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1. Introduction

To build a sustainable society, it is necessary to reduce 
fossil fuel consumption and carbon dioxide emissions. 
Thermoelectric materials convert temperature differences 
(thermal energy) to power (electric energy) using waste 
heat. They attract attention as technologies used to improve 
the efficiency of energy use. Thermoelectric conversion 
efficiency is an increasing function of the dimensionless 
materials figure of merit*1 ZT. Therefore, strong demand 
exists for improved ZT to achieve high efficiency. At 
present, ZT remains between 1 and 2 (conversion efficiency 
is approximately 10% when ZT = 1), while it is necessary 
to achieve ZT ≥ 4 for automobiles to recover waste heat as 
power for improved fuel efficiency.(1) Accordingly, when 
developing a thermoelectric material, the issue is to control 
ZT. ZT comprises the following physical quantities, as 
expressed below.

ZT = S2σT/κ = S2σT/(κele + κlat) ................................  (1)

where, S is the Seebeck coefficient,*2 σ is the electrical 
conductivity, T is the absolute temperature, κ is the thermal 
conductivity, κele is the electron thermal conductivity, and κlat 
is the lattice thermal conductivity.(2) Among properties that 
need to be controlled, we worked on the lattice thermal 
conductivity. We made it possible to reduce it to 1.1 W/mK 
(from the previous 8 W/mK) by fabricating nanostructures*3 
measuring approximately 5 nm in an amorphous material.(3),(4) 
The other controllable factors are the Seebeck coefficient, 
electrical conductivity, and electron thermal conductivity. 
These are known to be determined by electronic structures 
such as the density of states near the Fermi level. (It is 
necessary to control the Fermi level to ensure the electronic 
structure < ±3kBT, where kB is Boltzmann’s constant.)(5),(6) 
Accordingly, if it becomes possible to form a characteristic 
artificial electronic structure near the Fermi level, an 
effective means will be created for improved thermoelectric 

characteristics.
Techniques for controlling electronic structures have 

been proposed that modulate the density of states by means 
of nanostructures, such as quantum wells, quantum wires, 
and quantum dots.(7)–(10) However, no significant improve-
ment in ZT has been reported.(10)–(16) Reasons include that 
the position of the Fermi level is not controlled with respect 
to the formed electronic structure and that the number of 
states*4 that contributes to electronic transport is inherently 
small. (For example, a 1 nm quantum dot accommodates 
only two electrons, i.e. 0.05 electron/atom. This number of 
states is too small, by an order of magnitude, to contribute 
to electronic transport.)

To overcome this challenge, we noted transition 
metals with d-orbitals to form a new level that has a suffi-
cient number of states. Transition metals with d-orbitals 
when used as a dopant at a few percent are expected to 
form a new level with a number of states of a few electrons 
per atom. Meanwhile, because the solid solubility of a 
doped element is low to single crystals, we noted amor-
phous materials with the aim of increasing the solid solu-
bility. Incidentally, in general, thermoelectric materials 
with a non-uniform density of states (band gap) show good 
characteristics. Therefore, an amorphous silicon-germa-
nium (Si-Ge) material was selected as the base material 
due to its characteristics to generate a band gap despite its 
amorphous nature.

This paper reports on our achievements using amor-
phous Si-Ge: in order to form a new level, amorphous 
Si-Ge was doped with gold (Au), a transition metal with 
d-orbitals, moreover, to control the Fermi level, doped with 
boron (B). This co-doping technique demonstrated 
improved material properties and achieved the world’s 
highest(17)–(24) materials figure of merit ZT = 1.38 compared 
with the same materials of the same type.
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2. Fabrication Method

A molecular-beam epitaxy system was used to make a 
film, on a sapphire substrate at room temperature, of alter-
nating layers of approximately 1 nm Si, approximately 
1 nm Ge, 0.1 nm Au, and approximately 1 nm Ge, for a 
total film thickness of 220 nm.

Additionally, B was supplied during the film formation 
process and controlled to 3 atomic (at) %. The fabricated 
thin-film specimens were subjected to heat treatment at 
300°C for 15 min or at 500°C for 15 min to disperse Si-Ge 
nanoparticles (single crystals a few nanometers in dimen-
sion) into amorphous (a-)Si-Ge, as illustrated in Fig. 1. 
Doped Au and B were dispersed in the amorphous material 
and the nanoparticles.

The Seebeck coefficient was estimated through 
measurement of the thermos-electromotive force generated 
when a thermal gradient of a few Kelvins was applied at 
both ends of the specimen. The electric conductivity was 
measured by the four-terminal method. The thermal 
conductivity was measured by the thermo-reflectance 
method (pico-TR). The materials figure of merit ZT was 
estimated based on the measured Seebeck coefficient, elec-
tric conductivity, and thermal conductivity.

3. Calculation of Electronic Structures

First, suitable transition metals were explored through 
first-principle calculations. The calculation was made using 
Si as the base material for the sake of simplification. (Si 
and Ge make up a complete solid solution and form a 
diamond structure throughout the composition range, 
exhibiting very high affinity. Meanwhile, mixed Si-Ge 
crystals take an enormous number of atomic position 
configurations, requiring a very long calculation time 
before getting an overview of the results. Therefore, we 
determined that the use of Si as the base material for the 
calculation would be appropriate for an overview.) The 
calculation used the full-potential linearized augmented 
plane-wave in generalized gradient approximation 
(FLAPW-GGA) method implemented in Wien2K. This 
paper refrains from showing the calculation results for all 
transition metal elements since space does not permit. 
Based on the linear response theory,(5) we determined that 

Au would be promising as a dopant element with the 
potential to improve the materials figure of merit.

Next, we conducted first-principle calculations of 
plural proportions of Au to ascertain the position of the 
level formed by Au and its density of states and to under-
stand likely suitable proportions of Au (Fig. 2). Figure 2
reveals sharp formation, within the band gap, of a level 
derived from Au at an approximate proportion of Au of 1 
at%. At higher proportions of gold, a broad level was 
formed because of 4d-orbital overlaps. According to the 
linear response theory, to improve the materials figure of 
merit, it is necessary to form a sharp level with a high 
number of states near the Fermi level. The calculations 
revealed that doping of Au at a few percent was sufficient 
for improving materials performance.

4. Improving Materials Figure of Merit by 
Co-doping Technique

The next step was to dope the specimen with B in 
addition to Au, with the aim of controlling the Fermi level. 
Figure 3 shows the dependence of the materials figure of 
merit ZT on the proportion of Au, using the doping level of 
B as a parameter. The doping levels of B shown on the 
graph are 0 at% and 3 at%. The materials figure of merit ZT
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Fig. 1.  Image of nanostructured Si-Ge thermoelectric material
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Fig. 2.  Density of states of Si:Au calculated by first-principle calculations
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was calculated on the assumption that the thermal conduc-
tivity would be constant even at elevated temperatures. 
(This assumption is more or less valid because the electric 
conductivity of the specimen decreasing with temperature 
makes the contribution of the electron thermal conductivity 
negligible.) Both curves representing two doping levels of 
B exhibit finite maximum values with respect to the 
proportion of Au. The materials figure of merit ZT was 0.9 
for doping levels of 3 at% for B and 0 at% for Au, which is 
almost equal to the maximum value of p-Si-Ge reported.(18)

By contrast, co-doping of Au and B, with the doping level 
of Au being a few atomic percent notably allowed several 
specimen to exhibit ZT > 1 with good reproducibility. The 
result is clearly owing to the effect of co-doping with Au 
and B. We demonstrate that the performance of the thermo-
electric material remarkably improved because B 
controlled the Fermi level to be near the new level attrib-
uted to Au.

The highest materials figure of merit, ZT = 1.38, 
appeared at 1,100 K. The Seebeck coefficient, electric 
conductivity, and thermal conductivity were 170 µV/K, 
4,780 S/m, and 1.09 W/mK, respectively. This materials 
figure of merit is the world’s highest when compared with 
the same materials of the same type, proving the effective-
ness of the novel co-doping technique advocated here.

Finally, the new level formed by Au will be explained. 
Figure 4 presents the optical absorption characteristics of 
thin Si-Ge films using doping level of Au as a parameter. 
The graph reveals that in the proximity of 1 eV, the absorp-
tion signal increased with increasing doping level of Au. 
This suggests that, as predicted through first-principle 
calculations, dopant Au formed an impurity level in the 
band gap. Thermoelectric performance can vary and 
improve when a new level is formed by Au near the Fermi 
level, in line with our proposal based on the linear response 
theory. As a future, we plan to measure the new level with 
an ultra-high-resolution photoelectron spectrometer to 
clarify detailed electronic structures.

5. Conclusion

This paper proposed a novel co-doping technique 
based on the linear response theory with the aim of 
achieving high materials performance. More specifically, 
our proposal is to form a new level by doping Au and 
control the Fermi level by doping B. Our findings are as 
follows.

Co-doping of Au and B into Si-Ge demonstrated the 
world’s highest materials figure of merit ZT = 1.38 (at 
1,100 K) compared with the same materials of the same 
type. It is highly likely that this materials figure of merit is 
attributable to the formation of a new level by Au and 
control of the Fermi level by B.

We propose the present co-doping technique as a 
method with the potential of remarkably improving the 
performance of thermoelectric materials. Theoretically, this 
technique is applicable to other thermoelectric materials as 
well. Our future plan is to additionally improve the perfor-
mance of thermoelectric materials by following the theory 
and adjusting electronic structures, and to apply our mate-
rials to waste heat power generation.
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Technical Terms
＊1  Dimensionless figure of merit, ZT: A dimensionless 

quantity used to represent the thermoelectric 
conversion performance (efficiency) of a material. 
Thermoelectric conversion efficiency ζ is given by 
the following equation: 

B = 0at%

B 3at%

Au composition (at%)

ZT

Fig. 3.  Dependence of materials figure of merit ZT (maximum value) on 
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Fig. 4.  Optical absorption coefficient characteristics of Si-Ge:Au
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	� where, Th and Tl are the higher and lower 
temperatures, respectively, and T is (Th + Tl)/2. This 
equation shows that thermoelectric efficiency ζ 
increases monotonically as ZT increases. This means 
that increasing ZT is essential to the development of a 
thermoelectric material.

＊2	� Seebeck coefficient: An intrinsic physical quantity of 
a material, which represents its voltage generation 
characteristic under a temperature difference. 
Assuming a temperature difference of ΔT generates a 
voltage of ΔV between the hot and cool points of the 
material, its Seebeck coefficient is then calculated as 
−ΔV/ΔT.

＊3	� Nanostructure: A structure composed of crystals a 
few nanometers in size. The presence of crystal 
structures inhibits heat propagation and therefore is 
expected to control the thermal conductivity to low 
levels.

＊4	� Number of states: A number that expresses how many 
electrons can be accommodated at a level where 
electrons can exist; the number of accommodated 
electrons; integration of the density of states with 
respect to energy. The higher the number of states, 
the greater the influence on the electron transport.
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