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The Seebeck Effect

Material 1

Material 2 Materia
l 2

Hot
reservoir
Th

Cold
reservoir
Tc

V

= α ΔTOpen circuit voltage, V = α (Th – Tc) 

Seebeck coefficient, α = dV
dT

α => I

units: V/K

Seebeck coefficient =         x entropy            transported 
with charge carrier

1
q (Q

T )
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GREEN Silicon
Project No. 257750

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 !!!
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GREEN Silicon
Project No. 257750

Thermoelectric Power Generating Efficiency

n p
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I

heat sink

heat source
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metal metal

ZT = α2σ
κ T

Figure of merit

Power factor = α2σ
Impedance matching and maximum power
point tracking are key for thermoelectrics
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GREEN Silicon
Project No. 257750

GREEN Silicon: Objectives

Overall Aim: to use nanofabrication with phonon and bandgap engineering 
to produce cheap, efficient thermoelectric on-chip generators

Technology push / application pull:

Si/SiGe/Ge heterostructures for back-end CMOS process –> on-chip

Engineer properties using superlattices, 0D quantum dots and 1D nanowires

Micro- and nano-fabrication technologies for thermoelectric modules

Combine modelling, growth, fabrication and characterisation to
                  optimise power output
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GREEN Silicon
Project No. 257750

Seebeck Enhancement at Low Dimensions

Increase α through enhanced DOS:
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GREEN Silicon
Project No. 257750

Phonon Wavelengths that Carry Heat

0 0.5 1 1.5 2 2.5 3 3.5 4

Wavelength [nm]

0.0

0.2

0.5

0.8

1.0

C
u
m

u
la

ti
v
e 

d
is

tr
ib

u
ti

o
n

Germanium
Silicon

Cumulative Distribution Function
Si and Ge [300K]

Greater than 95% of heat conduction in Si / Ge from acoustic 
phonons with wavelengths between 1.2 and 3.5 nm 

60

50

40

30

20

10

0

2

0

4

6

8

10

12

14

16

wavenumber

Fr
eq

ue
nc

y 
(T

H
z)

Energy (m
eV

)

XΓ Δ

TO

LO

TA

LA

Si



22/03/2010 08:23ETH Zürich - Info für Studieninteressierte

Page 1 of 3http://www.ethz.ch/prospectives

ETH Zürich - Studieninteressierte

Deutsch Français Italiano English

Studium an der ETH Zürich - Informationen für Studieninteressierte

Studienangebot
Bachelor- und Masterstudiengänge,
Austauschstudium, Hörer...

Studienaufbau
Nach Levels, Unterrichtssprache...

Beratung und Coaching
Für Schülerinnen und Schüler...

Events
Einblicke ins Studium, Messen...

Anmeldung/Bewerbung
Übersicht nach Studientyp,
Termine...

Finanzielles
Kosten, Stipendien...

Einreise
in die Schweiz, Versicherung...

Unterkunft
Hilfe bei der Zimmersuche...

Studentisches Leben
Am Campus bzw. in Zürich

Stimmen von ETH-Studierenden
 

Visual Tour: ETH-Studium

Einblicke

PodCasts Vorlesungen u.a.

WebCams 

GREEN Silicon
Project No. 257750

GREEN Silicon Approach and Vision

superlattices quantum dots

Low 
dimension
technology

Module

Generator

nanowires

Si/SiGe technology –> cheap and back end of line compatible
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Project No. 257750

Wafer Scale Microfabrication of Generators

Vertical Generator Lateral Generator
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GREEN Silicon
Project No. 257750

Maximum Power Estimations: Optimisation

N = 2500
L = 10 µm
lc = 1 µm
A = 10 x 10 µm2

F = 0.2

α = 400 µVK–1, σ = 83,000 (1/Ω-m) 

300 K

poly-Si

bulk SiGe

bulk Bi2Te3

Pmax = 1
2FNA

L ∆T2α2σ

N.B. The thermal conductivity must also be considered for ΔTmax
but not for the maximum power!

Dense microfabricated module

bulk Bi2Te3 experiment
Nat. Mat. 2, 528 (2003)
(scaled from L = 20 –> 10 µm)

Micropelt
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GREEN Silicon
Project No. 257750

Thermoelectric Low Dimensional Structures
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GREEN Silicon
Project No. 257750

Low Dimensional Structures: 2D Superlattices

L.D. Hicks and M.S. Dresselhaus, Phys. Rev. B 47, 12737 (1993)

Use of transport along superlattice 
       quantum wells

Higher α from the higher density of states 

Lower           through additional phonon scattering from 
   heterointerfaces

κph

Higher electron mobility in quantum well –> higher σ

Disadvantage: higher         with higher σ (but 
layered structure can reduce this effect)

κel

Overall Z and ZT should increase

Tc

Th

heat sink

heat source
metal

metal metal

n p

ZT = α2σ
κ T

Figure of merit

EHC Parker and TE Whall, 1987
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GREEN Silicon
Project No. 257750

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

Discussions with NPL
     on EC Metrology Programme
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GREEN Silicon
Project No. 257750

2D p-Ge Modulation Doped Structure 8557
Investigating periodic
and random 0D Ge QDs

TEM & XRD characterisation of 2D modulation-doped 
superlattice designs

p-type 2D Ge superlattice
2D superlattice

QW

modulation doping

transport
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Electrical Conductivity Measurements p-Ge

σ = IW
VxxL If L > 3W then Δσ < 10–3

Vxx

I
L

W

σ = 118,000 ± 15,000 S-m

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

threading
dislocation

378 QWs
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Differential 3ω Thermal Conductivity Measurement

T ~ I2 ~ 2ω

I ~ ω

R ~ T ~ 2ω

V = IR ~ 3ω

V
I0 sin(ωt)

But 3ω technique requires
     homogenous layers !!!
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Thermal Conductivity using Thermal AFM

Spatial resolution < 100 nm (ideal for micro and nano structures)

Temperature resolution to 0.1 K

Direct temperature measurements (and 3ω)

Si pyramid
AFM tip
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Thermal AFM Calibration

Silicon Nitride Membrane
NiCr Heater

Au Shield

NiCr 4-terminal
Resistor
Target dot

Thermocouple

Cold junction at pads

340 K

390 K

Electrically 
isolated Au 
spot: 
isothermal 
with resistor

P. S. Dobson, et al., Rev. Sci. Inst. 76, 054901 (2006)
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Thermal AFM Measurements p-Ge 8557
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- Apply voltage through one heater
- Measure the ΔV across bar
- Check 
- Reverse the voltage
- Reverse the Bar

Strong influence of the substrate: need to remove 
the substrate for feasible measurements

Seebeck Coefficient Measurements

V RH RC

V1-V2

α = 150 ± 13 µV/K

0.0

5.0 10-5

1.0 10-4
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SiGe Hall Bar with Substrate Removal

Strain balancing required to make measurements of the thermal 
conductivity and Seebeck coefficient

• Improvements in the material quality
• Scaling of the dimension of the Hall Bar (Length and width)
• Change in the geometry of the Hall Bar- Silica support structure: 
• Elimination corners, sharp edges,  increase in the number of supports
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Seebeck Coefficient / Thermopower

- Large Hall Bars (about 1.5 and 2 mm long)
- Adding some mechanical strength to the actual devices.

- Patterning new shorter Hall Bars to help the curvature
            of the membranes. 
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ZT Measurements of Vertical Devices
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ZT Device Schematic Diagram

Phonon scattering
barriers

Phonon bandgaps /
stationary phonons

Potential 
enhancements:

Seebeck from
low dimensions
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Vertical devices
• Different geometries to evaluate vertical properties of 

the material.
• Heaters used as thermometers to reduce the top surface 

area of the Mesa -> reduced thermal gradients across in 
plane surfaces. 

• Homogeneous heat flux along out-of-plane direction. 
Temperature cross calibration using thermal AFM 

1.2 mm

Nickel-Silicide Ohmic contacts

Top Platinum
heater/thermometer

Bottom Platinum 
thermometer
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0D Ge Quantum Dots

0.5 µm

56610(004) Bragg peak

Phonon scatterers

XRD mean dot size 8 ± 5 nm

XRD mean dot spacing 14 ± 14 nm

i.e. uncorrelated dots
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1D Si Nanowires

Silica

Silicon 
Nanowires

arrays

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

More on nanowires

• !"#$%&'() *"+'&,"-(./%&-0/(1+("2/3&-04/

5 67('8-0&#9/(3)(/%&-0/2"):/"3&9#('

5 ;&')-/2(")<'(2(#-)/)0$%)/-0(/&2=$'-"#,(/$*/'(2$7&#9/-0(/)<+)-'"-(4/>('8/)2"33/
7"'&"-&$#/$*/!?/"))$,&"-(./-$/)<+/0("-/*3$%4/

@&3&,"/2(2+'"#(

@&/#%) &#/A"33/B"'

• Asheghi … Goodson, Temperature-Dependent Thermal Conductivity of Single-Crystal Silicon Layers in SOI Substrates, Trans of ASME 1998
• Boukai et al., “Silicon nanowires as efficient thermoelectric”, Materials, Nature 2008

Size dependant Thermal conductivity in SOI substrate 

• C$%/."2"9(/(-,0&#9/='$,())/*$'/@&3&,$#/.(7(3$=(.D/'(.<,-&$#/$*/-0(/'(3"E"-&$#/-&2(/
,$#)-"#-/&#/-0(/F"--0&())(#G) '<3(

Some paper shows reduction of Thermal conductivity of Silicon of almost 
one order of magnitude. Quasi-Phononic band gap effects

10 nm wide
500 nm tall
Si nanowire

Lateral Nanowires Vertical Nanowires

20 nm wide nanowires
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100 x 20 nm Wide Si Nanowires in Suspended Hall Bar

Proof of concept: The structure are feasible Technology 
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Si Nanowires: Practical 1D enhancements?

10 nm wide
500 nm tall
Si nanowire

57,600,000,000 Si pillars of 
40 nm diameter

50 nm Ge/SiGe wires 
400 nm deep etched
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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

Accurate thermal measurements difficult –> standards?

Many thermal measurement techniques inaccurate


