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2nd highest cited E&EE Department in UK after Cambridge

£53M active research grant portfolio (£14M pa, industry ~£1M)

Smallest electron-beam lithography pattern – 3 nm

Best layer-to-layer alignment accuracy (0.42 nm rms)

Smallest diamond transistor (50 nm gate length)

Lowest loss silicon optical waveguide (< 0.9 dB/cm)

Fastest mode locked laser (2.1 THz)
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Thermoelectrics
History: Seebeck effect 1822

heat –> electric current

Present applications: 

Peltier coolers (telecoms lasers, rf / mm-wave electronics, beer! etc...)

Thermoelectric generators – some industrial energy harvesting

As renewable energy interest increases, renewed interest in thermoelectrics

Peltier (1834): current –> cooling

Physics: Thomson (Lord Kelvin) 1850s

Ioffe: physics (1950s), first devices 1950s - 1960s, commercial modules 1960s
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Why Use Thermoelectrics?

No moving parts –> no maintenance 

Peltier Coolers: fast feedback control mechanisms –> ΔT < 0.1 ˚C

Scalable to the nanoscale –> physics still works (some enhancements)
but power ∝ area

Most losses result in heat

Waste heat from many systems 
could be harvested

home, industry, background

Most heat sources are “static”
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Background Physics
Joule heatingFourier thermal transport

EF = chemical potential

V = voltage

A = area

R = resistance

I = current (J = I/A)

Q = heat (power i.e energy / time)

κ = thermal conductivity

σ = electrical conductivity

α = Seebeck coefficient

Q = I2RQ = −κA∇T

q = electron charge

f(E) = Fermi functiong(E) = density of states
µ(E) = mobilitykB = Boltzmann’s constant
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The Peltier Effect

Material 1

Material 2 Mater
ial 2

Hot
reservoir

Th

Cold
reservoir

Tc

I

heat transfer, Q

Peltier coefficient, Π = Q
I

I =>Π

units: W/A = V

Peltier coefficient is the energy carried by each electron per unit charge & time
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The Peltier Coefficient

σ =
�

σ(E)dE = q
�

g(E)µ(E)f(E)[1− f(E)]dE

Π = −1
q

�
(E−EF)σ(E)

σ dE

Full derivation uses relaxation time approximation
                 & Boltzmann equation

This derivation works well for high temperatures (> 100 K)

see H. Fritzsche, Solid State Comm. 9, 1813 (1971) 

At low temperatures phonon drag effects must be added
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The Seebeck Effect

Material 1

Material 2 Mater
ial 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 carrier1
q (Q

T )
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Cu block

Cold reservoir

Measuring Seebeck Coefficient

Physically heat one side of sample

Thermocouples top and bottom
to measure ΔT

Cold sink at the other side of sample

4 terminal electrical measurements

sample

heater

Cu block
thermocouple

Th

thermocouple
Tc

Vσ

Iσ

ΔT

Iheater
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The Seebeck Coefficient

α = −kB
q

�
(E−EF)σ(E)

σ dE

For electrons in the conduction band, Ec of a semiconductor

α = −kB
q

�
Ec−EF
kBT +

R∞
0

(E−Ec)
kBT σ(E)dE

R∞
0 σ(E)dE

�
for E > Ec

σ =
�

σ(E)dE = q
�

g(E)µ(E)f(E)[1− f(E)]dE

see H. Fritzsche, Solid State Comm. 9, 1813 (1971) 

Full derivation uses relaxation time approximation, Boltzmann equation
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The Seebeck Coefficient for Metals

f(1− f) = −kBT df
dE

i.e. Seebeck coefficient depends on the asymmetry 
of the current contributions above and below EF

Using the energy-independent scattering approximation:

α = −8π2k2
B

3eh2 m∗T
�

π
3n

� 2
3 n=carrier density

M. Cutler et al., Phys. Rev. 133, A1143 (1964)

g(E)µ(E)Expand in Taylor’s series at E = EF

α = −π2

3
kB
q kBT

�
d ln(µg)

dE

�
EF (Mott’s formula)

Mott and Jones, 1958
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Semiconductor Example: SiGe Alloys

Downloaded 02 Sep 2009 to 130.209.6.41. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

Se
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fic
ie
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, α

 (µ
V

 K
–1

)

α decreases for higher n

For SiGe, α increases with T

Degenerately doped p-Si0.7Ge0.3

Mott criteria ~ 2 x 1018 cm–3

α = 8π2k2
B

3eh2 m∗T
�

π
3n

� 2
3

J.P. Dismukes et al., J. Appl. Phys. 35, 2899 (1964)
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The Thomson Effect
Hot

reservoir
Th

Cold
reservoir

Tc

T

x

I

Thomson coefficient, β dQ = βIdT

Q
dx

α is temperature dependent

dQ
dx = βIdT

dx

units: V/K

dT
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The Kelvin Relationships

Π = αT β = T dα
dT

Derived using irreversible thermodynamics

These relationships hold for all materials

Seebeck, α is easy to measure experimentally

Therefore measure α to obtain      andΠ β
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Peltier Effect, Heat Flux and Temperature

Heat
(energy/t) = Q

hot side

cold side

Area, A

but Π = αT

Q = αIT− κA∇T

J = I
Aand

If a current of I flows through a thermoelectric material between 
hot and cold reservoirs:

Heat flux per unit area =

Q
A = ΠJ− κ∇T

( = Peltier + Fourier )

current,
I
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Semiconductors and Thermoelectrics

n p

Tc

Th

Load

I

heat sink

heat source
metal

metal metal

Seebeck effect:
electricity
generation

Peltier effect:
electrical
cooling

n p

Tc

Th

Battery

+

heat sink

heat source
metal

metal metal

–I

Heat transfer
Q
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Conversion Efficiency

n p

Tc

Th

Load, RL

heat sink

heat source
metal

metal metal

I

Rn Rp

R = Rn + Rp

Power to load (Joule heating) = I2RL

Heat absorbed at hot junction = Peltier heat
+ heat withdrawn from hot junction

= ΠI = αIThPeltier heat

power supplied to load
heat absorbed at hot junction

η = 

Heat withdrawn from hot junction
= κA (Th −Tc)− 1

2I2R

NB half Joule heat returned to hot junction

I = α(Th−Tc)
R+RL

(Ohms Law)
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Conversion Efficiency

η = I2RL

αITh+κA(Th−Tc)− 1
2 I2R

For maximum value dη

d(
RL
R )

= 0 T = 1
2 (Th + Tc)

=      Carnot      x     Joule losses and irreversible
                                 processes

Th−Tc
Th

√
1+ZT−1√

1+ZT+ Tc
Th

ηmax = Z = α2

RκA = α2σ
κ

where

power supplied to load
η = =

power supplied to load
Peltier + heat withdrawn

n p

Tc

Th

RL

heat sink

heat source

I

heat absorbed at hot junction
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Thermoelectric Power Generating Efficiency
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Tcheat sink

Heat Transfer in Thermoelectric Element

Qn = −αnIT
−κnAn

dT
dx

Qp = αpIT
−κpAp

dT
dx

area, Ap
Thheat source

area, An

n p

But n-type and p-type materials are seldom identical

Ln Lp

LnAp

LpAm
=

�
σnκn
σpκp

Z for a couple depends on relative dimensions

Z is maximum for
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Maximising ZT for an Unbalanced Couple

LnAp

LpAm
=

�
σnκn
σpκp

ZT = (αp−αn)2Thq
κp
σp

+
√

κn
σn

i

Tcheat sink

area, Ap

Thheat source
area, An

n pLn Lp

We need good ZT for both n- and p-type semiconductors
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Maximum Temperature Drop

As the system has thermal conductivity      a maximum ΔT which can be 
               sustained across a module is limited due to heat transport

κ

∆Tmax = 1
2ZT2

c

The efficiency cannot be increased indefinitely
           by increasing Th

The thermal conductivity also limits maximum
           ΔT in Peltier coolers 

n p

Tc

Th

heat sink

heat source
metal

metal metal

Higher ΔTmax requires better Z materials
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Thermodynamic Efficiency: The Competition

is limited to perhaps 1/6 of the maximum 
possible Carnot e!ciency.

"ermoelectric technology is used for 
a variety of applications. For example, 
radioisotope thermoelectric generators 
provide electrical power for deep-space 
missions. On Earth, the commercial 
market for thermoelectric power 
generation is limited mainly to remote 
power applications, amounting to perhaps 
US$25–50 million per annum for full 
thermoelectric generator (TEG) systems. 
"e world market for cooling modules 
(thermoelectric modules only, not #nal 
products or systems) is thought to be 
about US$200–250 million per annum. 
In the early 1990s, new ideas and new 
funding spurred signi#cant progress in 
thermoelectrics, some of which have been 
discussed in this journal. Yet only three 
e$orts have produced ZT values in excess 
of 2: Harman’s quantum-dot superlattice6 
with a reported ZT ~3.5 at 575 K (ref. 7), 
Venkatasubramanian’s superlattice with 
reported ZT ~2.4 at 300 K and ZT ~2.9 at 
400 K (ref. 8), and Hsu’s lead antimony 
silver telluride (LAST) bulk/‘nanodot’ 
material with a reported ZT ~2.2 at 800 K 
(ref. 9). Translation of these laboratory 
results to commercial quantities of materials 
and/or e!cient devices, however, does not 
seem imminent.

Quite recently, ZT ~1.4 was reported 
for a ‘#ne grain’ bulk bismuth–telluride 
material, made by grinding nanometre-
sized powder and pressing the powder back 
into a bulk solid10. A start-up company, 
GMZ Energy, has announced intentions 
to produce commercial quantities of this 
substance, which would then become the 
highest-ZT material commercially available. 

A recent review5 stated that ZT = 3 is 
the ultimate goal of thermoelectrics and 
suggested that this “appears to be within 
reach in the next several years”. Although 
scienti#cally plausible, no clear path for 
such a development has been identi#ed, and 
engineering progress is therefore limited 
to existing, lower-ZT materials for the 
time being.

"e most promising thermoelectric power 
generation application with ‘greentech’ 
implications is vehicle waste heat recovery 
to improve fuel economy. In this concept, 
vehicle waste heat, usually from the exhaust, 
is redirected to a TEG to produce electricity 
(Fig. 1). More drive-train power is available 
to move the vehicle, and electricity is still 
available. Under the US Department of 
Energy’s ‘FreedomCar’ programme, teams 
have been assembled to pursue this concept. 
"e FreedomCar target is for both cars and 
trucks to improve overall fuel economy 
by 10%, and aims to reach production in 
the 2011–2014 timeframe. As none of the 
nano/high-ZT materials are yet available, 
development is proceeding with the best 
available materials. Most likely, some 
improvement of ZT will be required for 
commercialization, but even without this, 
the programme should provide better 
cost/bene#t estimates. Signi#cant barriers 
remain before deployment including costs, 
heat transfer to thermoelectric modules, 
dedicated radiators, system weight, 
acceptance of change and competition 
with alternate conversion technologies as 
well as with all other means of increasing 
fuel e!ciency.

Even for vehicle waste heat, competition 
from mechanical engines can be expected 
to be #erce. Honda, for example, have tested 
a system using a Rankine steam engine to 
generate electricity from waste heat in a 
hybrid vehicle, increasing overall engine 
e!ciency by 3.8% (ref. 11). BMW have 
for some years had a similar e$ort called 
Turbosteamer, but their added device is 
used to supplement the power train (rather 
than to generate electricity), improving fuel 
e!ciency by 15%. Either of these projects 
seems to surpass the FreedomCar goal of 
10% fuel savings. 

In 2006, the US Department of 
Energy’s O!ce of Basic Energy Sciences 
initiated support to develop improved 
thermoelectric materials as part of their 
solar energy project. "e idea is simple 
enough2,3: concentrate solar energy to 
create heat that a TEG turns into electricity. 
Engineering work has not yet started, 
though, because much higher ZT values are 
needed #rst.

Industrial waste heat (incinerators, 
cement, steel mills and so on) has also been 
discussed. NEDO (Japan) has invested 
in thermoelectric R&D for waste heat 
since at least 1997. "eir most recent 
#ve-year, US$25 million programme was 
completed satisfactorily in 2007, with 
reasonable progress made towards its goal 
of 15% system e!ciency. Other potential 
applications have been occasionally 
mentioned: geothermal, home co-generation 
(fuel oil-#red furnaces or gas water-heaters 
plus TEGs) and woodstoves (e!cient 
cooking for the developing world).

"e most common refrigerant used in home 
and automobile air conditioners is R-134a, 
which does not have the ozone-depleting 
properties of Freon that it replaced, but 
is nevertheless a terrible greenhouse gas 
and will be banned in new European cars 
by 2011. Soon enough it will have to be 
banned entirely, and that means we need 
alternative air-conditioning technologies. 
"ermoelectric cooling has been suggested 
as one such alternative, building on the 
successful use of thermoelectric cooler/
heaters in car seats4. "e US Department of 
Energy recently announced a US$13 million 
cost-shared programme to develop 
this technology.

Particularly for large-scale applications, 
e!ciency will be paramount and 
future thermoelectric potential needs 
to be compared to currently available 
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ZT of 4 start to become seriously competitive
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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..)

cross over
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over all temperature range

Illustrative schematic diagram

Diagram assumes high T
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Thermal Conductivity of Bulk Materials

thermal conductivity = electron contribution + phonon contribution
                                   = (electrical conductivity) + (lattice contributions)

κ = κel + κph

Both the lattice and electron current can contribute to heat transfer

For low carrier densities in semiconductors (non-degenerate) κel � κph

κel � κphFor high carrier densities in semiconductors (degenerate)

Good thermoelectric materials should ideally have κel � κph

i.e. electrical and thermal conductivities are largely decoupled
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Phonons: Lattice Vibration Heat Transfer
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Wiedemann-Franz Law

Empirical law from experimental observation that κ
σT

= constant for metals

Drude model’s great success was an explanation of Wiedemann-Franz

Drude model assumes bulk of thermal transport by conduction electrons
 in metals

Success fortuitous: two factors of 100 cancel to produce the empirical 
result from the Drude theory 

Incorrect assumption: classical gas laws cannot be applied to electron gas
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Wiedemann-Franz Law for Metals

σT
κ = 3

π2

�
q
kB

�2
= 1

L
L = Lorentz number
   = 2.45 x 10–8 W-ΩK–2

ZT = 3
π2

�
qα
kB

�2
= 4.09 x 107 α2

κelIn metals, the thermal conductivity is dominated by 

∴

Exceptions:

some pure metals at low temperatures

certain alloys where small         results in significant          contribution  κel κph

certain low dimensional structures where          can dominate κph

κel � κphmost exceptions systems with 

κel � κphfor
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Bi2Te3 ZT Optimisation Through Doping
REVIEW ARTICLE

nature materials | VOL 7 | FEBRUARY 2008 | www.nature.com/naturematerials 107

!e Lorenz factor can vary particularly with carrier concentration. 
Accurate assessment of κe is important, as κl is o"en computed as the 
di#erence between κ and κe (equation (3)) using the experimental 
electrical conductivity. A common source of uncertainty in κe occurs 
in low-carrier-concentration materials where the Lorenz factor can be 
reduced by as much as 20% from the free-electron value. Additional 
uncertainty in κe arises from mixed conduction, which introduces 
a bipolar term into the thermal conductivity10. As this term is not 
included in the Wiedemann–Franz law, the standard computation of 
κl erroneously includes bipolar thermal conduction. !is results in 
a perceived increase in κl at high temperatures for Bi2Te3, PbTe and 
others, as shown in Fig. 2a. !e onset of bipolar thermal conduction 
occurs at nearly the same temperature as the peak in Seebeck and 
electrical resistivity, which are likewise due to bipolar e#ects.

As high zT requires high electrical conductivity but low thermal 
conductivity, the Wiedemann–Franz law reveals an inherent materials 
con$ict for achieving high thermoelectric e%ciency. For materials 
with very high electrical conductivity (metals) or very low κl, the 
Seebeck coe%cient alone primarily determines zT, as can be seen in 
equation (4), where (κl/κe) << 1:

 

2

1 +
 = 

l
е  

.

 

(4)

LATTICE THERMAL CONDUCTIVITY
Glasses exhibit some of the lowest lattice thermal conductivities. In 
a glass, thermal conductivity is viewed as a random walk of energy 
through a lattice rather than rapid transport via phonons, and leads 
to the concept of a minimum thermal conductivity22, κmin. Actual 
glasses, however, make poor thermoelectrics because they lack the 
needed ‘electron-crystal’ properties — compared with crystalline 
semiconductors they have lower mobility due to increased electron 
scattering and lower e#ective masses because of broader bands. 
Good thermoelectrics are therefore crystalline materials that manage 
to scatter phonons without signi&cantly disrupting the electrical 
conductivity. !e heat $ow is carried by a spectrum of phonons with 
widely varying wavelengths and mean free paths23 (from less than 
1 nm to greater than 10 µm), creating a need for phonon scattering 
agents at a variety of length scales.

!ermoelectrics therefore require a rather unusual material: a 
‘phonon-glass electron-crystal’24. !e electron-crystal requirement 
stems from the fact that crystalline semiconductors have been 
the best at meeting the compromises required from the electronic 
properties (Seebeck coe%cient and electrical conductivity). !e 
phonon-glass requirement stems from the need for as low a lattice 
thermal conductivity as possible. Traditional thermoelectric materials 
have used site substitution (alloying) with isoelectronic elements to 
preserve a crystalline electronic structure while creating large mass 
contrast to disrupt the phonon path. Much of the recent excitement in 
the &eld of thermoelectrics is a result of the successful demonstration 
of other methods to achieve phonon-glass electron-crystal materials.

ADVANCES IN THERMOELECTRIC MATERIALS

Renewed interest in thermoelectrics is motivated by the realization 
that complexity at multiple length scales can lead to new 
mechanisms for high zT in materials. In the mid 1990s, theoretical 
predictions suggested that the thermoelectric e%ciency could 
be greatly enhanced by quantum con&nement of the electron 
charge carriers5,25. !e electron energy bands in a quantum-
con&ned structure are progressively narrower as the con&nement 
increases and the dimensionality decreases. !ese narrow bands 
should produce high e#ective masses and therefore large Seebeck 
coe%cients. In addition, similar sized, engineered heterostructures 

may decouple the Seebeck coe%cient and electrical conductivity 
due to electron &ltering26 that could result in high zT. Even 
though a high-ZT device based on these principles has yet to be 
demonstrated, these predictions have stimulated a new wave of 
interest in complex thermoelectric materials. Vital to this rebirth has 
been interdisciplinary collaborations: research in thermoelectrics 
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Figure 1 Optimizing zT through carrier concentration tuning. a, Maximizing the 
efficiency (zT) of a thermoelectric involves a compromise of thermal conductivity 
(κ; plotted on the y axis from 0 to a top value of 10 W m–1 K–1) and Seebeck 
coefficient (α; 0 to 500 µV K–1) with electrical conductivity (σ; 0 to 5,000 Ω–1cm–1). 
Good thermoelectric materials are typically heavily doped semiconductors with a 
carrier concentration between 1019 and 1021 carriers per cm3. The thermoelectric 
power factor α2σ maximizes at higher carrier concentration than zT. The difference 
between the peak in α2σ and zT is greater for the newer lower-κl materials. Trends 
shown were modelled from Bi2Te3, based on empirical data in ref. 78. b, Reducing the 
lattice thermal conductivity leads to a two-fold benefit for the thermoelectric figure of 
merit. An optimized zT of 0.8 is shown at point (1) for a model system (Bi2Te3) with 
a κl of 0.8 Wm–1 K–1 and κe that is a function of the carrier concentration (purple). 
Reducing κl to 0.2 Wm–1 K–1 directly increases the zT to point (2). Additionally, 
lowering the thermal conductivity allows the carrier concentration to be reoptimized 
(reduced), leading to both a decrease in κe and a larger Seebeck coefficient. The 
reoptimized zT is shown at point (3).

G.J. Snyder et al., Nature Mat. 7, 105 (2008)

Maximum ZT requires
compromises with α, σ & κ

Limited by
Wiedemann-Franz Law

Maximum ZT ~ 1 
at ~100 ˚C
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Optimising ZT in Bulk by Reducing κph

REVIEW ARTICLE

nature materials | VOL 7 | FEBRUARY 2008 | www.nature.com/naturematerials 107

!e Lorenz factor can vary particularly with carrier concentration. 
Accurate assessment of κe is important, as κl is o"en computed as the 
di#erence between κ and κe (equation (3)) using the experimental 
electrical conductivity. A common source of uncertainty in κe occurs 
in low-carrier-concentration materials where the Lorenz factor can be 
reduced by as much as 20% from the free-electron value. Additional 
uncertainty in κe arises from mixed conduction, which introduces 
a bipolar term into the thermal conductivity10. As this term is not 
included in the Wiedemann–Franz law, the standard computation of 
κl erroneously includes bipolar thermal conduction. !is results in 
a perceived increase in κl at high temperatures for Bi2Te3, PbTe and 
others, as shown in Fig. 2a. !e onset of bipolar thermal conduction 
occurs at nearly the same temperature as the peak in Seebeck and 
electrical resistivity, which are likewise due to bipolar e#ects.

As high zT requires high electrical conductivity but low thermal 
conductivity, the Wiedemann–Franz law reveals an inherent materials 
con$ict for achieving high thermoelectric e%ciency. For materials 
with very high electrical conductivity (metals) or very low κl, the 
Seebeck coe%cient alone primarily determines zT, as can be seen in 
equation (4), where (κl/κe) << 1:
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LATTICE THERMAL CONDUCTIVITY
Glasses exhibit some of the lowest lattice thermal conductivities. In 
a glass, thermal conductivity is viewed as a random walk of energy 
through a lattice rather than rapid transport via phonons, and leads 
to the concept of a minimum thermal conductivity22, κmin. Actual 
glasses, however, make poor thermoelectrics because they lack the 
needed ‘electron-crystal’ properties — compared with crystalline 
semiconductors they have lower mobility due to increased electron 
scattering and lower e#ective masses because of broader bands. 
Good thermoelectrics are therefore crystalline materials that manage 
to scatter phonons without signi&cantly disrupting the electrical 
conductivity. !e heat $ow is carried by a spectrum of phonons with 
widely varying wavelengths and mean free paths23 (from less than 
1 nm to greater than 10 µm), creating a need for phonon scattering 
agents at a variety of length scales.

!ermoelectrics therefore require a rather unusual material: a 
‘phonon-glass electron-crystal’24. !e electron-crystal requirement 
stems from the fact that crystalline semiconductors have been 
the best at meeting the compromises required from the electronic 
properties (Seebeck coe%cient and electrical conductivity). !e 
phonon-glass requirement stems from the need for as low a lattice 
thermal conductivity as possible. Traditional thermoelectric materials 
have used site substitution (alloying) with isoelectronic elements to 
preserve a crystalline electronic structure while creating large mass 
contrast to disrupt the phonon path. Much of the recent excitement in 
the &eld of thermoelectrics is a result of the successful demonstration 
of other methods to achieve phonon-glass electron-crystal materials.

ADVANCES IN THERMOELECTRIC MATERIALS

Renewed interest in thermoelectrics is motivated by the realization 
that complexity at multiple length scales can lead to new 
mechanisms for high zT in materials. In the mid 1990s, theoretical 
predictions suggested that the thermoelectric e%ciency could 
be greatly enhanced by quantum con&nement of the electron 
charge carriers5,25. !e electron energy bands in a quantum-
con&ned structure are progressively narrower as the con&nement 
increases and the dimensionality decreases. !ese narrow bands 
should produce high e#ective masses and therefore large Seebeck 
coe%cients. In addition, similar sized, engineered heterostructures 

may decouple the Seebeck coe%cient and electrical conductivity 
due to electron &ltering26 that could result in high zT. Even 
though a high-ZT device based on these principles has yet to be 
demonstrated, these predictions have stimulated a new wave of 
interest in complex thermoelectric materials. Vital to this rebirth has 
been interdisciplinary collaborations: research in thermoelectrics 
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Figure 1 Optimizing zT through carrier concentration tuning. a, Maximizing the 
efficiency (zT) of a thermoelectric involves a compromise of thermal conductivity 
(κ; plotted on the y axis from 0 to a top value of 10 W m–1 K–1) and Seebeck 
coefficient (α; 0 to 500 µV K–1) with electrical conductivity (σ; 0 to 5,000 Ω–1cm–1). 
Good thermoelectric materials are typically heavily doped semiconductors with a 
carrier concentration between 1019 and 1021 carriers per cm3. The thermoelectric 
power factor α2σ maximizes at higher carrier concentration than zT. The difference 
between the peak in α2σ and zT is greater for the newer lower-κl materials. Trends 
shown were modelled from Bi2Te3, based on empirical data in ref. 78. b, Reducing the 
lattice thermal conductivity leads to a two-fold benefit for the thermoelectric figure of 
merit. An optimized zT of 0.8 is shown at point (1) for a model system (Bi2Te3) with 
a κl of 0.8 Wm–1 K–1 and κe that is a function of the carrier concentration (purple). 
Reducing κl to 0.2 Wm–1 K–1 directly increases the zT to point (2). Additionally, 
lowering the thermal conductivity allows the carrier concentration to be reoptimized 
(reduced), leading to both a decrease in κe and a larger Seebeck coefficient. The 
reoptimized zT is shown at point (3).

G.J. Snyder et al., Nature Mat. 7, 105 (2008)
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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 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. !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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Small Scale Microfabricated Energy Harvesting
Si process: poly-Si

368 M. Strasser et al. / Sensors and Actuators A 114 (2004) 362–370

Fig. 8. SEM-micrograph showing the micromachined substrate cavity underneath the upper thermocouple junctions of a generator (view perpendicular
to Figs. 7 and 9).

thermoelectric layer have been produced by chemical vapor
deposition (CVD). The 400 nm thick thermoelectric layer is
partially phosphorous-implanted with an energy of 130 keV
to generate the n-legs and partially boron-implanted using
40 keV in other regions to form the p-legs, both employing
a doping dose of 1016 cm−2. Afterwards, the polysilicon
or poly-Si70%Ge30% layer is patterned to release the ther-
moelectric legs. In order to optimize the heat flux direction
within the generator, a micromachining etch step now is
performed. During micromachining, the polysilicon legs
are protected by an additional oxide mask perforated with
holes to define the regions to be etched. Then, cavities are
etched into the silicon substrate using isotropic CF4 dry
etching (see Fig. 8). The etch holes are closed with BPSG

Fig. 9. SEM-micrograph showing the left half of a micromachined CMOS thermoelectric generator cell. The aluminum metallization was removed during
sample preparation.

during the following oxide deposition step. Tungsten plugs
and aluminum bridges are used to connect adjacent thermo-
electric legs. A second metal bridge is added to every other
junction to improve the thermal coupling to the surface of
the device. The chip surface is passivated using a nitride
and an oxide layer. An SEM-micrograph in Fig. 9 shows
half of a thermoelectric cell with one polysilicon-leg.
The devices are tested in both ways, on wafer-level and

as single chips. For the wafer-level measurement, an entire
wafer is placed on a heatable thermochuck and a Peltier
cooler is mounted on top. In this setup, the chips are con-
nected electrically to a multimeter via tungsten probes.
For the single-chip-measurement, the chips are sawn and
wedge-bonded. Both measurement techniques give the same

M. Strasser et al. / Sensors and Actuators A 114 (2004) 362–370 369
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Fig. 10. Measured open circuit voltages per area of a !-TEG based on pure polysilicon and another one based on poly-Si70%Ge30% vs. the temperature
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Fig. 11. Measured output power per area of a !-TEG based on pure polysilicon and another one based on poly-Si70%Ge30% vs. the temperature drop
between bottom and top of the chip.

results. The open circuit voltage per area and per measured
temperature difference for both, generators based on pure
poly-Si and those using poly-Si70%Ge30% is 2.2V cm−2

K−1. The determined output voltages per area for selected
thermoelectric generators are shown in Fig. 10. In agree-
ment with the predictions of the thermal simulations as
discussed above, generators based on pure poly-Si outper-
form the devices employing poly-Si70%Ge30% with respect
to the power output per area. The figure of thermoelec-
tric power generation ϕ is 0.0426!Wcm−2 K−2 for the
!-TEGs employing pure poly-Si and 0.0352!Wcm−2 K−2

for the ones based on poly-Si70%Ge30%. A graph of the
output power per area versus the temperature difference
for both generator types is displayed in Fig. 11. The total
Ohmic generator resistance is 2.1M" in the case of pure
poly-Si and 2.5M" for poly-Si70%Ge30%.

6. Discussion

In order to understand the particularities of micro-scale
thermoelectric generators, the thermoelectric behavior of

such devices has been investigated. One finding is that the
output power of !-TEGs strongly depends on the heat flux
given by the environment. For optimum performance, as
much as possible of the given heat has to be converted into
electrical energy. For pure poly-Si and poly- Si70%Ge30%,
the relevant material properties have been extracted using
specially designed microstructures. Coupled thermoelec-
tric simulations revealed that for maximum output power,
pure poly-Si should be used to build up the micromachined
CMOS generators. This result was verified in experimental
tests. The different types of generators have been fabricated
and tested successfully. If the presented poly-Si thermo-
electric generator is sized to 1 cm2, a temperature drop of
about 5K results in a voltage of more than 5V and an elec-
trical power output of about 1!W for a matched consumer
load. This is sufficient to power an electronic wrist watch
by body heat.

References

[1] C.B. Vining, Semiconductors are cool, Nature 413 (2001).

M. Strasser et al., Sensors Actuators A 114, 362 (2004)

αn+p = 160 µV/K

κ = 31.4 Wm–1K–1 

ρ = 1.5 mΩ-cm

ΔT = 5 K –> 5 V and 1 µW
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http://www.micropelt.com/

20 µm Bi2Te3
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Micropelt Peltier Coolers for Lasers

http://www.micropelt.com/

Microfabricated Bi2Te3 thermoelectric devices

2 mm chip
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Micropelt Bi2Te3 Thermoelectric Energy Harvester

3.4 mm x 3.4 mm 
thermoelectric chip

http://www.micropelt.com/

ZT ~ 1
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Present Thermoelectric Energy Harvesting

VW and BMW announced TE on exhaust in 2008: 24 Bi2Te3 modules

600 W under motorway driving –> 30% of car’s electrical requirement 

5% reduction in fuel consumption through removing alternator
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NASA Radioisotope Thermoelectric Generator
Radioisotope heater –> thermoelectric generator –> electricity

Voyager – Pu238

470 W @ 30 V on launch, after 33 years power = 

Half-life = 87 years

= 361 W470× 2−
33
87

Pu238

fuel pellet
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Energy Conversion: Electricity: The Rankine Cycle

Energy stored in fuel kinetic energy electric energyheat

Temperature needs to be reduced by 80 ˚C for carbon capture

Cooling towers –> throw heat away –> added losses
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Main Strategies for Optimising ZT
Reducing thermal conductivity faster than electrical conductivity:

e.g. skutterudite structure: filling voids with heavy atoms

Carrier Pocket Engineering – strain & band structure engineering

Low-dimensional structures:

Increase α through enhanced DOS

Make α and σ almost independent

Reduce      through numerous interfaces to increase phonon scatteringκ
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Length Scales: Mean Free Paths

3D electron mean free path � = vFτm = �
m∗ (3π2n) 1

3
µm∗

q

� = �µ
q (3π2n) 1

3

3D phonon mean free path

Cv = specific heat capacity

Λph = 3κph

Cv�vt�ρ

<vt> = average phonon velocity

ρ = density of phonons

A structure may be 2D or 3D for electrons but 1 D for phonons
(or vice versa!)
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Wright discusses how alloying Bi2Te3 with other isoelectronic cations 
and anions does not reduce the electrical conductivity but lowers the 
thermal conductivity28. Alloying the binary tellurides (Bi2Te3, Sb2Te3, 
PbTe and GeTe) continues to be an active area of research29–32. Many 
of the recent high-zT thermoelectric materials similarly achieve a 
reduced lattice thermal conductivity through disorder within the 
unit cell. !is disorder is achieved through interstitial sites, partial 
occupancies, or rattling atoms in addition to the disorder inherent in 
the alloying used in the state-of-the-art materials. For example, rare-
earth chalcogenides18 with the !3P4 structure (for example La3–xTe4) 
have a relatively low lattice thermal conductivity (Fig. 2a) presumably 
due to the large number of random vacancies (x in La3–xTe4). As 
phonon scattering by alloying depends on the mass ratio of the alloy 
constituents, it can be expected that random vacancies are ideal 
scattering sites.

!e potential to reduce thermal conductivity through disorder 
within the unit cell is particularly large in structures containing void 
spaces. One class of such materials are clathrates8, which contain 
large cages that are "lled with rattling atoms. Likewise, skutterudites7 
such as CoSb3, contain corner-sharing CoSb6 octahedra, which can 
be viewed as a distorted variant of the ReO3 structure. !ese tilted 
octahedra create void spaces that may be "lled with rattling atoms, as 
shown in Fig. 2c with a blue polyhedron33.

For skutterudites containing elements with low electronegativity 
di#erences such as CoSb3 and IrSb3, there is a high degree of covalent 
bonding, enabling high carrier mobilities and therefore good 
electron-crystal properties. However, this strong bonding and simple 
order leads to high lattice thermal conductivities. !us, the challenge 
with skutterudites has been the reduction of the lattice thermal 
conductivity. Doping CoSb3 to carrier concentrations that optimize 

zT adds enough carriers to substantially reduce thermal conductivity34 
through electron–phonon interactions (Fig. 2b). Further reductions 
can be obtained by alloying either on the transition metal or the 
antimony site.

Filling the large void spaces with rare-earth or other heavy atoms 
further reduces the lattice thermal conductivity35. A clear correlation 
has been found with the size and vibrational motion of the "lling 
atom and the thermal conductivity leading to zT values as high as 1 
(refs 8,13). Partial "lling establishes a random alloy mixture of "lling 
atoms and vacancies enabling e#ective point-defect scattering as 
discussed previously. In addition, the large space for the "lling atom 
in skutterudites and clathrates can establish so$ phonon modes and 
local or ‘rattling’ modes that lower lattice thermal conductivity.

Filling these voids with ions adds additional electrons that 
require compensating cations elsewhere in the structure for charge 
balance, creating an additional source of lattice disorder. For the case 
of CoSb3, Fe2+ frequently is used to substitute Co3+. An additional 
bene"t of this partial "lling is that the free-carrier concentration 
may be tuned by moving the composition slightly o# the charge-
balanced composition. Similar charge-balance arguments apply to 
the clathrates, where "lling requires replacing group 14 (Si, Ge) with 
group 13 (Al, Ga) atoms.

COMPLEX UNIT CELLS

Low thermal conductivity is generally associated with crystals 
containing large, complex unit cells. !e half-Heusler alloys8 have 
a simple, cubic structure with high lattice thermal conductivity 
(Hf0.75Zr0.25NiSb in Fig. 2a) that limits the zT. !us complex crystal 
structures are good places to look for improved materials. A good 
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most state-of-the-art thermoelectric alloys (Bi2Te3, Caltech unpublished data; PbTe, ref. 81; TAGS, ref. 69; SiGe, ref. 82 or the half-Heusler alloy Hf0.75Zr0.25NiSn, ref. 83). b, The 
high thermal conductivity of CoSb3 is lowered when the electrical conductivity is optimized by doping (doped CoSb3). The thermal conductivity is further lowered by alloying on 
the Co (Ru0.5Pd0.5Sb3) or Sb (FeSb2Te) sites or by filling the void spaces (CeFe3CoSb12) (ref. 34). c, The skutterudite structure is composed of tilted octahedra of CoSb3 creating 
large void spaces shown in blue. d, The room-temperature structure of Zn4Sb3 has a crystalline Sb sublattice (blue) and highly disordered Zn sublattice containing a variety of 
interstitial sites (in polyhedra) along with the primary sites (purple). e, The complexity of the Yb14MnSb11 unit cell is illustrated, with [Sb3]7– trimers, [MnSb4]9– tetrahedra, and 
isolated Sb anions. The Zintl formalism describes these units as covalently bound with electrons donated from the ionic Yb2+ sublattice (yellow).
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and anions does not reduce the electrical conductivity but lowers the 
thermal conductivity28. Alloying the binary tellurides (Bi2Te3, Sb2Te3, 
PbTe and GeTe) continues to be an active area of research29–32. Many 
of the recent high-zT thermoelectric materials similarly achieve a 
reduced lattice thermal conductivity through disorder within the 
unit cell. !is disorder is achieved through interstitial sites, partial 
occupancies, or rattling atoms in addition to the disorder inherent in 
the alloying used in the state-of-the-art materials. For example, rare-
earth chalcogenides18 with the !3P4 structure (for example La3–xTe4) 
have a relatively low lattice thermal conductivity (Fig. 2a) presumably 
due to the large number of random vacancies (x in La3–xTe4). As 
phonon scattering by alloying depends on the mass ratio of the alloy 
constituents, it can be expected that random vacancies are ideal 
scattering sites.

!e potential to reduce thermal conductivity through disorder 
within the unit cell is particularly large in structures containing void 
spaces. One class of such materials are clathrates8, which contain 
large cages that are "lled with rattling atoms. Likewise, skutterudites7 
such as CoSb3, contain corner-sharing CoSb6 octahedra, which can 
be viewed as a distorted variant of the ReO3 structure. !ese tilted 
octahedra create void spaces that may be "lled with rattling atoms, as 
shown in Fig. 2c with a blue polyhedron33.

For skutterudites containing elements with low electronegativity 
di#erences such as CoSb3 and IrSb3, there is a high degree of covalent 
bonding, enabling high carrier mobilities and therefore good 
electron-crystal properties. However, this strong bonding and simple 
order leads to high lattice thermal conductivities. !us, the challenge 
with skutterudites has been the reduction of the lattice thermal 
conductivity. Doping CoSb3 to carrier concentrations that optimize 

zT adds enough carriers to substantially reduce thermal conductivity34 
through electron–phonon interactions (Fig. 2b). Further reductions 
can be obtained by alloying either on the transition metal or the 
antimony site.

Filling the large void spaces with rare-earth or other heavy atoms 
further reduces the lattice thermal conductivity35. A clear correlation 
has been found with the size and vibrational motion of the "lling 
atom and the thermal conductivity leading to zT values as high as 1 
(refs 8,13). Partial "lling establishes a random alloy mixture of "lling 
atoms and vacancies enabling e#ective point-defect scattering as 
discussed previously. In addition, the large space for the "lling atom 
in skutterudites and clathrates can establish so$ phonon modes and 
local or ‘rattling’ modes that lower lattice thermal conductivity.

Filling these voids with ions adds additional electrons that 
require compensating cations elsewhere in the structure for charge 
balance, creating an additional source of lattice disorder. For the case 
of CoSb3, Fe2+ frequently is used to substitute Co3+. An additional 
bene"t of this partial "lling is that the free-carrier concentration 
may be tuned by moving the composition slightly o# the charge-
balanced composition. Similar charge-balance arguments apply to 
the clathrates, where "lling requires replacing group 14 (Si, Ge) with 
group 13 (Al, Ga) atoms.

COMPLEX UNIT CELLS

Low thermal conductivity is generally associated with crystals 
containing large, complex unit cells. !e half-Heusler alloys8 have 
a simple, cubic structure with high lattice thermal conductivity 
(Hf0.75Zr0.25NiSb in Fig. 2a) that limits the zT. !us complex crystal 
structures are good places to look for improved materials. A good 
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systems (such as Yb14MnSb11, ref. 45; CeFe3CoSb12, ref. 34; Ba8Ga16Ge30, ref. 79; and Zn4Sb3, ref. 80; Ag9TlTe5, ref. 40; and La3–xTe4, Caltech unpublished data) compared with 
most state-of-the-art thermoelectric alloys (Bi2Te3, Caltech unpublished data; PbTe, ref. 81; TAGS, ref. 69; SiGe, ref. 82 or the half-Heusler alloy Hf0.75Zr0.25NiSn, ref. 83). b, The 
high thermal conductivity of CoSb3 is lowered when the electrical conductivity is optimized by doping (doped CoSb3). The thermal conductivity is further lowered by alloying on 
the Co (Ru0.5Pd0.5Sb3) or Sb (FeSb2Te) sites or by filling the void spaces (CeFe3CoSb12) (ref. 34). c, The skutterudite structure is composed of tilted octahedra of CoSb3 creating 
large void spaces shown in blue. d, The room-temperature structure of Zn4Sb3 has a crystalline Sb sublattice (blue) and highly disordered Zn sublattice containing a variety of 
interstitial sites (in polyhedra) along with the primary sites (purple). e, The complexity of the Yb14MnSb11 unit cell is illustrated, with [Sb3]7– trimers, [MnSb4]9– tetrahedra, and 
isolated Sb anions. The Zintl formalism describes these units as covalently bound with electrons donated from the ionic Yb2+ sublattice (yellow).

p-Yb14MnSb11  – ZT ~ 1 @ 900 ˚C

Skutterudite structure: filling voids
with heavy atoms

G.J. Snyder et al., Nat. Mat. 7, 105 (2008)
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example of a complex variant of Bi2Te3 is CsBi4Te6, which has a 
somewhat lower lattice thermal conductivity than Bi2Te3 that has been 
ascribed to the added complexity of the Cs layers and the few Bi–Bi 
bonds in CsBi4Te6 not found in Bi2Te3. !ese Bi–Bi bonds lower the 
bandgap compared with Bi2Te3, dropping the maximum zT of CsBi4Te6 
below room temperature with a maximum zT of 0.8 (refs 8,36). Like 
Bi2Te3, the layering in CsBi4Te6 leads to an anisotropic e"ective mass 
that can improve the Seebeck coe#cient with only minor detriment 
to the mobility8. Many ordered MTe/Bi2Te3-type variants (M = Ge, 
Sn or Pb)37,38 are known, making up a large homologous series of 
compounds39, but to date zT < 0.6  is found in most reports. As many 
of these materials have low lattice thermal conductivities but have not 
yet been doped to appropriate carrier concentrations, much remains 
to be done with complex tellurides.

Low lattice thermal conductivities are also seen in the thallium-
based thermoelectric materials such as Ag9TlTe5 (ref. 40) and Tl9BiTe6 
(ref. 41). Although these materials do have complex unit cells, there is 
clearly something unique about the thallium chemistry that leads to 
low thermal conductivity (0.23 W m–1 K–1 at room temperature40). One 
possible explanation is extremely so$ thallium bonding, which can 
also be observed in the low elastic modulus these materials exhibit.

!e remarkably high zT in Zn4Sb3 arises from the exceptionally 
low, glass-like thermal conductivity (Fig. 2a). In the room-temperature 
phase, about 20% of the Zn atoms are on three crystallographically 
distinct interstitial sites as shown in Fig. 2d. !ese interstitials are 
accompanied by signi%cant local lattice distortions42 and are highly 
dynamic, with Zn di"usion rates almost as high as that of superionic 
conductors43. Pair distribution function (PDF) analysis44 of X-ray 
and neutron di"raction data shows that there is local ordering of 
the Zn interstitials into nanoscale domains. !us, the low thermal 
conductivity of Zn4Sb3 arises from disorder at multiple length scales, 
from high levels of interstitials and corresponding local structural 
distortions and from domains of interstitial ordering. Within the unit 
cell, Zn interstitials create a phonon glass, whereas the more ordered 
Sb framework provides the electron-crystal component.

One common characteristic of nearly all good thermoelectric 
materials is valence balance — charge balance of the chemical valences 
of all atoms. Whether the bonding is ionic or covalent, valence 
balance enables the separation of electron energy bands needed to 
form a bandgap. Complex Zintl compounds have recently emerged as 
a new class of thermoelectrics9 because they can form quite complex 
crystal structures. A Zintl compound contains a valence-balanced 
combination of both ionically and covalently bonded atoms. !e 
mostly ionic cations donate electrons to the covalently bound 
anionic species. !e covalent bonding allows higher mobility of the 
charge-carrier species than that found in purely ionic materials. !e 
combination of the bonding types leads to complex structures with 
the possibility of multiple structural units in the same structure. 
One example is Yb14MnSb11 (refs 45,46), which contains [MnSb4]9– 
tetrahedra, polyatomic [Sb3]7– anions, as well as isolated Sb3– anions 
and Yb2+ cations (Fig. 2e). !is structural complexity, despite the 
crystalline order, enables extremely low lattice thermal conductivity 
(0.4 W m–1 K–1 at room temperature; Fig. 2a). Combined with large 
Seebeck coe#cient and high electrical conductivity, Yb14MnSb11 
results in a zT of ~1.0 at 900 °C. !is zT is nearly twice that of p-type 
SiGe used in NASA spacecra$ and has led to rapid acceptance of 
Yb14MnSb11 into NASA programmes for development of future 
thermoelectric generators. !e complexity of Zintl structures also 
makes them ideal materials for using a substructure approach.

2 µm

2 µm

500 nm
PbTe

Sb2Te3

+

Pb2Sb6Te11

Figure 4 Nanostructured thermoelectrics may be formed by the solid-state partitioning of a precursor phase. The metastable Pb2Sb6Te11 phase (left) will spontaneously 
assemble into lamellae of Sb2Te3 and PbTe (ref. 76; right). These domains are visible with backscattering scanning electron microscopy, with the dark regions corresponding to 
Sb2Te3 and the light regions to PbTe. Electron backscattering diffraction reveals that the lamellae are oriented with coherent interfaces, shown schematically (right).

Figure 3 Substructure approach used to separate the electron-crystal and 
phonon-glass attributes of a thermoelectric. a, NaxCoO2 and b, CaxYb1–xZn2Sb2 
structures both contain ordered layers (polyhedra) separated by disordered cation 
monolayers, creating electron-crystal phonon-glass structures.

NaxCoO2 CaxYb1-xZn2Sb2

G.J. Snyder et al., Nat. Mat. 7, 105 (2008)

Heavy ion / atom layers for phonon scattering

High mobility electron layers for high electrical conductivity

Principle: trying to copy “High Tc” superconductor structures

Only small improvements to ZT observed
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ZT value to this material. The m ! 18 samples
have generally higher electrical conductivity;
optimized systems reach "1850 S/cm at room
temperature and a thermopower of #135 $V/K
(Fig. 3A) (20). The negative value indicates an
n-type semiconductor. When the temperature
rises, the conductivity drops smoothly, as ex-
pected for a degenerate semiconductor, whereas
the thermopower rises steadily in nearly a
straight line, reaching #335 $V/K at 700 K
and a power factor of 28.0 $W/cm!K2. The
power factor observed at 700 K is one of the
highest among known materials and matches
those observed in the PbTe/PbSe superlattices
(12, 15). The total thermal conductivity of
Ag1#xPb18SbTe20 is shown over a wide tem-
perature range (Fig. 3B) and is "2.3 W/m!K at
room temperature (19). The ZT of
Ag1#xPb18SbTe20 calculated with experimen-
tal % and S data measured from 300 to 800 K,
and with & data measured from 300 to 800 K,
reaches a value of 2.1 at 800 K (Fig. 3C).

To what can we attribute the enhanced
thermoelectric properties of AgPbmSbTem'2

systems? The answer may lie in the nature of
the microstructure of these materials at the
nanoscopic level. One explanation could be
the presence of quantum “nanodots” in these

materials, similar to those found in the
PbSe/PbTe MBE–grown thin films. The
AgnPbmSbnTem'2n materials are derived by
isoelectronic substitution of Pb2' ions for
Ag' and Sb3' (or Bi) in the lattice. This
generates local distortions, both structural
and electronic, that are critical in determining
the properties of AgnPbmSbnTem'2n. For ex-
ample, at issue is how the Ag' and Sb3' ions
are distributed in the structure, i.e., homoge-
neously or inhomogeneously. Arguably, one
might expect an inhomogeneous distribution
given the different formal charges of '1/'3
versus '2 arising from Coulombic interac-
tions. A completely homogeneous Ag' and
Sb3' dispersion in the Fm3m lattice would
require the complete separation of the Ag'

and Sb3' pair over long distances, which
could create charge imbalances in the vicinity
of these atoms. Therefore, barring any com-
pensation effects from the Te sublattice, elec-
troneutrality reasons alone require that Ag'

and Sb3' ions be generally found near one
another ((5 to 6 Å). Given the relatively
high concentrations of Ag'-Sb3' in the
AgPb18SbTe20 ((10 mol%), these essential-
ly Coulombic factors could act to favor com-
positional modulations in the crystal that
arise from regions of high Ag/Sb and high Pb
concentration. Preliminary evidence for this
comes from high-resolution transmission
electron microscopy (TEM) images that indi-
cate inhomogeneities in the microstructure of
these materials, showing nanocrystals of a
Ag-Sb–rich phase embedded in a PbTe ma-
trix (Fig. 4). A very small region of the
sample is indeed Ag-Sb–rich and is surround-
ed by a PbTe-rich matrix. In other specimens,
such as AgPb10SbTe12, different composi-
tional modulations were observed that
changed in size and shape under different
preparation conditions. More detailed TEM
studies as well as band structure and

Monte Carlo Coulomb calculations in the
AgnPbmSbnTem'2n class of materials are in
progress, to explore the role of the Ag/Sb
distribution and its general dispersing tenden-
cies in the cubic lattice (21).

The AgnPbmSbnTem'2n materials may
find potential applications in thermoelectric
power generation from heat sources: for ex-
ample, vehicle exhaust, coal-burning installa-
tions, electric power utilities, etc. With an
average ZT of 2, a hot source of 900 K, and a
temperature difference across 500 K, a con-
version efficiency of more than 18% may be
achieved (22). Additional amplification in ZT
should be possible with further exploration of
doping agents and n/m values. We have al-
ready observed substantially lower thermal
conductivities (as much as 40 to 50% lower)
in other AgnPbmSbnTem'2n members that
could further enhance ZT values.
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Fig. 3. Variable-temperature charge transport
and thermal transport data for AgPb18SbTe20:
(A) Electrical conductivity (%) and ther-
mopower (S). (B) Total thermal conductivity
(&) in the range 300 to 800 K. The data were
obtained as described in (19). (C) Ther-
moelectric figure of merit, ZT, as a function
of temperature.

Fig. 4. (A) TEM image of a AgPb18SbTe20 sample showing a nano-sized region (a “nanodot”
shown in the enclosed area) of the crystal structure that is Ag-Sb–rich in composition. The
surrounding structure, which is epitaxially related to this feature, is Ag-Sb–poor in composition
with a unit cell parameter of 6.44 Å, close to that of PbTe. (B) Compositional modulations over
an extended region of a AgPb10SbTe12 specimen. The spacing between the bands is "20 to 30
nm. In essence, the observed compositional modulation is conceptually akin to the one found
in the artificial PbSe/PbTe superlattices (15). In the latter, the compositional modulation exists
at least along the stacking direction.
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ZT value to this material. The m ! 18 samples
have generally higher electrical conductivity;
optimized systems reach "1850 S/cm at room
temperature and a thermopower of #135 $V/K
(Fig. 3A) (20). The negative value indicates an
n-type semiconductor. When the temperature
rises, the conductivity drops smoothly, as ex-
pected for a degenerate semiconductor, whereas
the thermopower rises steadily in nearly a
straight line, reaching #335 $V/K at 700 K
and a power factor of 28.0 $W/cm!K2. The
power factor observed at 700 K is one of the
highest among known materials and matches
those observed in the PbTe/PbSe superlattices
(12, 15). The total thermal conductivity of
Ag1#xPb18SbTe20 is shown over a wide tem-
perature range (Fig. 3B) and is "2.3 W/m!K at
room temperature (19). The ZT of
Ag1#xPb18SbTe20 calculated with experimen-
tal % and S data measured from 300 to 800 K,
and with & data measured from 300 to 800 K,
reaches a value of 2.1 at 800 K (Fig. 3C).

To what can we attribute the enhanced
thermoelectric properties of AgPbmSbTem'2

systems? The answer may lie in the nature of
the microstructure of these materials at the
nanoscopic level. One explanation could be
the presence of quantum “nanodots” in these

materials, similar to those found in the
PbSe/PbTe MBE–grown thin films. The
AgnPbmSbnTem'2n materials are derived by
isoelectronic substitution of Pb2' ions for
Ag' and Sb3' (or Bi) in the lattice. This
generates local distortions, both structural
and electronic, that are critical in determining
the properties of AgnPbmSbnTem'2n. For ex-
ample, at issue is how the Ag' and Sb3' ions
are distributed in the structure, i.e., homoge-
neously or inhomogeneously. Arguably, one
might expect an inhomogeneous distribution
given the different formal charges of '1/'3
versus '2 arising from Coulombic interac-
tions. A completely homogeneous Ag' and
Sb3' dispersion in the Fm3m lattice would
require the complete separation of the Ag'

and Sb3' pair over long distances, which
could create charge imbalances in the vicinity
of these atoms. Therefore, barring any com-
pensation effects from the Te sublattice, elec-
troneutrality reasons alone require that Ag'

and Sb3' ions be generally found near one
another ((5 to 6 Å). Given the relatively
high concentrations of Ag'-Sb3' in the
AgPb18SbTe20 ((10 mol%), these essential-
ly Coulombic factors could act to favor com-
positional modulations in the crystal that
arise from regions of high Ag/Sb and high Pb
concentration. Preliminary evidence for this
comes from high-resolution transmission
electron microscopy (TEM) images that indi-
cate inhomogeneities in the microstructure of
these materials, showing nanocrystals of a
Ag-Sb–rich phase embedded in a PbTe ma-
trix (Fig. 4). A very small region of the
sample is indeed Ag-Sb–rich and is surround-
ed by a PbTe-rich matrix. In other specimens,
such as AgPb10SbTe12, different composi-
tional modulations were observed that
changed in size and shape under different
preparation conditions. More detailed TEM
studies as well as band structure and

Monte Carlo Coulomb calculations in the
AgnPbmSbnTem'2n class of materials are in
progress, to explore the role of the Ag/Sb
distribution and its general dispersing tenden-
cies in the cubic lattice (21).

The AgnPbmSbnTem'2n materials may
find potential applications in thermoelectric
power generation from heat sources: for ex-
ample, vehicle exhaust, coal-burning installa-
tions, electric power utilities, etc. With an
average ZT of 2, a hot source of 900 K, and a
temperature difference across 500 K, a con-
version efficiency of more than 18% may be
achieved (22). Additional amplification in ZT
should be possible with further exploration of
doping agents and n/m values. We have al-
ready observed substantially lower thermal
conductivities (as much as 40 to 50% lower)
in other AgnPbmSbnTem'2n members that
could further enhance ZT values.
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Fig. 3. Variable-temperature charge transport
and thermal transport data for AgPb18SbTe20:
(A) Electrical conductivity (%) and ther-
mopower (S). (B) Total thermal conductivity
(&) in the range 300 to 800 K. The data were
obtained as described in (19). (C) Ther-
moelectric figure of merit, ZT, as a function
of temperature.

Fig. 4. (A) TEM image of a AgPb18SbTe20 sample showing a nano-sized region (a “nanodot”
shown in the enclosed area) of the crystal structure that is Ag-Sb–rich in composition. The
surrounding structure, which is epitaxially related to this feature, is Ag-Sb–poor in composition
with a unit cell parameter of 6.44 Å, close to that of PbTe. (B) Compositional modulations over
an extended region of a AgPb10SbTe12 specimen. The spacing between the bands is "20 to 30
nm. In essence, the observed compositional modulation is conceptually akin to the one found
in the artificial PbSe/PbTe superlattices (15). In the latter, the compositional modulation exists
at least along the stacking direction.
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taneously (surrounded by the higher band gap
matrix material PbTe). The resulting samples
possess a ZT of !2 at elevated temperatures
(about 500 to 700 K) (15). Nevertheless, be-
cause the vast majority of applications require
materials in large quantities, it would therefore
be desirable to have compositions that could
generate similar ZT values in a bulk material.

Our approach in developing high-
performance bulk thermoelectric materials has
focused on compounds with low-dimensional
structures to take advantage of the large anisot-
ropy in carrier effective masses associated with
such systems. Along these lines, CsBi4Te6 has
been identified as a material showing a ZT of
0.8 at 225 K (16), which is 40% greater than
that of the Bi2"xSbxTe3"ySey alloys. We report
on a family of bulk cubic compounds with
complex composition and general formula
AgnPbmMnTem#2n (M $ Sb,Bi), which com-
bine a set of desirable features, e.g., isotropic
morphology, high crystal symmetry, low ther-
mal conductivity, and ability to control the car-
rier concentration. We demonstrate that mem-
bers of this family can be optimized to produce
high ZT values (!2) at elevated temperatures.

The AgnPbmSbnTem#2n compounds pos-
sess an average NaCl structure (Fm3m sym-
metry); the metals Ag, Pb, and Bi are disor-
dered in the structure on the Na sites, whereas
the chalcogen atoms occupy the Cl sites (Fig.
1A). The formula is charge-balanced because
the average charge on the metal ions is 2#
and on the chalcogen ions it is 2". The
AgnPbmBinTem#2n formulation can generate
a large number of compositions by “dialing”
m and n, allowing considerable potential for
property control. We find that several mem-
bers of this family are capable of achieving
higher power factors and high ZT values at
high temperatures suitable for high-efficiency
heat–to–electrical energy conversion applica-
tions. A series of AgPbmSbTe2#m (n $ 1)
samples were prepared in which the lattice
parameters vary smoothly with m. The x-ray
diffraction pattern and unit cell parameter
variation for several members of the series
are shown (Fig. 1, B and C).

Ingots with the composition AgPb10SbTe12

(17) show an electrical conductivity of %520
S/cm and thermopower (i.e., Seebeck coeffi-
cient) of "154 &V/K at room temperature, re-
sulting in a power factor of 12.3 &W/cm!K2.
This value is larger than that of other candidate
materials like K2Bi8Se13, which has a power
factor of 10.0 &W/cm!K2 (18). A further en-

hancement in the power factor is observed when
we depart from the ideal stoichiometry
Ag1"xPb10Sb(Bi)Te12, with a room-temperature
value of 17.0 &W/cm!K2. This enhancement is
achieved mainly through an increase in conduc-
tivity to 740 S/cm without a noticeable loss in
the Seebeck coefficient. From the temperature
dependence of electrical conductivity and ther-
mopower of such a sample over a wide temper-
ature range (Fig. 2A), the conductivity decreases
with rising temperature, consistent with a degen-
erate semiconductor. At 700 K, the electrical
conductivity is 135 S/cm and the thermopower
"290 &V/K, giving a power factor of 11.4 &W/
cm!K2. Thermal conductivity measurements for
bulk Ag1"xPb10Sb(Bi)Te12 (Fig. 2B) revealed a
low value of 1.30 W/m!K at 300 K. This is lower
than that of bulk PbTe and comparable to that of
Bi2Te3. The thermal conductivity above 300 K
was obtained with a different experimental
method (flash diffusivity/specific heat) (19). We
obtained the ZT dependence on temperature and
found that it reaches 1 at 700 K (Fig. 2C). Given
the rising trend, we expect an even higher value
(!1.3) at 900 K.

When n $ 1 and m $ 18, the composition
is AgPb18SbTe20. These samples also possess

an average cubic Fm3m symmetry and an op-
tical band gap of 0.26 eV (fig. S1). Again, here
the properties of AgPb18SbTe20 are promising
but not exceptional, yet a departure from stoi-
chiometry to give Ag1"xPb18SbTe20 results in a
large jump in the power factor to impart a high

1Department of Chemistry, 2Electrical and Computer
Engineering and Materials Science and Mechanics,
Michigan State University, East Lansing, MI 48824,
USA. 3Department of Physics, University of Michigan,
Ann Arbor, MI 48109, USA. 4Physics Department,
Aristotle University of Thessaloniki, 54124 Thessal-
oniki, Greece.

*To whom correspondence should be addressed. E-
mail: kanatzid@cem.msu.edu

Fig. 1. (A) Average ideal Fm3m crystal structure
of AgPbmMTe2#m (M $ Sb, Bi) series. (B) X-ray
diffraction pattern (Cu K' radiation) of
AgPb10SbTe12. (C) Lattice parameter variation of
AgPbmSbTe2#m as a function ofm. The elemental
formulae reported in the paper are nominal, but
they have been confirmed with microprobe
energy-dispersive spectroscopic analysis.

Fig. 2. Variable-temperature charge transport
and thermal transport data for AgPb10SbTe12:
(A) Electrical conductivity (() and ther-
mopower (S). (B) Total thermal conductivity ())
in the range 6 to 700 K. (C) ZT as a function of
temperature. Thermal conductivity and See-
beck coefficient were determined with a longi-
tudinal steady-state method over the temper-
ature range 4 to 300 K. Samples were attached
(using either a low–melting point solder or
silver-loaded epoxy) to the cold tip of the
cryostat, while the other end of the sample was
provided with a small strain-gauge resistor
(thin film), which serves as a heater. The tem-
perature difference across the sample was mea-
sured with a differential Chromel-Constantan
thermocouple. All three measurements were
made simultaneously in the same sample. The
samples were cut in about 3 mm by 3 mm by
5 mm dimensions. There was inevitable radiation
loss during the thermal conductivity measure-
ments at high temperatures, and therefore the
data were corrected based on the T 3 law (24).
The Seebeck voltage was measured with thin
copper wire, the thermopower of which was cal-
ibrated against a high-TC superconductor up to
134 K. The uncertainty in the electrical conduc-
tivity and Seebeck measurements is better than
*4%, whereas for the total thermal conductivity
it is less than*10%. In the region 300 to 800 K,
the electrical conductivity and thermoelectric
power data were collected in a high-tempera-
ture measurement system (25).
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K.F. Hsu et al., Science 303, 818 (2004)

α = –335 µVK–1

σ = 30,000 S/m
   = 1.1 Wm–1K–1

at 700 K
κ
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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 heterointerfacesκph

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
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2D Bi2Te3 Superlattices

EF2D = EF3D − �2π2

2m∗
za

2

Both doping and quantum well width, a 
can now be used to engineer ZT

E

z

Ec

a0

ZT for 3D Bi2Te3

mz = 0.32 m0

mx = 0.021 m0

my = 0.081 m0

µa0 =  0.12 m2V–1s–1

 = 1.5 Wm–1K–1κph

L.D. Hicks and M.S. Dresselhaus, Phys. Rev. B 47, 12737 (1993)
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p-Bi2Te3 / Sb2Te3 Superlattices
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3/3 nm, 1/5 nm, 2/4 nm Bi2Te3 / Sb2Te3 periods almost identical      κph

κphBi2Te3

R. Venkatasubramanium Phys. Rev. B 61, 3091 (2000)

= 1.05 Wm–1K–1
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1 nm: 5 nm p-Bi2Te3 QW / Sb2Te3 barrier superlattices

R. Venkatasubramanian et al., Nature 413, 597 (2001)

Bulk Bi2Te3 ZT ~ 1.0
Superlattice ZT = 2.6

=> Phonon blocking

Λph= 3 nm� = 11.4 nm
kphΛ ~ 0.5kel� ~ 7.6

Electrons Phonons
µ=383 cm2V–1s–1

Thermal conductivity reduced more than electrical conductivity
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Thermal Conductivity Si/Si0.7Ge0.3 Superlattices

The more heterointerfaces,
the lower the thermal conductivity

S. Huxtable et al., Appl. Phys. Lett.  80, 1737 (2002)

Physically: more heterointerfaces –> more phonon scattering
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Si0.84Ge0.16 / Si0.74Ge0.26 Superlattices

Results the same as the average
alloy Ge content

No effect of superlattice 
with x =0.16 and x = 0.26

S. Huxtable et al., Appl. Phys. Lett.  80, 1737 (2002)

A significant atomic mass
difference is required

Si1-xGex is a random alloy



D.J. Paul 
School of Engineering

Si/Ge Superlattice Reduced Thermal Conductivity

S. Chakraborty et al., Appl. Phys. Lett. 83, 4184 (2003)

Si0.5Ge0.5 buffer
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Hi-Z n-Si/SiGe and p-B4C/B9C Superlattice

α = –1260 µVK–1

σ = 95,200 1/(Ω-m)

ZT = 3.1 at 300 K

Claim of NIST and UCSD confirming measurements

10 µm n-Si / Si0.8Ge0.2 superlattice

S. Ghamaty & N.B. Elsner, Int. Symp. Nano-Thermoelectrics, June 11-12 (2007) Osaka, Japan

= 14.6 Wm–1K–1κ

Insufficient data in paper to check if true result

p-B4C/B9C superlattice with ZT = 4.0

15% TE module demonstrated with ΔT = 200 ˚C => ZTmodule ~ 3
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branes each suspended by five SiNx beams that are 420 !m
long and 0.5 !m thick. A thin Pt resistance coil and a sepa-
rate Pt electrode are patterned onto each membrane. Each
resistor is electrically connected to four contact pads by the
metal lines on the suspended legs, thus enabling four-point
measurement of the voltage drop and resistance of the resis-
tor. Each Pt resistor can serve as a heater to increase the
temperature of the suspended island, as well as a resistance
thermometer to measure the temperature of each island.

The Si nanowires were synthesized by the vapor–
liquid–solid method,11 in which Au clusters were used as a
solvent at high temperature. The Si and Au formed a liquid
alloy and when the alloy became supersaturated with Si, Si
nanowires grew by precipitation at the liquid–solid interface.
A high-resolution transmission electron microscopy "TEM#
investigation "see Fig. 2# showed that the Si nanowires were
single crystalline and grew along the $111% direction. The
wire diameters fell in the range of 10–200 nm and the
lengths were several microns.

Once synthesized, the nanowires were first dispersed in
isopropanol by sonication, and then drop cast onto suspended
heater devices. After drying the solvent, we found that an
individual nanowire often bridged the two islands. In order
to improve thermal contact between the wires and the sus-
pended devices, amorphous carbon films were locally depos-
ited at the nanowire–heater pad junctions with a scanning
electron microscope "SEM# as shown in the inset of Fig. 1.

All the measurements were carried out at a high vacuum
level of &2!10"6 Torr and temperature ranging up to 320
K to suppress residual gas conduction and radiation loss. A
detailed description of the measurement technique and un-
certainty analysis is summarized elsewhere.12,13 Briefly, bias
voltage applied to one of the resistors, Rh , creates Joule
heating and increases the temperature, Th , of the heater is-
land above the thermal bath temperature, T0 . Under steady
state, part of the heat will flow through the nanowire to the
other resistor, Rs , and raise its temperature, Ts . By solving
the heat transfer equations of the system,13 denoting the ther-
mal conductance of the wire Gw and the suspending legs Gl ,
we have

Th#T0$
Gl$Gw

Gl"Gl$2Gw#
P

and

Ts#T0$
Gw

Gl"Gl$2Gw#
P ,

where P#I2(Rh$Rl /2). Here Rl is the total electrical lead
resistance of Pt lines that connects the heater coil. From the
slopes of Th and Ts vs P , the thermal conductivity of the
bridging nanowire can be estimated after considering the di-
ameter and length of the wires. In the experiments, the I–V
curve is measured as the dc current I is slowly ramped up to
a value in the range of 6–12 !A depending on T0 . The
maximum power dissipation on the heating membrane is be-
low 1 !W and the maximum rise in temperature on the heat-
ing side is below 5 K.

The measured thermal conductance includes the thermal
conductance of the junction between the nanowire and the
suspended islands in addition to the intrinsic thermal conduc-
tance of the nanowire itself. We have estimated the thermal
conductance of the junctions with the carbon deposition, and
found that the junction contribution is less than 15% of the
total thermal transport barrier.13

Shown in Fig. 3"a# are the measured thermal conductivi-
ties for intrinsic single-crystalline Si nanowires of different
diameters "22, 37, 56, and 115 nm#. Compared to the thermal
conductivity of bulk Si,14 there are two important features
that are common to all the nanowires we measured: "i# The
measured thermal conductivities are about two orders of
magnitude lower than that of the bulk and, as the wire diam-
eter is decreased, the corresponding thermal conductivity is

FIG. 2. High-resolution TEM image of a 22 nm single crystal Si nanowire.
The inset is a selected area electron diffraction pattern of the nanowire.

FIG. 3. "a# Measured thermal conductivity of different diameter Si nanow-
ires. The number beside each curve denotes the corresponding wire diam-
eter. "b# Low temperature experimental data on a logarithmic scale. Also
shown are T3, T2, and T1 curves for comparison.

2935Appl. Phys. Lett., Vol. 83, No. 14, 6 October 2003 Li et al.
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~ 300 nm

Phonon scattering at
boundaries increases
for smaller dia. wires

Λph = 3κph

Cv�vt�ρ

For bulk Si

For bulk Si    

D.Y. Li et al. Appl. Phys. Lett. 83, 2934 (2003)

~ 149 Wm–1K–1

at 300 K
κ
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the interfaces. These processes have been predicted to affect the k
values of Si nanowires, but not to the extent observed here20,21. The
peak k of the EE nanowires is shifted to a much higher temperature
than that of VLS nanowires, and both are significantly higher than
that of bulk Si, which peaks at around 25K (ref. 5). This shift suggests
that the phonon mean free path is limited by boundary scattering as
opposed to intrinsic Umklapp scattering.

While the above wires were etched from high-resistivity wafers, the
peak ZT of semiconductor materials is predicted to occur at high
dopant concentrations (,13 1019 cm23; ref. 22). To optimize the

ZT of EE nanowires, lower resistivity nanowires were synthesized
from 1021V cm B-doped p-Si Æ111æ and 1022V cm As-doped n-Si
Æ100æ wafers by the standard method outlined above. Nanowires
etched from the 1022V cm and less resistive wafers, however, did
not produce devices with reproducible electrical contacts, probably
owing to greater surface roughness, as observed in TEM analysis.
Consequently, more optimally doped nanowires were obtained by
post-growth gas-phase B doping of wires etched from 1021V cm
wafers (see Supplementary Information). The resulting nanowires
have an average r5 36 1.4mV cm (as compared to ,10V cm for
wires from low-doped wafers).

Figure 2c shows the k of small-diameter nanowires etched from 10,
1021, and 1022V cm wafers. The post-growth doped nanowire
(52 nm diameter) etched from a 1021V cm wafer has a slightly lower
k than the lower-doped wire of the same diameter. This small
decrease in k may be attributed to higher rates of phonon-impurity
scattering. Studies of doped and isotopically purified bulk Si have
revealed a reduction of k as a result of impurity scattering6,23,24. Owing
to the atomic nature of such defects, they are expected to predomi-
nantly scatter short-wavelength phonons. On the other hand, nano-
wires etched from a 1022V cm wafer have a much lower k than the
other nanowires, probably as a result of the greater surface roughness.

In the case of the 52 nm nanowire, k is reduced to 1.66
0.13Wm21 K21 at room temperature. For comparison, the temper-
ature-dependent k of amorphous bulk SiO2 (data points used from
http://users.mrl.uiuc.edu/cahill/tcdata/tcdata.html agree with mea-
surement in ref. 25) is also plotted in Fig. 2c. As can be seen from the
plot, k of these single-crystalline EE Si nanowires is comparable to
that of insulating glass. Indeed, k of the 52 nm nanowire approaches
the minimum k predicted and measured for Si: ,1Wm21 K21

(ref. 26). The resistivity of a single nanowire of comparable diameter
(48 nm) was measured (see Supplementary Information) and the
electronic contribution to thermal conductivity (ke) can be estimated
from the Wiedemann–Franz law16. For measured r5 1.7mV cm,
ke5 0.4Wm21 K21, meaning that the lattice thermal conductivity
(kl5 k2 ke) is 1.2Wm21 K21.

By assuming the mean free path due to boundary scattering
‘b~Fd, where F. 1 is a multiplier that accounts for the specularity
of phonon scattering at the nanowire surface and d is the nanowire
diameter, a model based on Boltzmann transport theory was able to
explain27 the diameter dependence of thermal conductivity in VLS
nanowires, as observed in ref. 14. Because the thermal conductivity of
EE nanowires is lower and the surface is rougher than that of VLS
ones, it is natural to assume ‘b~d (F5 1), which is the smallestmean
free path due to boundary scattering. However, this still cannot
explain why the phonon thermal conductivity approaches the
amorphous limit for nanowires with diameters ,50 nm. In fact,
theories that consider phonon backscattering, as recently proposed
by ref. 21, cannot explain our observations either. The thermal
conductivity in amorphous non-metals26 can be well explained by
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Figure 2 | Thermal conductivity of the rough silicon nanowires. a, An SEM
image of a Pt-bonded EE Si nanowire (taken at 52u tilt angle). The Pt thin
film loops near both ends of the bridgingwire are part of the resistive heating
and sensing coils on opposite suspendedmembranes. Scale bar, 2 mm. b, The
temperature-dependent k of VLS (black squares; reproduced from ref. 14)
and EE nanowires (red squares). The peak k of the VLS nanowires is
175–200K, while that of the EE nanowires is above 250K. The data in this
graph are from EE nanowires synthesized from low-doped wafers.
c, Temperature-dependent k of EE Si nanowires etched from wafers of
different resistivities: 10V cm (red squares), 1021V cm (green squares;
arrays doped post-synthesis to 1023V cm), and1022V cm (blue squares).
For the purpose of comparison, the k of bulk amorphous silica is plottedwith
open squares. The smaller highly doped EE Si nanowires have a k
approaching that of insulating glass, suggesting an extremely short phonon
mean free path. Error bars are shown near room temperature, and should
decrease with temperature. See Supplementary Information for k
measurement calibration and error determination.
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Information. The platform permits four-point measurements of the
electrical conductivity of the nanowires, Joule heating to establish a
thermal gradient across the nanowires, and four-point thermometry
to quantify that gradient10,14. The resistance of the four-point
thermometry electrodes is typically two orders of magnitude smaller
than the resistance of the nanowires. The measurement platform is
suspended in vacuum to allow measurement of nanowire thermal
conductivity15,16. For all measurements, the Si nanowires could be
selectively removed using a XeF2 etch, thus allowing for measure-
ments of the contributions to s, S and k from the platform and oxide
substrate.

There are several ways to prepare Si nanowires, includingmaterials
methods for bulk production17.Wewanted Si nanowires in which the
dimensions, impurity doping levels, crystallographic nature, and so
on, were all quantifiable and precisely controlled.We used the super-
lattice nanowire pattern transfer (SNAP) method18, which translates
the atomic control over the layer thickness of a superlattice into
control over the width and spacing of nanowires. Si nanowires made
via SNAP inherit their impurity dopant concentrations directly from
the single-crystal Si epilayers of the silicon-on-insulator substrates
from which they are fabricated19. These epilayers were 20- or 35-nm-
thick Si(100) films on 150 nm of SiO2, and were p-type impurity
(boron) doped using diffusion-based doping19. Four-point probe
conductivity measurements of the silicon-on-insulator films were
used to extract dopant concentrations. We prepared nanowire arrays
several micrometres long, with lateral width3 thickness dimensions
of 10 nm3 20 nm, 20 nm3 20 nm and 520 nm3 35 nm. The last
approximates the bulk and, in fact, measurements on the sample
obtained bulk values for S, s and k. Measurements of k for our
nanowires were consistent with literature values for materials grown
(round) Si nanowires16.

All values of S, s and k reported here are normalized to individual
nanowires, although each experiment used a known number of
nanowires ranging from 10 to 400. The Si microwires and nanowires
were prepared using the same substrates, dopingmethods, and so on,
but different patterning methods (electron-beam lithography versus
SNAP).

Measurements of k and S2 for Si nanowires (and microwires) for
different nanowire sizes and doping levels are presented in Fig. 2.
More complete data sets, electrical conductivity data and a statistical
analysis are presented in the Supplementary Information. The nano-
wire electrical conductivity is between 10 and 90% of the bulk,
depending on nanowire dimensions. A reduced s probably arises
from surface scattering of charge carriers19. Nevertheless, all nano-
wires are highly doped and most exhibit metallic-like conductivity
(increasing s with decreasing T).

The temperature dependence of k for a microwire and 10- and
20-nm-wide nanowires were recorded atmodest statistical resolution
to establish trends. This data indicated that k drops sharply with
shrinking nanowire cross-section (Fig. 2a) and that the 10-nm-wide
nanowires exhibited a k value (0.7660.15Wm21 K21) that was
below the theoretical limit of 0.99Wm21 K21 for bulk Si (ref. 20).
Thus, very large data sets were collected for 10- and 20-nm-wide
nanowires to allow for a more precise determination of k.

Our observed high ZT for Si nanowires (Fig. 3) occurs because k is
sharply reduced and the phonon drag component of the thermo-
power Sph becomes large. Below, we show that Sph increases because
of a three-dimensional to one-dimensional crossover of the phonons
participating in phonon drag and decreasing k. However, we first
discuss why our measured k at 300 K for 10-nm-wide Si nanowires is
less than kmin (ref. 20).

The derivation of kmin assumes that the minimum path length of
wavelength l phonons is l/2 and that the phonons are described by
theDebyemodel using bulk sound speeds with no opticalmodes. The
l/2 value is an order-of-magnitude estimate and is difficult to deter-
mine precisely, much like theminimum electronmean free path used
to calculate the Mott–Ioffe–Regel smin. Also, kmin is proportional to
the transverse and longitudinal acoustic speeds of sound20. These are
reduced in our nanowires at long wavelengths because the modes
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Figure 2 | Factors contributing to ZT for various Si nanowires. All
nanowires are 20nm in height. a, The temperature dependence of the
thermal conductivity k, presented as kbulk/knanowire to highlight the
improvement that the reduction of k in nanowires lends to ZT. kbulk values,
which are slightly below the true bulk value for Si, are taken from an
identically measured 520 nm3 35 nm-sized film. The inset scanning
electron microscope micrographs show the region of the device containing
the nanowires before (top) and after (bottom) the XeF2 etch to remove the

nanowires. b, The temperature dependence of S2 for 20-nm-wide Si
nanowires at various p-type doping concentrations (indicated on the graph).
Note that the most highly doped nanowires (pink line) yield a thermopower
similar to that of bulk Si doped at a lower level. For nanowires doped at
slightly higher and slightly lower concentrations than the bulk, S peaks near
200K. This is a consequence of the one-dimensional nature of the Si
nanowires.
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Figure 3 | Temperature dependence of ZT for two different groups of
nanowires. The cross-sectional area of the nanowires, and the p-type doping
level, are given. The 20-nm-wide nanowires have a thermopower that is
dominated by phonon contributions, and a ZT value ,1 is achieved near
200K. The smaller (10-nm-wide) nanowires have a thermopower that is
dominated by electronic contributions. The ZT at 350K is calculated using
the thermal conductivity value for the 10-nm-wide nanowires at 300K. The
error bars represent 95% confidence limits.
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Information. The platform permits four-point measurements of the
electrical conductivity of the nanowires, Joule heating to establish a
thermal gradient across the nanowires, and four-point thermometry
to quantify that gradient10,14. The resistance of the four-point
thermometry electrodes is typically two orders of magnitude smaller
than the resistance of the nanowires. The measurement platform is
suspended in vacuum to allow measurement of nanowire thermal
conductivity15,16. For all measurements, the Si nanowires could be
selectively removed using a XeF2 etch, thus allowing for measure-
ments of the contributions to s, S and k from the platform and oxide
substrate.

There are several ways to prepare Si nanowires, includingmaterials
methods for bulk production17.Wewanted Si nanowires in which the
dimensions, impurity doping levels, crystallographic nature, and so
on, were all quantifiable and precisely controlled.We used the super-
lattice nanowire pattern transfer (SNAP) method18, which translates
the atomic control over the layer thickness of a superlattice into
control over the width and spacing of nanowires. Si nanowires made
via SNAP inherit their impurity dopant concentrations directly from
the single-crystal Si epilayers of the silicon-on-insulator substrates
from which they are fabricated19. These epilayers were 20- or 35-nm-
thick Si(100) films on 150 nm of SiO2, and were p-type impurity
(boron) doped using diffusion-based doping19. Four-point probe
conductivity measurements of the silicon-on-insulator films were
used to extract dopant concentrations. We prepared nanowire arrays
several micrometres long, with lateral width3 thickness dimensions
of 10 nm3 20 nm, 20 nm3 20 nm and 520 nm3 35 nm. The last
approximates the bulk and, in fact, measurements on the sample
obtained bulk values for S, s and k. Measurements of k for our
nanowires were consistent with literature values for materials grown
(round) Si nanowires16.

All values of S, s and k reported here are normalized to individual
nanowires, although each experiment used a known number of
nanowires ranging from 10 to 400. The Si microwires and nanowires
were prepared using the same substrates, dopingmethods, and so on,
but different patterning methods (electron-beam lithography versus
SNAP).

Measurements of k and S2 for Si nanowires (and microwires) for
different nanowire sizes and doping levels are presented in Fig. 2.
More complete data sets, electrical conductivity data and a statistical
analysis are presented in the Supplementary Information. The nano-
wire electrical conductivity is between 10 and 90% of the bulk,
depending on nanowire dimensions. A reduced s probably arises
from surface scattering of charge carriers19. Nevertheless, all nano-
wires are highly doped and most exhibit metallic-like conductivity
(increasing s with decreasing T).

The temperature dependence of k for a microwire and 10- and
20-nm-wide nanowires were recorded atmodest statistical resolution
to establish trends. This data indicated that k drops sharply with
shrinking nanowire cross-section (Fig. 2a) and that the 10-nm-wide
nanowires exhibited a k value (0.7660.15Wm21 K21) that was
below the theoretical limit of 0.99Wm21 K21 for bulk Si (ref. 20).
Thus, very large data sets were collected for 10- and 20-nm-wide
nanowires to allow for a more precise determination of k.

Our observed high ZT for Si nanowires (Fig. 3) occurs because k is
sharply reduced and the phonon drag component of the thermo-
power Sph becomes large. Below, we show that Sph increases because
of a three-dimensional to one-dimensional crossover of the phonons
participating in phonon drag and decreasing k. However, we first
discuss why our measured k at 300 K for 10-nm-wide Si nanowires is
less than kmin (ref. 20).

The derivation of kmin assumes that the minimum path length of
wavelength l phonons is l/2 and that the phonons are described by
theDebyemodel using bulk sound speeds with no opticalmodes. The
l/2 value is an order-of-magnitude estimate and is difficult to deter-
mine precisely, much like theminimum electronmean free path used
to calculate the Mott–Ioffe–Regel smin. Also, kmin is proportional to
the transverse and longitudinal acoustic speeds of sound20. These are
reduced in our nanowires at long wavelengths because the modes
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Figure 2 | Factors contributing to ZT for various Si nanowires. All
nanowires are 20nm in height. a, The temperature dependence of the
thermal conductivity k, presented as kbulk/knanowire to highlight the
improvement that the reduction of k in nanowires lends to ZT. kbulk values,
which are slightly below the true bulk value for Si, are taken from an
identically measured 520 nm3 35 nm-sized film. The inset scanning
electron microscope micrographs show the region of the device containing
the nanowires before (top) and after (bottom) the XeF2 etch to remove the

nanowires. b, The temperature dependence of S2 for 20-nm-wide Si
nanowires at various p-type doping concentrations (indicated on the graph).
Note that the most highly doped nanowires (pink line) yield a thermopower
similar to that of bulk Si doped at a lower level. For nanowires doped at
slightly higher and slightly lower concentrations than the bulk, S peaks near
200K. This is a consequence of the one-dimensional nature of the Si
nanowires.
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Figure 3 | Temperature dependence of ZT for two different groups of
nanowires. The cross-sectional area of the nanowires, and the p-type doping
level, are given. The 20-nm-wide nanowires have a thermopower that is
dominated by phonon contributions, and a ZT value ,1 is achieved near
200K. The smaller (10-nm-wide) nanowires have a thermopower that is
dominated by electronic contributions. The ZT at 350K is calculated using
the thermal conductivity value for the 10-nm-wide nanowires at 300K. The
error bars represent 95% confidence limits.
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Information. The platform permits four-point measurements of the
electrical conductivity of the nanowires, Joule heating to establish a
thermal gradient across the nanowires, and four-point thermometry
to quantify that gradient10,14. The resistance of the four-point
thermometry electrodes is typically two orders of magnitude smaller
than the resistance of the nanowires. The measurement platform is
suspended in vacuum to allow measurement of nanowire thermal
conductivity15,16. For all measurements, the Si nanowires could be
selectively removed using a XeF2 etch, thus allowing for measure-
ments of the contributions to s, S and k from the platform and oxide
substrate.

There are several ways to prepare Si nanowires, includingmaterials
methods for bulk production17.Wewanted Si nanowires in which the
dimensions, impurity doping levels, crystallographic nature, and so
on, were all quantifiable and precisely controlled.We used the super-
lattice nanowire pattern transfer (SNAP) method18, which translates
the atomic control over the layer thickness of a superlattice into
control over the width and spacing of nanowires. Si nanowires made
via SNAP inherit their impurity dopant concentrations directly from
the single-crystal Si epilayers of the silicon-on-insulator substrates
from which they are fabricated19. These epilayers were 20- or 35-nm-
thick Si(100) films on 150 nm of SiO2, and were p-type impurity
(boron) doped using diffusion-based doping19. Four-point probe
conductivity measurements of the silicon-on-insulator films were
used to extract dopant concentrations. We prepared nanowire arrays
several micrometres long, with lateral width3 thickness dimensions
of 10 nm3 20 nm, 20 nm3 20 nm and 520 nm3 35 nm. The last
approximates the bulk and, in fact, measurements on the sample
obtained bulk values for S, s and k. Measurements of k for our
nanowires were consistent with literature values for materials grown
(round) Si nanowires16.

All values of S, s and k reported here are normalized to individual
nanowires, although each experiment used a known number of
nanowires ranging from 10 to 400. The Si microwires and nanowires
were prepared using the same substrates, dopingmethods, and so on,
but different patterning methods (electron-beam lithography versus
SNAP).

Measurements of k and S2 for Si nanowires (and microwires) for
different nanowire sizes and doping levels are presented in Fig. 2.
More complete data sets, electrical conductivity data and a statistical
analysis are presented in the Supplementary Information. The nano-
wire electrical conductivity is between 10 and 90% of the bulk,
depending on nanowire dimensions. A reduced s probably arises
from surface scattering of charge carriers19. Nevertheless, all nano-
wires are highly doped and most exhibit metallic-like conductivity
(increasing s with decreasing T).

The temperature dependence of k for a microwire and 10- and
20-nm-wide nanowires were recorded atmodest statistical resolution
to establish trends. This data indicated that k drops sharply with
shrinking nanowire cross-section (Fig. 2a) and that the 10-nm-wide
nanowires exhibited a k value (0.7660.15Wm21 K21) that was
below the theoretical limit of 0.99Wm21 K21 for bulk Si (ref. 20).
Thus, very large data sets were collected for 10- and 20-nm-wide
nanowires to allow for a more precise determination of k.

Our observed high ZT for Si nanowires (Fig. 3) occurs because k is
sharply reduced and the phonon drag component of the thermo-
power Sph becomes large. Below, we show that Sph increases because
of a three-dimensional to one-dimensional crossover of the phonons
participating in phonon drag and decreasing k. However, we first
discuss why our measured k at 300 K for 10-nm-wide Si nanowires is
less than kmin (ref. 20).

The derivation of kmin assumes that the minimum path length of
wavelength l phonons is l/2 and that the phonons are described by
theDebyemodel using bulk sound speeds with no opticalmodes. The
l/2 value is an order-of-magnitude estimate and is difficult to deter-
mine precisely, much like theminimum electronmean free path used
to calculate the Mott–Ioffe–Regel smin. Also, kmin is proportional to
the transverse and longitudinal acoustic speeds of sound20. These are
reduced in our nanowires at long wavelengths because the modes
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Figure 2 | Factors contributing to ZT for various Si nanowires. All
nanowires are 20nm in height. a, The temperature dependence of the
thermal conductivity k, presented as kbulk/knanowire to highlight the
improvement that the reduction of k in nanowires lends to ZT. kbulk values,
which are slightly below the true bulk value for Si, are taken from an
identically measured 520 nm3 35 nm-sized film. The inset scanning
electron microscope micrographs show the region of the device containing
the nanowires before (top) and after (bottom) the XeF2 etch to remove the

nanowires. b, The temperature dependence of S2 for 20-nm-wide Si
nanowires at various p-type doping concentrations (indicated on the graph).
Note that the most highly doped nanowires (pink line) yield a thermopower
similar to that of bulk Si doped at a lower level. For nanowires doped at
slightly higher and slightly lower concentrations than the bulk, S peaks near
200K. This is a consequence of the one-dimensional nature of the Si
nanowires.
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Figure 3 | Temperature dependence of ZT for two different groups of
nanowires. The cross-sectional area of the nanowires, and the p-type doping
level, are given. The 20-nm-wide nanowires have a thermopower that is
dominated by phonon contributions, and a ZT value ,1 is achieved near
200K. The smaller (10-nm-wide) nanowires have a thermopower that is
dominated by electronic contributions. The ZT at 350K is calculated using
the thermal conductivity value for the 10-nm-wide nanowires at 300K. The
error bars represent 95% confidence limits.
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the incident x-ray source wavelength, d is the average grain
size, and ! is the lattice stress in the sample! results in an
average grain size of 12 nm. Using the same calculation
method, an average of 22 nm was obtained as the grain size
for the hot pressed samples, indicating that the grain size
after hot press is almost doubled, but still is very small.
However, the stress inside the as-pressed samples is much
smaller than that of the as-prepared nanopowders, with the !
value being ten times lower in the hot pressed samples. This
smaller stress is understandable since the hot pressing tem-
perature is above 1000 °C, where the stresses builtup in the
nanopowders during the mechanical alloy process are re-
laxed.

From the TEM picture of the as-prepared nanopowders,
shown in Fig. 1"b!, we can see that the average particle size
of the nanopowder is in the range of 30–200 nm. However,
those particles are actually agglomerates of much smaller
crystallites. Figure 1"c! shows the TEM image and selected
area electron diffraction pattern "inset! of those typical par-
ticles, which indicates that the particles are actually com-
posed of many small crystallites. It is also confirmed by HR-
TEM, as shown in Fig. 1"d!, that the sizes of the small
crystallites are in the range of 5–15 nm, which is roughly in
agreement with the results from the XRD spectra #Fig. 1"a!$.

Figure 2"a! shows a low magnification TEM image of
the as-pressed dense bulk samples. As we can see, the typical
grain sizes are in the range of 10–20 nm, roughly in the same
range as the particle size "22 nm! calculated from the XRD
spectra. A HRTEM image #Fig. 2"b!$ of the as-pressed
samples showed that the adjacent grains have a similar crys-
tal structure but different crystalline orientations. We believe
that those small grains with random crystalline orientations,
as shown in Fig. 2"b!, promote phonon scattering much more
effectively than the big grains in bulk SiGe materials.

The main advantage of using a nano-SiGe alloy powder
for thermoelectric applications comes from the fact that there
is a large difference in the mean free path between electrons
and phonons: about 5 nm for electrons and 2–300 nm for

phonons in highly-doped samples at room temperature. Thus,
nanostructures can significantly reduce the phonon thermal
conductivity without creating too much penalty to the
electrical conductivity. Figure 3"a! shows the temperature-
dependent thermal conductivity of typical Si80Ge20P2
samples. The data from a radioisotope thermoelectric genera-
tor "RTG! sample used for NASA space flight with a typical
grain size of 1–10 "m is included as a reference.23 Figure
3"a! clearly shows that the samples with nanostructures have
a much lower thermal conductivity than the reference
sample. From the measured electrical conductivity of both
samples #Fig. 3"b!$, the electronic contribution to the thermal
conductivity "ke! can be estimated using the Wiedemann–
Franz law with the Lorenz number "2.14#10−8 W $ K−2

for the SiGe system at room temperature!. For the reference
sample, we obtain ke=0.77 W /m K at room temperature
with an electrical conductivity %=1.2#105 S /m, whereas
for a typical nanostructured dense bulk sample ke
=0.55 W /m K at room temperature for %=0.85#105 S /m.
By subtracting the electronic contribution ke from the total
thermal conductivity k, the lattice thermal conductivity "kL!
of the nanostructured samples is %1.8 W /m K at room tem-
perature, which is about 47% of that for the reference sample
"kL%3.8 W /m K! and is mainly due to a stronger boundary
phonon scattering in the nanostructured samples.

Figure 3"b! shows a comparison of the temperature-
dependent electrical conductivity of the nanostructured
samples and the reference. The electrical conductivity of the
nanostructured samples is normally lower than that of the
reference in the low temperature region, but is similar above
750 °C, although the carrier concentrations for both types of
samples are almost the same at room temperature "%2.2
#1020 cm−3 from the Hall effect measurement!, indicating a
lower electron mobility in the nanostructured samples. Fig-
ure 3"c! shows the temperature-dependent Seebeck coeffi-
cient. The Seebeck coefficient of the nanostructured samples
is similar to that of the reference sample at below 400 °C

FIG. 1. "a! XRD patterns. "b! TEM images with low, "c! medium, and "d!
high magnifications of typical ball milled nanopowders. The inset of "c!
shows the selected area electron diffraction pattern.

FIG. 2. TEM images with "a! low and "b! high magnifications of the as-
pressed nanostructured samples.

193121-2 Wang et al. Appl. Phys. Lett. 93, 193121 !2008"

Downloaded 10 Sep 2009 to 130.209.6.41. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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perature is above 1000 °C, where the stresses builtup in the
nanopowders during the mechanical alloy process are re-
laxed.
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grain sizes are in the range of 10–20 nm, roughly in the same
range as the particle size "22 nm! calculated from the XRD
spectra. A HRTEM image #Fig. 2"b!$ of the as-pressed
samples showed that the adjacent grains have a similar crys-
tal structure but different crystalline orientations. We believe
that those small grains with random crystalline orientations,
as shown in Fig. 2"b!, promote phonon scattering much more
effectively than the big grains in bulk SiGe materials.

The main advantage of using a nano-SiGe alloy powder
for thermoelectric applications comes from the fact that there
is a large difference in the mean free path between electrons
and phonons: about 5 nm for electrons and 2–300 nm for

phonons in highly-doped samples at room temperature. Thus,
nanostructures can significantly reduce the phonon thermal
conductivity without creating too much penalty to the
electrical conductivity. Figure 3"a! shows the temperature-
dependent thermal conductivity of typical Si80Ge20P2
samples. The data from a radioisotope thermoelectric genera-
tor "RTG! sample used for NASA space flight with a typical
grain size of 1–10 "m is included as a reference.23 Figure
3"a! clearly shows that the samples with nanostructures have
a much lower thermal conductivity than the reference
sample. From the measured electrical conductivity of both
samples #Fig. 3"b!$, the electronic contribution to the thermal
conductivity "ke! can be estimated using the Wiedemann–
Franz law with the Lorenz number "2.14#10−8 W $ K−2

for the SiGe system at room temperature!. For the reference
sample, we obtain ke=0.77 W /m K at room temperature
with an electrical conductivity %=1.2#105 S /m, whereas
for a typical nanostructured dense bulk sample ke
=0.55 W /m K at room temperature for %=0.85#105 S /m.
By subtracting the electronic contribution ke from the total
thermal conductivity k, the lattice thermal conductivity "kL!
of the nanostructured samples is %1.8 W /m K at room tem-
perature, which is about 47% of that for the reference sample
"kL%3.8 W /m K! and is mainly due to a stronger boundary
phonon scattering in the nanostructured samples.

Figure 3"b! shows a comparison of the temperature-
dependent electrical conductivity of the nanostructured
samples and the reference. The electrical conductivity of the
nanostructured samples is normally lower than that of the
reference in the low temperature region, but is similar above
750 °C, although the carrier concentrations for both types of
samples are almost the same at room temperature "%2.2
#1020 cm−3 from the Hall effect measurement!, indicating a
lower electron mobility in the nanostructured samples. Fig-
ure 3"c! shows the temperature-dependent Seebeck coeffi-
cient. The Seebeck coefficient of the nanostructured samples
is similar to that of the reference sample at below 400 °C

FIG. 1. "a! XRD patterns. "b! TEM images with low, "c! medium, and "d!
high magnifications of typical ball milled nanopowders. The inset of "c!
shows the selected area electron diffraction pattern.

FIG. 2. TEM images with "a! low and "b! high magnifications of the as-
pressed nanostructured samples.
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and at above 700 °C, and is higher than that of the reference
sample between 400 and 700 °C.

Figure 3!d" shows the ZT as a function of temperature
for the nanostructured samples and the reference. For the
nanostructured samples, the ZT value shows a maximum of
about 1.3 at 900 °C which is about 40% higher than that
!0.93" of the reference. The significant enhancement of ZT is
mainly attributed to the thermal conductivity reduction,

which is strongly correlated with the nanostructure features
in our samples.

For testing the reproducibility, hundreds of samples were
made under similar conditions and the typical results are
shown in Fig. 3. Thermal stability of the nanostructured
samples is a serious concern for thermoelectric materials
since thermoelectric devices are required to operate at high
temperatures for many years. A thermal stability test was
carried out by annealing the nanostructured samples at
1050 °C for 2 days in air and no significant property degra-
dation was found !shown as the open squares in Fig. 3".

In summary, enhanced thermoelectric properties have
been achieved in nanostructured dense bulk SiGe alloy. The
significant ZT enhancement that is obtained is the result of a
large reduction in the thermal conductivity while maintaining
the power factor !S2!". The thermal conductivity reduction is
mainly due to an enhanced phonon scattering at the increased
boundaries of the nanograins. The enhanced ZT can lead to
new applications, such as solar thermoelectric energy con-
version and waste heat recovery.
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FIG. 3. !Color online" Temperature dependence of !a" the thermal conduc-
tivity, !b" electrical conductivity, !c" Seebeck coefficient, and !d" dimension-
less ZT on both as-pressed nanostructured samples !filled symbols" and the
RTG reference sample !solid line", and the sample after annealing at
1050 °C for 2 days in air !open squares".
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and at above 700 °C, and is higher than that of the reference
sample between 400 and 700 °C.

Figure 3!d" shows the ZT as a function of temperature
for the nanostructured samples and the reference. For the
nanostructured samples, the ZT value shows a maximum of
about 1.3 at 900 °C which is about 40% higher than that
!0.93" of the reference. The significant enhancement of ZT is
mainly attributed to the thermal conductivity reduction,

which is strongly correlated with the nanostructure features
in our samples.

For testing the reproducibility, hundreds of samples were
made under similar conditions and the typical results are
shown in Fig. 3. Thermal stability of the nanostructured
samples is a serious concern for thermoelectric materials
since thermoelectric devices are required to operate at high
temperatures for many years. A thermal stability test was
carried out by annealing the nanostructured samples at
1050 °C for 2 days in air and no significant property degra-
dation was found !shown as the open squares in Fig. 3".

In summary, enhanced thermoelectric properties have
been achieved in nanostructured dense bulk SiGe alloy. The
significant ZT enhancement that is obtained is the result of a
large reduction in the thermal conductivity while maintaining
the power factor !S2!". The thermal conductivity reduction is
mainly due to an enhanced phonon scattering at the increased
boundaries of the nanograins. The enhanced ZT can lead to
new applications, such as solar thermoelectric energy con-
version and waste heat recovery.
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and at above 700 °C, and is higher than that of the reference
sample between 400 and 700 °C.

Figure 3!d" shows the ZT as a function of temperature
for the nanostructured samples and the reference. For the
nanostructured samples, the ZT value shows a maximum of
about 1.3 at 900 °C which is about 40% higher than that
!0.93" of the reference. The significant enhancement of ZT is
mainly attributed to the thermal conductivity reduction,

which is strongly correlated with the nanostructure features
in our samples.

For testing the reproducibility, hundreds of samples were
made under similar conditions and the typical results are
shown in Fig. 3. Thermal stability of the nanostructured
samples is a serious concern for thermoelectric materials
since thermoelectric devices are required to operate at high
temperatures for many years. A thermal stability test was
carried out by annealing the nanostructured samples at
1050 °C for 2 days in air and no significant property degra-
dation was found !shown as the open squares in Fig. 3".

In summary, enhanced thermoelectric properties have
been achieved in nanostructured dense bulk SiGe alloy. The
significant ZT enhancement that is obtained is the result of a
large reduction in the thermal conductivity while maintaining
the power factor !S2!". The thermal conductivity reduction is
mainly due to an enhanced phonon scattering at the increased
boundaries of the nanograins. The enhanced ZT can lead to
new applications, such as solar thermoelectric energy con-
version and waste heat recovery.
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and at above 700 °C, and is higher than that of the reference
sample between 400 and 700 °C.

Figure 3!d" shows the ZT as a function of temperature
for the nanostructured samples and the reference. For the
nanostructured samples, the ZT value shows a maximum of
about 1.3 at 900 °C which is about 40% higher than that
!0.93" of the reference. The significant enhancement of ZT is
mainly attributed to the thermal conductivity reduction,

which is strongly correlated with the nanostructure features
in our samples.

For testing the reproducibility, hundreds of samples were
made under similar conditions and the typical results are
shown in Fig. 3. Thermal stability of the nanostructured
samples is a serious concern for thermoelectric materials
since thermoelectric devices are required to operate at high
temperatures for many years. A thermal stability test was
carried out by annealing the nanostructured samples at
1050 °C for 2 days in air and no significant property degra-
dation was found !shown as the open squares in Fig. 3".

In summary, enhanced thermoelectric properties have
been achieved in nanostructured dense bulk SiGe alloy. The
significant ZT enhancement that is obtained is the result of a
large reduction in the thermal conductivity while maintaining
the power factor !S2!". The thermal conductivity reduction is
mainly due to an enhanced phonon scattering at the increased
boundaries of the nanograins. The enhanced ZT can lead to
new applications, such as solar thermoelectric energy con-
version and waste heat recovery.
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and at above 700 °C, and is higher than that of the reference
sample between 400 and 700 °C.

Figure 3!d" shows the ZT as a function of temperature
for the nanostructured samples and the reference. For the
nanostructured samples, the ZT value shows a maximum of
about 1.3 at 900 °C which is about 40% higher than that
!0.93" of the reference. The significant enhancement of ZT is
mainly attributed to the thermal conductivity reduction,

which is strongly correlated with the nanostructure features
in our samples.

For testing the reproducibility, hundreds of samples were
made under similar conditions and the typical results are
shown in Fig. 3. Thermal stability of the nanostructured
samples is a serious concern for thermoelectric materials
since thermoelectric devices are required to operate at high
temperatures for many years. A thermal stability test was
carried out by annealing the nanostructured samples at
1050 °C for 2 days in air and no significant property degra-
dation was found !shown as the open squares in Fig. 3".

In summary, enhanced thermoelectric properties have
been achieved in nanostructured dense bulk SiGe alloy. The
significant ZT enhancement that is obtained is the result of a
large reduction in the thermal conductivity while maintaining
the power factor !S2!". The thermal conductivity reduction is
mainly due to an enhanced phonon scattering at the increased
boundaries of the nanograins. The enhanced ZT can lead to
new applications, such as solar thermoelectric energy con-
version and waste heat recovery.
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and at above 700 °C, and is higher than that of the reference
sample between 400 and 700 °C.

Figure 3!d" shows the ZT as a function of temperature
for the nanostructured samples and the reference. For the
nanostructured samples, the ZT value shows a maximum of
about 1.3 at 900 °C which is about 40% higher than that
!0.93" of the reference. The significant enhancement of ZT is
mainly attributed to the thermal conductivity reduction,

which is strongly correlated with the nanostructure features
in our samples.

For testing the reproducibility, hundreds of samples were
made under similar conditions and the typical results are
shown in Fig. 3. Thermal stability of the nanostructured
samples is a serious concern for thermoelectric materials
since thermoelectric devices are required to operate at high
temperatures for many years. A thermal stability test was
carried out by annealing the nanostructured samples at
1050 °C for 2 days in air and no significant property degra-
dation was found !shown as the open squares in Fig. 3".

In summary, enhanced thermoelectric properties have
been achieved in nanostructured dense bulk SiGe alloy. The
significant ZT enhancement that is obtained is the result of a
large reduction in the thermal conductivity while maintaining
the power factor !S2!". The thermal conductivity reduction is
mainly due to an enhanced phonon scattering at the increased
boundaries of the nanograins. The enhanced ZT can lead to
new applications, such as solar thermoelectric energy con-
version and waste heat recovery.

The work is sponsored by NASA Grant No.
NNC06GA48G !G.C., M.D., and Z.R.", DOE Grant No. DE-
FG02-00ER45805 !Z.R.", DOE Grant No.DE-FG02-
02ER45977 !G.C.", NSF Grant No. NIRT 0506830 !G.C.,
M.D., and Z.R.", and NSF Grant No. CMMI 0833084 !Z.R.
and G.C.". We are grateful to Dr. Jean-Pierre Fleurial and Dr.
Pawan Gogna from JPL for helpful discussions. X. W. Wang
and H. Lee contributed equally to this work.

1C. Wood, Rep. Prog. Phys. 51, 459 !1988".
2CRC Handbook of Thermoelectrics, edited by D. M. Rowe !CRC, Boca
Raton, FL, 1995".

3C. M. Bhandari and D. M. Rowe, Contemp. Phys. 21, 219 !1980".
4G. A. Slack and M. S. Hussain, J. Appl. Phys. 70, 2694 !1991".
5C. B. Vining, J. Appl. Phys. 69, 331 !1991".
6L. D. Hicks and M. S. Dresselhaus, Phys. Rev. B 47, 12727 !1993".
7G. Chen, Phys. Rev. B 57, 14958 !1998".
8R. Venkatasubramanian, E. Siivola, T. Colpitts, and B. O’Quinn, Nature
!London" 413, 597 !2001".

9T. C. Harman, P. J. Taylor, M. P. Walsh, and B. E. LaForge, Science 297,
2229 !2002".

10S. M. Lee, D. G. Cahill, and R. Venkatasubramanian, Appl. Phys. Lett.
70, 2957 !1997".

11B. Yang, W. L. Liu, J. L. Liu, K. L. Wang, and G. Chen, Appl. Phys. Lett.
81, 3588 !2002".

12Y. Zhang, J. Christofferson, A. Shakouri, D. Li, A. Majumdar, Y. Wu, and
P. D. Yang, IEEE Trans. Nanotechnol. 5, 67 !2006".

13A. Hochbaum, R. Chen, R. Delgado, W. Liang, E. Garnett, M. Najarian,
A. Majumdar, and P. D. Yang, Nature !London" 451, 163 !2008".

14A. Boukai, Y. Bunimovich, J. Tahir-kheli, J. Yu, W. Goddard, and J.
Health, Nature !London" 451, 168 !2008".

15G. Chen, in Semiconductors and Semimetals, Recent Trends in Thermo-
electric Materials Research III, edited by T. Tritt !Academic, San Diego,
2001", Vol. 71, pp. 203–259.

16R. G. Yang and G. Chen, Phys. Rev. B 69, 195316 !2004".
17M. S. Dresselhaus, G. Chen, M. Y. Tang, R. G. Yang, H. Lee, D. Z. Wang,

Z. F. Ren, J. P. Fleurial, and P. Gogna, Adv. Mater. !Weinheim, Ger." 19,
1043 !2007".

18B. Poudel, Q. Hao, Y. Ma, Y. C. Lan, A. Minnich, B. Yu, X. Yan, D. Z.
Wang, A. Muto, D. Vashaee, X. Y. Chen, J. M. Liu, M. S. Dresselhaus, G.
Chen, and Z. F. Ren, Science 320, 634 !2008".

19Y. Ma, Q. Hao, B. Poudel, Y. C. Lan, B. Yu, D. Z. Wang, G. Chen, and Z.
F. Ren, Nano Lett. 8, 2580 !2008".

20C. B. Vining, W. Laskow, J. O. Hanson, V. D. Beck, and P. D. Gorsuch, J.
Appl. Phys. 69, 4333 !1991".

21D. M. Rowe, L. W. Fu, and S. G. K. Williams, J. Appl. Phys. 73, 4683
!1993".

22G. K. Williamson and W. H. Hall, Acta Metall. 1, 23 !1953".
23Data were provided by Dr. Jean-Pierre Fleurial at JPL, which are basically

the same as those in Ref. 2.

FIG. 3. !Color online" Temperature dependence of !a" the thermal conduc-
tivity, !b" electrical conductivity, !c" Seebeck coefficient, and !d" dimension-
less ZT on both as-pressed nanostructured samples !filled symbols" and the
RTG reference sample !solid line", and the sample after annealing at
1050 °C for 2 days in air !open squares".

193121-3 Wang et al. Appl. Phys. Lett. 93, 193121 !2008"

Downloaded 10 Sep 2009 to 130.209.6.41. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

and at above 700 °C, and is higher than that of the reference
sample between 400 and 700 °C.

Figure 3!d" shows the ZT as a function of temperature
for the nanostructured samples and the reference. For the
nanostructured samples, the ZT value shows a maximum of
about 1.3 at 900 °C which is about 40% higher than that
!0.93" of the reference. The significant enhancement of ZT is
mainly attributed to the thermal conductivity reduction,

which is strongly correlated with the nanostructure features
in our samples.

For testing the reproducibility, hundreds of samples were
made under similar conditions and the typical results are
shown in Fig. 3. Thermal stability of the nanostructured
samples is a serious concern for thermoelectric materials
since thermoelectric devices are required to operate at high
temperatures for many years. A thermal stability test was
carried out by annealing the nanostructured samples at
1050 °C for 2 days in air and no significant property degra-
dation was found !shown as the open squares in Fig. 3".

In summary, enhanced thermoelectric properties have
been achieved in nanostructured dense bulk SiGe alloy. The
significant ZT enhancement that is obtained is the result of a
large reduction in the thermal conductivity while maintaining
the power factor !S2!". The thermal conductivity reduction is
mainly due to an enhanced phonon scattering at the increased
boundaries of the nanograins. The enhanced ZT can lead to
new applications, such as solar thermoelectric energy con-
version and waste heat recovery.
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Maximum Output Power

Pmax = 1
2FNA

L ∆T2α2σ

n p p pn nl

lc

lc

hot side electrical insulator, TH

cold side electrical insulator, Tc

metal

metal metal

metal

metal

metal

metal

L

F = fabrication factor

N = number of modules

A = module leg area
L = module leg length

= perfect system – Rcontact – Rseries – Lost heat

Practical systems: both electrical and thermal impedance 
matching is required

Qincident Qreflected

D.M. Rowe (Ed.), ‘Thermoelectrics Handbook: Macro to Nano’ CRC Taylor and Francis (2006)
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Maximum Power Examples

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!

Dense microfabricated
module

bulk Bi2Te3 experiment
Nat. Mat. 2, 528 (2003)

(scaled from L = 20 –> 10 µm)

Micropelt
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Summary

Low dimensional structures are yet to demonstrate the predicted 
increases in α due to DOS

Reducing          faster than σ has been the most successful approach
               to improving ZT to date 

κph

Heterointerface scattering of phonons has been successful in reducing κ

TE materials and generators are not optimised –> there is plenty of 
room for innovation

Waste heat is everywhere –> enormous number of applications
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