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The Seebeck Effect
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Thermoelectric Power Generating Efficiency
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Power Generation From Macro to Micro
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C.B. Vining, Nature Mat. 8, 83 (2009)

At the mm and µm scale with powers << 1W, thermoelectrics are 
more efficient than thermodynamic engines (Reynolds no. etc..)
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Illustrative schematic diagram
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Thermoelectric Applications

NASA Voyager I & IICars: replace alternator

Temperature control
for CO2 sequestration

Peltier cooler:
telecoms lasers

Powering autonomous
sensors: ECG, blood pressure, etc.



GREEN Silicon
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Bulk Thermoelectric Materials Performance

Nature Materials 7, 105 (2008)

Bulk Si1-xGex (x~0.2 to 0.3) used for high temperature
          satellite applications

Bulk n-Bi2Te3 and p-Sb2Te3 used in most commercial
          thermoelectrics &  Peltier coolers

108 nature materials | VOL 7 | FEBRUARY 2008 | www.nature.com/naturematerials

REVIEW ARTICLE

requires an understanding of solid-state chemistry, high-temperature 
electronic and thermal transport measurements, and the underlying 
solid-state physics. !ese collaborations have led to a more complete 
understanding of the origin of good thermoelectric properties.

!ere are unifying characteristics in recently identi"ed high-zT 
materials that can provide guidance in the successful search for new 
materials. One common feature of the thermoelectrics recently 
discovered with zT>1 is that most have lattice thermal conductivities 
that are lower than the present commercial materials. !us the 
general achievement is that we are getting closer to a ‘phonon glass’ 
while maintaining the ‘electron crystal.’ !ese reduced lattice thermal 
conductivities are achieved through phonon scattering across 
various length scales as discussed above. A reduced lattice thermal 
conductivity directly improves the thermoelectric e#ciency, zT, 
(equation (4)) and additionally allows re-optimization of the carrier 
concentration for additional zT improvement (Fig. 1b).

!ere are three general strategies to reduce lattice thermal 
conductivity that have been successfully used. !e "rst is to scatter 
phonons within the unit cell by creating rattling structures or 
point defects such as interstitials, vacancies or by alloying27. !e 
second strategy is to use complex crystal structures to separate the 
electron-crystal from the phonon-glass. Here the goal is to be able 
to achieve a phonon glass without disrupting the crystallinity of the 
electron-transport region. A third strategy is to scatter phonons at 
interfaces, leading to the use of multiphase composites mixed on the 
nanometre scale5. !ese nanostructured materials can be formed as 
thin-"lm superlattices or as intimately mixed composite structures.

COMPLEXITY THROUGH DISORDER IN THE UNIT CELL

!ere is a long history of using atomic disorder to reduce the lattice 
thermal conductivity in thermoelectrics (Box 2). Early work by 

To best assess the recent progress and prospects in thermoelectric 
materials, the decades of research and development of the established 
state-of-the-art materials should also be considered. By far the most 
widely used thermoelectric materials are alloys of Bi2Te3 and Sb2Te3. 
For near-room-temperature applications, such as refrigeration and 
waste heat recovery up to 200 °C, Bi2Te3 alloys have been proved 
to possess the greatest "gure of merit for both n- and p-type 
thermoelectric systems. Bi2Te3 was "rst investigated as a material 
of great thermoelectric promise in the 1950s12,16–18,84. It was quickly 
realized that alloying with Sb2Te3 and Bi2Se3 allowed for the "ne tuning 
of the carrier concentration alongside a reduction in lattice thermal 
conductivity. !e most commonly studied p-type compositions 
are near (Sb0.8Bi0.2)2Te3 whereas n-type compositions are close to 
Bi2(Te0.8Se0.2)3. !e electronic transport properties and detailed defect 
chemistry (which controls the dopant concentration) of these alloys 
are now well understood thanks to extensive studies of single crystal 
and polycrystalline material85,86. Peak zT values for these materials 
are typically in the range of 0.8 to 1.1 with p-type materials achieving 
the highest values (Fig. B2a,b). By adjusting the carrier concentration 
zT can be optimized to peak at di$erent temperatures, enabling the 
tuning of the materials for speci"c applications such as cooling or 
power generation87. !is e$ect is demonstrated in Fig. B2c for PbTe.

For mid-temperature power generation (500–900 K), 
materials based on group-IV tellurides are typically used, 
such as PbTe, GeTe or SnTe12,17,18,81,88. !e peak zT in optimized 
n-type material is about 0.8. Again, a tuning of the carrier 
concentration will alter the temperature where zT peaks. Alloys, 
particularly with AgSbTe2, have led to several reports of zT > 1 
for both n-type and p-type materials73,89,90. Only the p-type alloy 
(GeTe)0.85(AgSbTe2)0.15, commonly referred to as TAGS, with 
a maximum zT greater than 1.2 (ref. 69), has been successfully 
used in long-life thermoelectric generators. With the advent of 
modern microstructural and chemical analysis techniques, such 
materials are being reinvestigated with great promise (see section 
on nanomaterials).

Successful, high-temperature (>900 K) thermoelectric generators 
have typically used silicon–germanium alloys for both n- and p-type 
legs. !e zT of these materials is fairly low, particularly for the p-type 
material (Fig. B2b) because of the relatively high lattice thermal 
conductivity of the diamond structure.

For cooling below room temperature, alloys of BiSb have been 
used in the n-type legs, coupled with p-type legs of (Bi,Sb)2(Te,Se)3 
(refs 91,92). !e poor mechanical properties of BiSb leave much 
room for improved low-temperature materials.

Box 2 State-of-the-art high-zT materials
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Figure B2 Figure-of-merit zT of state-of-the-art commercial materials and those used or being developed by NASA for thermoelectric power generation. a, p-type and 
b, n-type. Most of these materials are complex alloys with dopants; approximate compositions are shown. c, Altering the dopant concentration changes not only the peak 
zT but also the temperature where the peak occurs. As the dopant concentration in n-type PbTe increases (darker blue lines indicate higher doping) the zT peak increases 
in temperature. Commercial alloys of Bi2Te3 and Sb2Te3 from Marlow Industries, unpublished data; doped PbTe, ref. 88; skutterudite alloys of CoSb3 and CeFe4Sb12 from 
JPL, Caltech unpublished data; TAGS, ref. 69; SiGe (doped Si0.8Ge0.2), ref. 82; and Yb14MnSb11, ref. 45.But tellurium is 8th rarest element on earth !!!



Seebeck Enhancement at Low Dimensions

Increase α through enhanced DOS:
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GREEN Silicon Approach

superlattices quantum dots

Low 
dimension
technology

Module

Generator

nanowires

Si/SiGe technology –> cheap and back end of line compatible



Thermoelectric Low Dimensional Structures
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Wafer Scale Microfabrication of Generators

Vertical Generator

20 µm Bi2Te3

http://www.micropelt.com/

n-Bi2Te3

p-Sb2Te3



James Watt Nanofabrication Centre @Glasgow

E-beam lithography

10 RIE / PECVD 5 Metal dep tools 4 SEMs: Hitachi S4700 Veeco: AFMs

750 m2 cleanroom - pseudo-industrial operation

£54M funding: 17 technicians + 4 PhD technologists

Commercial access through Kelvin NanoTechnology

EPSRC III-V National Facility (and Electronics Design
                                                                              Centre)

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

http://www.jwnc.gla.ac.uk

Vistec VB6 & EBPG5

Süss MA6 optical lith



Electron Beam Lithography Capability

Vistec EBPG5
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Micro and Nanotechnology from Glasgow

Sensing: Si nanowires

Optoelectronics:
1.55µm DFB laser

source

drain
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Nanoelectronics:
10 nm T-gate HEMT

MEMS: THz optics

Healthcare:
STEM cell
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1 nm nanogaps
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Who do we make devices for?



SiGe Hall Bar with substrate removal

Strain balanced sub required to make 
actual measurements on the Thermal 

and Seebeck.

Measuring Lateral α, σ, κ and ZT
thermometers

heaters

SiSi

Thermal conductivity 
most difficult

Accurate electrical
measurements easy

Hall bar geometry

Heat transport easier
to model



Fabrication Issues

Metal running over 5 to 12 µm steps
NiCr heaters

Al connections

Removing substrates to prevent parallel thermal transport 

View from beneath



Electrical Conductivity Measurements

σ = IW
VxxL If L > 3W then Δσ < 10–3

Vxx
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σ = 118,500 ± 3,500 S-m

Most measured variations in σ related to non-uniformity of material

threading
dislocation

378 QWs



Seebeck coefficient measurements
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Scanning Thermal Microscopy

340 K

390 K

Electrically 
isolated Au 
spot: 
isothermal 
with resistor

P. S. Dobson, et al., Rev. Sci. Inst. 76, 054901 (2006)



Thermal AFM Measurements 8557!"#$%&'()*+(,-(.//0
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Micropelt MPG-D751 TEG Modules
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Power Density Estimates

Micropelt BiTe
α=130 µV/K,
σ=58,500 S/m

α=150 µV/K,
σ=118,500 S/m

α=400 µV/K,
σ=120,000 S/m

Micropelt MPG-D751

N legs = 540

Pmax = 1
2FNA

L ∆T2α2σ

A = 35 µm x 35 µm

Leg L = 40 µm

F = 0.95

Delivered into load
= 400 Ω

NB Heat sinking and impedance matching key for maximum power

n-BiTe / p-SbTe



Present Thermoelectric Research @ Glasgow

Maximum power point tracking for thermoelectrics 

Si/SiGe micro-thermoelectric generators

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

BiTe / SbTe nanostructures for thermoelectrics

!""#$% !""#$%&'$()")*

Thermal & electrical modelling (transport to bulk systems)

Thank you

Alexandre.cuenat@npl.co.uk



1D Nanowires

Silica

Silicon 
Nanowires

arrays

Very fragile structures. Deformation associated to the silica substrate. 
Ultimately some windows crashes. Yield still limited

More on nanowires 10 nm wide
500 nm tall
Si nanowire

Lateral Nanowires Vertical Nanowires

20 nm wide nanowires

4 nm wide



EC ICT FET Project No. 270005

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/



Summary

Douglas.Paul@glasgow.ac.uk

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

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

Si/SiGe heterostructures for engineered electron 
      & phonon transport towards enhanced thermoelectrics

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

Powers of 10 mW/cm2 from ΔT = 5 to 10 ˚C feasible in theory 
with Si-based technology - practical powers will be lower



EC ZEROPOWER Energy Harvesting 
Industrial Workshop

3rd and 4th July 2012
University of Glasgow

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


