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Control of thermoelectric properties

t (Å)

Z
T

Thermoelectric figure of merit ZT for 

anisotropic Bi2Te3 layers of the thickness t
[Hicks, Dresselhaus 1993]
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Si–Si1 – xGex superlattices

Average Ge content

1.7 % 3.5 % 17 %

10 nm 50 nm 10 nm

0.2 nm Ge + 3.3 nm Si

171×, ≈ 600 nm

1.6 nm Ge + 12 nm Si

39×, ≈ 600 nm

2 nm Ge + 1.5 nm Si

171×, ≈ 600 nm

TEM



Thermal conductivity of superlattices

TEM

17  % Ge, period 4.5 nm
1.7 % Ge, period 4.5 nm

1.7 % Ge, period 4.5 nm

3.5 % Ge, period 13.6 nm

3.5 % Ge, period 13.6 nm

In-plane (κ||) and cross-plane (κ⊥) thermal conductivities 

for superlattices with different Ge contents and periods
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Random multilayers

Average Ge content

2.9 % 3.3 %

20 nm

1.2 nm Ge + 12 nm Si

1.2 nm Ge + 12 nm Si
1.8 nm Ge + 12 nm Si

0.9 nm Ge + 12 nm Si

1.6 nm Ge + 12 nm Si

6×, ≈ 600 nm

0.6 nm Ge + 4.1 nm Si

0.3 nm Ge + 5.1 nm Si
0.8 nm Ge + 4.8 nm Si

0.6 nm Ge + 5.7 nm Si

0.6 nm Ge + 3.8 nm Si

34×, ≈ 940 nm



3ω results of random multilayers

κ||

Superlattice

Random multilayer

Superlattice

Random multilayer
κ⊥

Thermal conductivities in a random multilayer (2.9 % Ge) 
in comparison to a superlattice (3.5 % Ge)
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Nanoparticles in thin-film oxide

Fabrication of thin film 0–3 composites
✦ Solid-state reaction 3 SiO2 + 4 Al → 3 Si + 2 Al2O3 

✦ PECVD deposition of SiOx and subsequent crystallization to form Si 

nanodots at the percolation limit; 2 SiOx → (2 – x) Si +  x SiO2

SiO2
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Oxide-embedded Si nanodots

5�nm

Si nanodots

Si wafer
(111)
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The degree of crystallization fc depends 

on the oxygen content x in the SiOx film.
[Roczen et al J Non-Cryst Sol 2011]
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Layer structure of nc-Si in SiO2

2 SiOx → (2 – x) Si + x SiO2



Synthesis of Si particles in Al2O3

Si + Al2O3 composite

Al
Si + Al2O3 composite

Si

Process parameters 
✦ Initial thicknesses dAl, dSiO , 

temperature (500…600 °C), 
annealing time (1…3 h)

✦ Reaction rate ≈ 3 nm/min at 550 °C
✦ Different substrates

500 nm

2



Electrical conductivity of Si–Al2O3 films
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Seebeck measurements of Si–Al2O3 films
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Power factor of Si–Al2O3 films

Thermally oxidized Si

Thermally deposited SiO2

Fused silica substrate
Float glass substrate
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Comparison of thermal conductivities
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Comparison of Si–Al2O3 films

Si–Al2O3 composite
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requires an understanding of solid-state chemistry, high-temperature 
electronic and thermal transport measurements, and the underlying 
solid-state physics. These collaborations have led to a more complete 
understanding of the origin of good thermoelectric properties.

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

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

COMPLEXITY THROUGH DISORDER IN THE UNIT CELL

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

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

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

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

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

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

ZT = 1.1 @ 300 K for
Si–Al2O3 composites 

in thermally oxidized Si

Sb2Te3

Figure of merit for different materials
[Snyder 2008]
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✦ Control of the phonon propagation
Periodic → Aperiodic Si–SiGe multilayers

✦ Realization of the electron crystal–phonon glass concept
Thermoelectric transport in oxide-embedded nanoparticles 

✦ Thermoelectric properties:

§ σ ≈ 150 S/cm, S ≈ 500 µV/K, κ⊥ < 5 W/(K m) 
for highly doped Si–Si1 – xGex aperiodic multilayers

§ σ ≈ 100 S/cm, S > 600 µV/K, κ ≈ 1 W/(K m) 
for Si-based 0–3 composites

✦ Figure of merit
ZT > 1 at 300 K for optimized Si-based thin films

Summary
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