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Note: Sum of components may not equal 100 percent due to independent rounding.
Source: EIA, Renewable Energy Consumption and Electnicity Prefiminary 2007 Statistics. Table 1: U.S.
Energy Consumption by Energy Source, 2003-2007 (May 2008).



Arabian Oil: 600 years

Sun: 1.5 billion years










Seebeck Effect

A
gﬂE-dx=O

L. Onsager, Physical Review 37, 405 (1931)



Carriers within kT are excited

FOR A METAL

~1 uVIK
At 300K for
a typical metal

FOR A SEMICONDUCTOR

O &k

_— - ‘ A semiconductor is like a classical gas

el e ~ 100 pV/K



COLD

HOT
Voc = N(SAT)



DC Power

AC Power




dU = TdS + pdV + udN + ¢de

n=pn+ep

Particles move from high electrochemical
potential to low electrochemical potential



1. An Electrochemical Potential Difference Must be Present

2. A Selective Barrier Must be Present
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VOC = Al"’electrons + AMholes
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Vining, C. Nature Materials 8, 83 (2009)



Dimensionless number. Larger the better

S Thermopower

O Electrical conductivity

K Thermal conductivity
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Standard Compression Based Refrigeration
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Bulk Bismuth Bismuth wire with Tellurium doped
diameter < 50nm Bismuth nanowires

m"=.001m, u=2.59X10° cm?V-1 s
S = 100uV/K k=8 Wm'K-

Electron mean free path is
~30 to 50nm at
room temperature
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M.S. Dresselhaus, Phys. Rev. B 62, 4610 2000
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State of the art: Alumina
assisted electrodeposition

Bismuth is sensitive to
L llacids and bases and oxidizes
" readily
S.B. Cronin et. al., Nanotechnology 13, 653-658 2002 |

z [hermoceuple

Measurement limited to 2-point B —

To voltnwtes |

and large thermocouples — | To vomere
Y.M. Lin et. al., Mat. Res. Soc. Symp. Proc. 691, 377-382 2002
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A. Boukai, K. Xu, J.R. Heath, Advanced Materials 18, 864-869 (2006)
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40nm wide Bi wire at 20K Results

(a) Our results indicate that surface states
Ber dominate the carrier transport

Thermopower is well correlated to
Mott diffusion formula
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Chemistry of Si is well understood
+50 years of Silicon R&D
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D. Li, et al. APL 83, 2935 2003

« for bulk Si is ~150 W/(m-K) @300K

With SNAP, we have control over wire width, doping,
crystal orientation, etc.




GaAs/Al,Ga,_,As Pt deposition

nowire transfer Pt-nanowire formation Nanowire contact
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Akram Boukai, Yuri Bunimovich, Jamil Tahir-Kheli, Jen-Kan
Yu, Bill Goddard and Jim Heath, Nature, 461, 168-171 (2008)
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Akram Boukai, Yuri Bunimovich, Jamil Tahir-Kheli, Jen-Kan
Yu, Bill Goddard and Jim Heath, Nature, 461, 168-171 (2008)
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Calculated Conductivity (mW em™'K™')
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Measured Conductivity (mW cm™'K™')
D.G. Cahill, et al. Phys. Rev. B 46, 6131 (1992)

Kin fOr Si ~ 1 W/(m-K) @300K
This occurs when Si is amorphous
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Our error in the temperature
measurement is ~ .01%!!!
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Bulk Silicon
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| L Weber, E. Gmelin, Applied Physics A 53, 136-140 (1991) |
Phonons are not in equilibrium

Longitudinal modes push the electrons
down the temperature gradient




Thermopower S (uV-K-1)
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Thank you Jamil and Bill!



400 S= Sdiffusion v Sphonon drag
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