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Q Open circuit voltage, V=a (Th - Tc) = a AT

Seebeck coefficient, (¥ — g—,\rf units: VIK

1
Q Seebeck coefficient =—x entropy (% ) transported with charge

g carrier




[@inveSn Al Thermoelectric Power Generating Efficiency
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Impedance matching and maximum power

Power factor = a’c point tracking are key for thermoelectrics




At large scale, thermodynamic
engines more efficient than TE

ZT average for both n and p
over all temperature range

Efficiency (%)

Diagram assumes high AT
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@ Atthe mm and pm scale with powers << 1W, thermoelectrics are
more efficient than thermodynamic engines (Reynolds no. etc..)

C.B. Vining, Nature Mat. 8, 83 (2009)
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Cars: replace alternator NASA Voyager | & I Peltier cooler:
telecoms lasers

Temperature control Powering autonomous
for CO2 sequestration sensors: ECG, blood pressure, etc.
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Generate Renewable Energy Efficiently using
Nanofabricated Silicon (GREEN Silicon)

D.J. Paul, J.M.R. Weaver, P. Dobson & J. Watling
University of Glasgow, U.K.

G. Isella, D. Chrastina & H. von Kanel
L-NESS, Politecnico de Milano, Como, Italy

J. Stangl, T. Fromherz & G. Bauer
University of Linz, Austria

E. Muller
ETH Zurich, Switzerland

http://www.greensilicon.eu/GREENSiIlicon/index.html
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Nature Materials 7, 105 (2008)

Q Bulk n-Bi:Tes and p-SbTes used in most commercial
thermoelectrics & Peltier coolers

Q But tellurium is 8t rarest element on earth !!!

Q@ Bulk Sii1xGex (x~0.2 to 0.3) used for high temperature
satellite applications
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Q@ Increase a through enhanced DOS:

_ 722 din(u(E)g(E))
o= —3- kgT { dE }E:EF
3D 2D 1D 0D
bulk quantum weli quantum wire quantum dot

g(E)

a increasing —o—



éls })J%I(leﬁesg(lg GREEN Silicon Approach

Low
dimension
technology
superlattices quantum dots
Module
————
Generator

Q Si/SiGe technology —> cheap and back end of line compatible
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Lateral superlattice Vertical superlattice
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19 \Wafer Scale Microfabrication of Generators

Vertical Generator
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http://www.micropelt.com/



o’ James Watt Nanofabrication Centre @Glasgow

Vistec VB6 & EBPG5

© 750 m? cleanroom - pseudo-industrial operation

Q £54M funding: 17 technicians + 4 PhD technologists

EPSRC llI-V National Facility (and Electronics Design
E-beam lithography Centre)

O Processes include: MMICs, llI-V, Si/SiGe/Ge, integrated
photonics, metamaterials, MEMS (microfluidics)

0 Commercial access through Kelvin NanoTechnology

Siiss MAG optical lith o http:/lIwww.jwnc.gla.ac.uk
10 RIE/ PECVD 5 Metal dep tools 4 SEMs: Hitachi S4700 Veeco: AFMs
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30 years
experience
of e-beam
lithography

Vistec VB6

Vistec EBPG5

Electron Beam Lithography Capability

Sub-5 nm single-line
lithography for research

Width (nm
w EEN o (0} ~ (0} ©

Measured linewidth vs dose

HSQ O

O

16000 20000 24000 28000
Dose (4C cm=2)

Penrose tile: layer-to-layer
alignment 0.46 nm rms

Alignment allows 1 nm gaps
between different layers
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Nanoelectronics:
10 nm T-gate HEMT

Manufacture:
AFM probes

STEM cell
interrogation

metres l

10-9 10_BT 107 10-6 10-5 104 107‘ 10-2 10-1
M

Sensing: Si nanowires Environment: EMS: THz optics

drain
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thermometers
heaters 0 Ha" bar geometry

Q Heat transport easier
to model

Q@  Accurate electrical
measurements easy

Q@ Thermal conductivity
most difficult
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of Glasgow

Metal running over 5 to 12 um steps

NiCr heaters

Removing substrates to prevent parallel thermal transport




[@isive ol Electrical Conductivity Measurements
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iji

378 QWs

threading
dislocation

o =118,500 * 3,500 S-m

© Most measured variations in o related to non-uniformity of material



Seebeck coefficient measurements
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a =150 + 13 pV/IK
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P. S. Dobson, et al., Rev. Sci. Inst. 76, 054901 (2006)
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fCOINOS ISl Thermal AFM Measurements 8557

Bigger dependence of the
cross plane thermal
conductivity

Smaller gradient in the
horizontal direction
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1.02 W/mK
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a=400 pV/K, Micropelt MPG-D751
0=120,000 S/m

a=150 pV/K, n-BiTe / p-SbTe
0=118,500 S/m
N legs = 540

Micropelt BiTe A =35 pm X 35 ym
a=130 pV/K,

0=58,500 S/m Leg L =40 um

F=0.95

Pmax = s FN2AT?02%0
Delivered into load
=400 Q

NB Heat sinking and impedance matching key for maximum power
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Q BiTe/ SbTe nanostructures for thermoelectrics

© Si/SiGe micro-thermoelectric generators

Q@ Thermal & electrical modelling (transport to bulk systems)
Q@ Maximum power point tracking for thermoelectrics

© Thermoelectric (module) test (micro and macro: 270 to 800 °C)

IpJolo >V:V\'"N Doosan Babcock

NPLE

Mational Physical Laboratory
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Lateral Nanowires Vertical Nanowires

10 nm wide
500 nm tall
Si nanowire




Co-ordinated Action for EC ICT FET Proactive Initiative
“Towards Zero Power ICT”

Network: energy harvesting & energy efficient ICT
for autonomous ICT projects

Partners: Luca Gammaitoni, University of Perugia, Italy

Giorgos Fagas, Tyndall Institute, Ireland
Gabriel Abadal Berini, UAB, Barcelona, Spain
Douglas Paul, University of Glasgow, U.K.

http://www.zero-power.eu/
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Q@ Si/SiGe heterostructures for engineered electron
& phonon transport towards enhanced thermoelectrics

O Impedance matching, maximum power point tracking and
heat sinking are key for thermoelectrics

Powers of 10 mW/cm? from AT = 5 to 10 'C feasible in theory
with Si-based technology - practical powers will be lower

Q© http://www.greensilicon.eu/GREENSilicon/index.html

Douglas.Paul@glasgow.ac.uk

http://www.jwnc.gla.ac.uk/
Tel:- +44 141 330 5219




EC ZEROPOWER Energy Harvesting

Industrial Workshop

3rd and 4t July 2012
University of Glasgow

http://www.zero-power.eu/



