Phase detection to determine thermal

properties

Temp.
response

Heating
oscillation

Phase lag

time

Si
CNT

CNT as Thermal Interface MaterialsCNT as Thermal Interface Materials



Two Types of Interface Resistance

T

Thermal Boundary ResistanceThermal Boundary Resistance
• Due  to difference in the acoustic properties:

Phonon reflection at the interface
• Electron-phonon interaction
• Present even in the case of perfect contact with no

roughness
• Microscopic quantity
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hBD= thermal boundary conductance
1/hBD = thermal boundary resistanceTThothot

TTcoldcold

T ΔT

Distance Distance

Thermal Constriction ResistanceThermal Constriction Resistance

• Important for bulk surfaces
• Macroscopic quantity
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imperfect contact



Temperature (K)
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Film θD / Substrate θD
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Conductance vs. Debye Temperature RatioConductance vs. Debye Temperature Ratio

Stevens et al., Journal of Heat Transfer, 127, 315 (2005)

Data for Au/SAM/GaAs

Expectation based
on Au/GaAs θD Ratio
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Acoustic Mismatch Model (AMM)Acoustic Mismatch Model (AMM) Diffuse Mismatch Model (DMM)Diffuse Mismatch Model (DMM)
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Thermal Transport in SemiconductorThermal Transport in Semiconductor Superlattices Superlattices
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Phonon Bandgap Formation
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SiSi--Ge SuperlatticesGe Superlattices
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Diffuse Mismatch Model (DMM)Diffuse Mismatch Model (DMM)
            Swartz and Pohl (1989)Swartz and Pohl (1989)
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Molecular Heterostructures Molecular Heterostructures 

Collaboration:
Rachel Segalman (ChemE, UCB) - Synthesis
Pawel Keblinski (Matl Sci-RPI) - Theory
Jack Lloyd (ME, MSU) - Theory

A

B

Molecular Heterostructures

D
en

si
ty

 o
f S

ta
te

s,
 D

(ω
)

Frequency, ω

Solid

Molecules

Alkane Dithiols
N-Benzene Dithiols



Molecular Interfaces

Robert 
Wang
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Loo et al., J.Vac. Sci. Technol. B 20, 2853 (2002)
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Effect of Fabrication Pressure

Octanedithiol
SH

HS

Wang, Segalman, Majumdar, Appl. Phys. Lett. (2006)



Thermal Conductance of Molecular Interfaces

Lyeo, Cahill, Phys. Rev. B. 74, 144301 (2006)

No length dependence!!

Next: Thermal conductance of aromatic molecules
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Confined Modes 

Inside Diamondoids

Interface

Soft Modes

C H CH

van der Waals

Interaction

Diamondoids
sp3 bonded carbon
nanostructures

Chevron

Possible Values
G ~ 1 MW/m2-K
k ~ 1-10 mW/m-K

Molecular Heterostructures Molecular Heterostructures 

Collaboration:
Jeremy Dahl (C-T) - Synthesis
Pawel Keblinski (RPI) - Theory



Molecular 
Heterostructures

Nanowires &
Arrays

Nanotubes

Ultralow Ultrahigh

Uncorrelated scattering 
& diffusion

Phonon 
Filtering

Correlated scattering 
& diffusion

Waveguiding &
ballistic transport

Phonon Optics at Low
Temperature (1970s--.)
(Narayanamurti, Dynes, et al;
Wolfe et al.)

Quantum Phonon 
Conductance
(Schwab,Roukes, 2000)

Thermal Conductivity
k = Cvl/3

Phonon Length Scales (300K)
Wavelength = 1-10 nm
Mean Free Paths = 10-100 nm

Information Technology
• Microelectronics
• Data Storage (> 1 TBits/in2)
• Wireless (>100 GHz)

Energy Technology
• Insulation (k < 1 mW/m-K)
• High Cond (k > 5000 W/m-K)
• Thermoelectricity (ZT > 3)

104 @300K
DiamondPolymers


