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» Electrons: only two states [
possible (conduction, valence) |
: i 1/2
(6 - EXP(Ee ~E)/kgT) J
' 1+exp((Eg - E;)/kgT) | E
?
« Photons and Phonons: all ki §
possible states of energy = p .
1 % I éqox“ )
p(w) = W, e,
exp(ho/kgT) -1 oK e e

FREQUENCY (X10" Hz)
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€  How Fast do they move? &%

» Let’'s calculate the average kinetic energy

Fa,

* For monatomic gas
(E) = %A’ET

At room temperature (300 K), this average
energy is 39 meV, or 6.21x1021 J.

& t——y B

q T m
S JE ~1 —|—‘i., —I—R (Vx’vy’ Vz)dvz

For He gas, m=6.4x10%" kg, = v~1000 m/s
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Lorenz Oscillator Model:

2
ma—;+y%+kx:eEx

ot
ot >

Molecular _ —
- Polarizability PX =ex  e=1+n 50E

‘ ek,

}@ - ZT m(a)g — w4 lyaw /[ m)
2
©

Qnic

ne2 1

148 1:@ o ﬂllg o 1c|,12 1o|‘5 8Om a)g — 0)2 + Ira)

http://en.wikipedia.org/wiki/Permittivity
#Complex_permittivity
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(H. Raether, Surface Plasmons, Springer-

el = dielectric " Verlag, 1988)
ek +— = —+ +——@
81<0‘\®/ = kX
H metal

« EM waves propagating along
the interface between two media
with their € of opposite sign.

* Intensity maximum at interface;
exponentially decays away from
the interface.
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Telecom applications
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| Fang et al., Science, 2005

Metamaterials
Logeeswaran et al., Appl. Phys. A, 2007

Chen et al., PRL, 2007
» Materials Today’s top 10 advances in material science over the past 50 years
* Discover top 100 science stories of the year 2006
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@ Microscopic Transport Theory 8=

To understand nanoscale transport and energy
conversion, we need to know:

— How much energy/momentum can a particle have?
— How many particles have the specified energy E?
— How fast do they move?

— How do they interact with each other?

— How far can they travel?
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7 Average Distance between
Collisions, A, = L/(#of collisions)

E.G. Ideal Gas: Mean Free Path
Total Collision Volume
Swept = DL N = L _ 1

mcC 2
Number Density of Molecules = n nD°L No
Total number of molecules encountered in  &: collision cross-sectional area
swept collision volume ~ nrD2L ~nm?
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Dr
@ Mean Free Path for Gas Molecules %f:

Number Density of

Molecules from Ideal kg: Boltzmann constant
Gas Law: n=P/kgT 1.38 x 1023 J/K

1 kgT

Mean Free Path: 7L —
noc Po

mc —
Typical Numbers:

Diameter of Molecules, D~2 A =2 x1010m
Collision Cross-section: c = 1.3 x 1019 m?

Mean Free Path at Atmospheric Pressure:

1.38x107%° x 300
10° x1.3x107%°

Ame ~3x10~" mor 0.3um

At 1 Torr pressure, A, = 200 um; at 1 mTorr, A .~ 20 cm
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@ Effect of Nanoscale confinement

/ A,: boundary separation

Wall

Effective Mean Free Path:

The smaller
1 1 1 di _
- 4= Imension governs
A ch 7‘*b collision time!

ME 498 © 2006-09 Nick Fang, University of lllinois. All rights reserved. 10

.9,

vl
<{NSF+

M N

as®




4 Internal Energy and Specific Heat %

 Now we know the energy and momentum of
particles/carriers in the material, we can start

counting the properties
 E.G. Internal energy

Boltzmann Density of
Distribution States
1 By /.
— ’L / kBT (hirl)k) (Quantirrr)l Well) (Quantin]:il Wire) (Quﬂnll]:l]ljm Do)

Energy of
Carrier at
Given States

pi =€
=17
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@ E.G. Internal Energy of Photons

Photon Energy

at Given States hw = hck In vacuum, 3D
Bose-Einstein 5(ha) = 1

Distribution exp(hw/kgT) -1

Density of B A2

States D(w)dw = Va3 do

Total Internal U = Njg)ha)p(a)) D(C())da)

Energy:
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€ Thermal Radiation (Planck’s Law) 3

« Total Internal Energy of 3
Vacuum Photons: U= AN g ho
ved P exphol kgT) -1

Black-body spectrum

Convertingthe =
distribution to 272¢ 0 e\ L | e
o= T 1N T T |«

wavelength, ) c

4

P(2) = (27hc)

A2 exp(2ahc/ AkgT) -1 Z |

describes the spectral radiance of
electromagnetic radiation at temperature T.

#\>>
W

Wavelength, pm

http://upload.wikimedia.org/wikipedia/commons/8/85/BlackbodySpectrum_lin_150dpi_en.png
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@ Thermal Radiation (Stefan-Boltzmann) %?”*

47N (KgT)" - X
V(he)® ™ exp(x)-1

The emissive power of E T - T 4
Black body radiation: — G

Stefan-Boltzmann’s Law
<

Define: X=haw/kgT U(T) = dx

0 =5.67%x108 W/m? K4 .

O q= 0(T14 —T24)
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« E.G. In a bulk solid

Phonon Energy
at Given States

Bplt;ma_nn o(e) = 1
Distribution exp(hao/kgT) -1

9 Debye o
Density of D (a))d O~ A deo Approximation
States V (amp )3/2 o< op =~JKIm

Total Internal U = 3|\|I(§0D ha)p(a)) D(C())da)

Energy:
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* The specific heat capacity is defined by change of internal
energy per unit temperature change:

107 i . .
ol .
108
4 ! Di
T d
U (X:T E 10° amon
Q 4
& 10
T
C OCT3 At low
i
temperature i
N . 0,=1860 K
10’ — L ¢
10! 102 103 -l
Temperature, T (K)
Specific heat of
diamond (Touloukian and Buyco, 1970).
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@ Size Effect on Heat Capacity

& Z
Modified Density of States E.G. graphene, D<<L
D
271a(N LA AT R
D(w)dw ~ 7a(n) dw
V(awp ) 2D-Phonon

UoxT® G, _—ocT 2 (film)

Nanoparticles:

1 _o0J 12 exp(Tg /T)
Jocl = &= aT (exp(Tg /T)—1)°
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@ Transport Properties

« £E.G. Heat Conduction

A
v

Hot

In micro-nano scale thermal and fluid systems, often L < mean free path
of collision of energy carriers & Fourier’s law breaks down
—> Particle transport theories or molecular dynamics methods
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@ Kinetic Theory of Energy Transport {-ﬁ%{*

Cold
u(iz+4,) . R
5 o
‘ d, 0> %
u(z-/lz)"’\u
Hot
X

ME 498

Net Energy Flux

Z + 7LZ 1
4; =%V, [U(Z — A, )_ U(Z + A, )]
. 2
through Taylor expansion of u
Z-A d
z U
z, J, = _Vz%‘z d_Z
0 Solid Angle, dQ = sin6do6d¢
/
g - dO
"y
¢

© 2006-09 Nick Fang, University of lllinois. All rights reserved. 19




N4

Velocity: +\/

, , , , ‘ V,=VsinOcos¢
V==V +Vy +V; o 4 V,=VsinOsing
V,=Vcoso
e
e dO
> Vy
¢
VX

du
q= —(0052 Q)ME
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g, =—VA

ME 498

27[77

[ | cos?@sinodade

du | p=06-0
=—VA
dz 27 %
[ [sinfdade
0=00=0

Assuming local thermodynamic equilibrium: u = u(T)

Q; =—

}Ldu ar

3 dT dz 3

dT

Cvk—

dz

27r77

[ | cos?@sinodade

0=06=0

27

Thermal
Conductivity
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Likewise...

e Newton’s shear
stress Law

nk,T
TV >

=1,

m

3 i \2 “ 2 )
\3/2 —1‘11|:||_T3 —u_.| vy +V; :| (2kg T
=

P'[.}-'}E Vi Vg }=

X EI'TI{ET )
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@ Additional Reading

* Tien, Majumdar, Gerner, “Microscale Energy

Transport”, Chapter 1, Taylor&Francis (pdf
online)

 ECE 598EP: Hot Chips: Atoms to Heat Sinks
http://poplab.ece.illinois.edu/teaching.html
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