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

There are unifying characteristics in recently identified 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. Thus the 
general achievement is that we are getting closer to a ‘phonon glass’ 
while maintaining the ‘electron crystal.’ These 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 efficiency, zT, 
(equation (4)) and additionally allows re-optimization of the carrier 
concentration for additional zT improvement (Fig. 1b).

There are three general strategies to reduce lattice thermal 
conductivity that have been successfully used. The first is to scatter 
phonons within the unit cell by creating rattling structures or 
point defects such as interstitials, vacancies or by alloying27. The 
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. These nanostructured materials can be formed as 
thin-film superlattices or as intimately mixed composite structures.

COMPLEXITY THROUGH DISORDER IN THE UNIT CELL

There 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 figure of merit for both n- and p-type 
thermoelectric systems. Bi2Te3 was first 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 fine tuning 
of the carrier concentration alongside a reduction in lattice thermal 
conductivity. The most commonly studied p-type compositions 
are near (Sb0.8Bi0.2)2Te3 whereas n-type compositions are close to 
Bi2(Te0.8Se0.2)3. The 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 different temperatures, enabling the 
tuning of the materials for specific applications such as cooling or 
power generation87. This effect 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. The 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. The 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). The 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 9th rarest element on earth !!!



ZT versus Temperature
p-type n-type

Nanostructures can improve Seebeck coefficient and/or 
decrease thermal conductivity



Seebeck Enhancement at Low Dimensions

Increase α through enhanced DOS:
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Acoustic Phonon Wavelengths
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Superlattice Designs: 4.5 µm Thick



Narrow QW Superlattice Minibands

Conduction bands Miniband dispersions

Only L-valley electrons form minibands



Rytov 1D Continuum Model for Layered Materials

0

5

10

15

20

0.0 0.5 1.0 1.5 2.0 2.5 3.0

En
er

gy
 (m

eV
)

k
z
 (a+b)

QW: mass density ρa,  
        phase velocity va

a

bbarrier, ρb, vb

Superlattice N →∞
⌘ =

⇢bvb

⇢ava

cosqz(a+ b) = cosqaa cosqbb�

1+ ⌘2

2⌘

�
sinqaa sinqbb

Acoustic mismatch:

qz =
n⇡

a+ b

Superlattice zone 
boundaries:

q
[001]

acoustic phonon bandgap

S.V. Rytov, Sov. Phys. Acoustics 2, 67 (1956)



TEM of Single Barrier & 3 Barrier Material

Single barrier Three barriers



n-type vertical Design 6 (8722)

3 barriers with wide Ge QWs



Vertical structure characterisation device

Bottom  
Thermometer

Top  
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Heater

30 nm Si3N4

50 nm Si3N4



Comsol Thermal Parasitic Modelling

3

TABLE I. A comparison of the major parameters at 300 K for the 4 designed superlattice wafers. The heterolayer thicknesses
are from STEM measurements and the Ge contents from XRD.

Design QW Barrier Substrate � ↵  ZT ↵2�
(nm) (nm) (Sm�1) (µVK�1) (Wm�1K�1) (mWK�2m�1)

1 4.64 1.55 Si0.083Ge0.917 1,834 ± 287 �455± 23 4.3 ± 0.67 0.028 ± 0.003 0.38 ± 0.01
2 12.2 2.3 Si0.050Ge0.950 4,471 ± 616 �320± 4 5.9 ± 0.5 0.026 ± 0.004 0.45 ± 0.06
3 9.3/9.3 1.8/2.6 Si0.032Ge0.968 4,918 ± 745 �295± 33 4.9 ± 0.5 0.028 ± 0.006 0.42 ± 0.02
4 15.5/16.0/16.7 1.5/2.0/2.8 Si0.067Ge0.933 2,277 ± 394 �403± 3 4.4 ± 0.5 0.027 ± 0.004 0.37 ± 0.06

n-Ge [1] 66,700 -155 59.9 0.008 1.6
n-Si0.7Ge0.3 [2] 31,300 -258 5.6 0.112 2.1
n-Bi2Te3 [3] 120,000 -160 1.2 0.768 3.72

a Reference 15
b Reference 16
c Reference 1

5 nm

(b)

(c) (d)

5 nm

(a)

FIG. 3. Cross sectional TEM images of (a) the Design 1 su-
perlattice with a single barrier and (b) Design 4 with three
barriers of di↵erent thickness. (c) XRD scans along (004)
and (224) for the Design 1 single barrier sample and (d) XRD
scans for the Design 4 triple barrier sample with three di↵er-
ent barrier thicknesses.

are provided in the Supplementary Information. Fig. 3
provides transmission electron microscope (TEM) images
and x-ray di↵raction (XRD) which were used to deter-
mine the heterolayer thicknesses and Ge contents respec-
tively for all the wafers studied. All the thermoelectric
parameters were determined from microfabricated de-
vices which were compared to theoretical simulations to
produce accurate results. � was extracted from a range
of circular transfer line measurements21 whilst ↵ and 

were extracted from a microfabricated device with a top
heater, thermometer and voltage probes on top on an
etched mesa and bottom thermometer and voltage probes
(Fig. 4(a))18. A second half device structure (Fig. 4(b))

FIG. 4. (a), (b) Two schematic diagrams of the microfab-
ricated devices with integrated heaters, thermometers and
Ohmic contacts to allow the Seebeck coe�cient and thermal
conductivity to be extracted. (c) and (d) show the simulated
temperature profile across the superlattice when a power of
100 mW was being applied to the heaters on both devices.
The temperature at the top of the device in (d) is superior
than the top temperature in (c) suggesting than the sides of
the device, required in the experimental set up for probing,
add parasitic channels for the power supplied by the heater
to flow (See supplementary information).

was microfabricated and used to determine the parasitic
thermal channels by comparison with finite element sim-
ulations (Fig. 4(c) and (d)) which were then subtracted
to determine the correct thermal conductivity by calcu-
lating the e↵ective heat flux flowing across the SL, which
was estimated to be the 78% of the power applied to the
heater(see Supplementary Information). The Seebeck co-
e�cients quoted are all absolute values after subtracting
values for the metals used for the Ohmic contacts.

Electron transport through the structure is predomi-
nantly through the L-valley electron miniband but any
scattering of electrons between the L-valley and�2-valley
will a↵ect the electrical conductivity in the cross-plane
direction. This requires the absorption of a phonon and
the intervalley scattering rate22 for electrons being scat-
tered between the L-valley and �2-valley with either the

3

TABLEI.Acomparisonofthemajorparametersat300Kforthe4designedsuperlatticewafers.Theheterolayerthicknesses
arefromSTEMmeasurementsandtheGecontentsfromXRD.

DesignQWBarrierSubstrate�↵ZT↵2�
(nm)(nm)(Sm�1)(µVK�1)(Wm�1K�1)(mWK�2m�1)

14.641.55Si0.083Ge0.9171,834±287�455±234.3±0.670.028±0.0030.38±0.01
212.22.3Si0.050Ge0.9504,471±616�320±45.9±0.50.026±0.0040.45±0.06
39.3/9.31.8/2.6Si0.032Ge0.9684,918±745�295±334.9±0.50.028±0.0060.42±0.02
415.5/16.0/16.71.5/2.0/2.8Si0.067Ge0.9332,277±394�403±34.4±0.50.027±0.0040.37±0.06

n-Ge[1]66,700-15559.90.0081.6
n-Si0.7Ge0.3[2]31,300-2585.60.1122.1

n-Bi2Te3[3]120,000-1601.20.7683.72

aReference15
bReference16
cReference1

5 nm

(b)

(c)(d)

5 nm

(a)

FIG.3.CrosssectionalTEMimagesof(a)theDesign1su-
perlatticewithasinglebarrierand(b)Design4withthree
barriersofdi↵erentthickness.(c)XRDscansalong(004)
and(224)fortheDesign1singlebarriersampleand(d)XRD
scansfortheDesign4triplebarriersamplewiththreedi↵er-
entbarrierthicknesses.

areprovidedintheSupplementaryInformation.Fig.3
providestransmissionelectronmicroscope(TEM)images
andx-raydi↵raction(XRD)whichwereusedtodeter-
minetheheterolayerthicknessesandGecontentsrespec-
tivelyforallthewafersstudied.Allthethermoelectric
parametersweredeterminedfrommicrofabricatedde-
viceswhichwerecomparedtotheoreticalsimulationsto
produceaccurateresults.�wasextractedfromarange
ofcirculartransferlinemeasurements21whilst↵and

wereextractedfromamicrofabricateddevicewithatop
heater,thermometerandvoltageprobesontoponan
etchedmesaandbottomthermometerandvoltageprobes
(Fig.4(a))18.Asecondhalfdevicestructure(Fig.4(b))

FIG.4.(a),(b)Twoschematicdiagramsofthemicrofab-
ricateddeviceswithintegratedheaters,thermometersand
OhmiccontactstoallowtheSeebeckcoe�cientandthermal
conductivitytobeextracted.(c)and(d)showthesimulated
temperatureprofileacrossthesuperlatticewhenapowerof
100mWwasbeingappliedtotheheatersonbothdevices.
Thetemperatureatthetopofthedevicein(d)issuperior
thanthetoptemperaturein(c)suggestingthanthesidesof
thedevice,requiredintheexperimentalsetupforprobing,
addparasiticchannelsforthepowersuppliedbytheheater
toflow(Seesupplementaryinformation).

wasmicrofabricatedandusedtodeterminetheparasitic
thermalchannelsbycomparisonwithfiniteelementsim-
ulations(Fig.4(c)and(d))whichwerethensubtracted
todeterminethecorrectthermalconductivitybycalcu-
latingthee↵ectiveheatfluxflowingacrosstheSL,which
wasestimatedtobethe78%ofthepowerappliedtothe
heater(seeSupplementaryInformation).TheSeebeckco-
e�cientsquotedareallabsolutevaluesaftersubtracting
valuesforthemetalsusedfortheOhmiccontacts.

Electrontransportthroughthestructureispredomi-
nantlythroughtheL-valleyelectronminibandbutany
scatteringofelectronsbetweentheL-valleyand�2-valley
willa↵ecttheelectricalconductivityinthecross-plane
direction.Thisrequirestheabsorptionofaphononand
theintervalleyscatteringrate22forelectronsbeingscat-
teredbetweentheL-valleyand�2-valleywitheitherthe



Cosmol Thermal Modelling



45 nm Wide n-Silicon Nanowires

σ = 20,300 S/m 
     4 terminal
κ = 7.78 W/mK

α = –271 µV/K

ZT =  0.057

@ 300 K:

ZT enhanced by x117

What enhancements 
with SiGe ?

α2σ = 1.49 mW m–1K–2



Bulk SiGe Material Design

J.P. Dismukes et al., J. Appl. Phys., 35, 2899 (1964) 

p-type Si1-xGex (x<0.5) 

20 µm Si0.7Ge0.3

3 µm graded SiGe

155 nm SiO2

Si (001) substrate

55 nm i-Si

n & p-doped wafers
ND,A = 1019 cm–3



LPCVD SiGe Wafer Growth

20 µm Si0.7Ge0.3

3 µm graded SiGe

155 nm SiO2

Si (001) substrate

55 nm i-Si

n & p-doped wafers
ND,A = 1019 cm–3

ASM 2000E LPCVD system

200 µm

few µm deep 
pits

200 µm

Slip planes 
/ cracks

200 mm SOITEC 55 nm Si, 
155 nm box substrates



Module Design: Heat Flow, Q

Q = �rT

Qz = �(T)
dT

dx

QzAchip = �SiGe(T)NlegsAlegs
TH �TC

L
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L
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thermal conduction 
through air

thermal convection 
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Joule 
heating

Peltier effectFourier heat conduction

Fourier’s law of heat conduction
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Simulation of Performance @ TH = 500 ˚C

Input heat, Qz = 5 W/cm2

Operating temperature, TH = 500 ˚C

Shorter legs better for high P but need to consider κ to maintain ΔT



Microfabricated Legs & Thermometers

thermometer

SiO2

Ohmic 
metal

20 µm TE leg

isolated block

bondpads

200 x 200 µm 
TE Leg

68 pairs TE legs

Integrated thermometer



Flip-Chip Bonding

 
 

 
 

In bumps
Flip chip



Final Module & Test

Heater & 2 Peltiers 
used to drive heat through 

module

Microfabricated  
thermometers measure ΔT



Issues and Future Work

Material cracks limit yield & ∴ legs: requires better epitaxy 
     (limited area epitaxy?)

In bumps limit TH & dominate leg R

High temperature bumps & flip-chip bonding in development

Present silicides limited to ≤ 400 ˚C: new high T silicides 
     e.g. TiSi2 or WSi2 stable to > 700 ˚C

Ohmic to bumps requires better diffusion barrier => TiN



Summary

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

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

New test structures for α and κ developed

ZT and power factor enhanced over bulk Si, Ge and SiGe values

Prototype modules delivered: optimisation required
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