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熱電発電を用いれば，無駄に捨てられている廃熱や未利用熱から電力を生み出すことが可能で

ある．熱電発電は，この特徴から低炭素・省エネルギー社会を構築する為の基礎技術として期待

されている．熱電発電素子の性能は，素子内に使われる材料の物性（電気伝導度 σ，ゼーベック係

数 S, 熱伝導度 κ）で決定される無次元性能指数 ZT = S2σTκ–1の増加関数であり，世界中で，ZTを

大きくする材料開発が行われている．大きな ZTを得るためには半導体的電子構造が望ましく，有

効質量，移動度，キャリア濃度を指標とする半導体電子論に基づく材料開発が長年行われてきた．

しかし，室温以上の高温で使われる熱電材料においては，半導体電子論で基礎となる放物線的バ

ンド構造が良い近似ではなくなる場合が多く，新しい開発手法が必要な状態であった．さらに，

単純なデバイモデルや，単一のアインシュタインモードを取り入れたデバイモデルなどでは，格

子熱伝導度を十分に理解し，制御することができない．講演者は，これらの問題をいち早く指摘

するとともに，より詳細な電子構造解析に基づき ZTを高める材料設計指針を提案している．  

大きな ZTを得る為に必要となる電子構造の条件は，(E1)10kBTA以上のバンドギャップ（TA：応

用する際の最大温度），(E2)バンド端から数 kBTA程度の範囲における状態密度の立ち上がり， (E3)

同じエネルギー領域におけるスペクトル伝導度 σ(ε,T）（= (1/3)N(ε)vG
2(ε)τ(ε,T）：等方材料で緩和時

間近似が良く成り立つ場合）の急激な立ち上がり，および，(E4)バンド端近くに定義できるフェル

ミエネルギー（縮退半導体であること）である．さらに，格子熱伝導度を小さくするために，(P1)

複雑な結晶構造，(P2)ラットリング，(P3)重い不純物元素，(P4)非調和格子振動，(P5)階層的散乱構

造などが実現していると良い．開発する材料は，(E1)〜(E4)の全てを満たす電子構造と，結晶構造

に(P1)〜(P5)のいずれか，または，複数の特徴を有する必要がある．さらに，フェルミ準位を調整

することが求められるため，元素置換を用いて多元系になる． 

我々は，上記の考え方に基づき，Si-Ge 系材料に対して，

ナノ結晶化することで階層的散乱構造を作り出した．また，

不純物元素 Xでバンド体の電子構造を建設的に変調させる

と供に，フェルミエネルギー近傍の電子構造に影響を与え

ずにキャリアを供給するドーピングする Y元素を導入した．

その結果，世界最高性能（ZT = 3.7）を示すバルク Si-Ge-X-

Y熱電材料の開発に成功した．1) 講演では，設計指針と開発 

結果をより詳細に報告する． [1] S. Ghodke, T. Takeuchi et al., arXiv:1909.12476, 2019. 

 
図１ 開発した材料の ZT [文献１] 
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Figure 6. Temperature dependence of ZT (a) Measurements for supersaturated Si-Ge-Fe-P are compared with 
nanostructured reference samples in the heating process,25,26  (b) Heating � cooling cycles performed to observe 
the thermal stability, and (c) estimated efficiency of energy conversion as a function of average operating 
temperature for SM#2 (cooling), SM#3 (heating and cooling). Multiple samples showing reproducibility of ZT > 
3.6. 

The maximum thermoelectric efficiency of the device was calculated by 𝜂 =  𝑇 𝑇
𝑇

𝑍𝑇

𝑍𝑇
 , where Th and Tc 

is the hot- and cold-side temperature and Tavg = (Th + Tc)/2)1. The ηmax as a function of average temperature was 
plotted (Figure 6c) in the operating temperature range of 300 K to 1073 K. Here, the Tc = 300 K was used for Tavg from 
300 K to 673 and Th = 1073 K was used for Tavg from 723 K to 1073. An impressive ηmax = 20.52% was observed for 
SM#3 in cooling cycle, while 15.12% (heating) and 10.57% (cooling) for SM#3 sample. To confirm such high-
efficiency values, the ηmax was validated by using Snyder et al. method61 (Table S2). Where the ηmax = 18.6 % was 
estimated corresponding to ZT = 1.1 in the operating range on 300K – 1073 K. Thus, in terms of practical application, 
this are breakthrough results for the high-temperature bulk thermoelectric materials.  

 
DISCUSSION 
The absolute values and the temperature-dependent behavior of the transport properties (S, U, N) in the heating-

cooling cycles were related to the three critical parameters, i.e. (a) volume fraction of the amorphous-like or 
disordered nanostructure, (b) Fe incorporation in supersaturated phase, and (c) effect of precipitation or phase 
transformation. The amorphous-like nanostructure produced by the high-energy ball milling possesses 
microstructural defects such as point defects, line defects/ dislocations, grain boundaries responsible for scattering 
phonons and carriers. Thus, affecting the absolute values of the electrical resistivity and thermal conductivity. 

The higher Seebeck coefficient was in good agreement with the presumably formed impurity peak of Fe 3d at the 
conduction band edge, while the difference in the synthesis condition, i.e., 10 h milling and 60 h milling could cause 
a difference in the chemical composition. In the EDX composition showed a finite difference in the Fe incorporation 
0.6 at.% and 0.9 at.% for short (SM#3) and long (SM#1) milling sample, respectively. The above results hint a study 
on Fe concentration-dependent transport properties that could be done in the near future and would be published 
elsewhere.  

The USM#3 < USM#1 over the temperature range should be due to a difference in the volume fraction of amorphous-
like disorder. Slightly larger crystallite or grain sizes (15.80 ± 0.5 nm) for SM#3 compared to 13 ± 0.5 nm (SM#1) 
could represent better crystallinity, which means the formation of a superior conduction path for the charge carriers. 
A distinctive negative temperature coefficient of resistivity (TCR) was observed in the heating cycle for all the 
samples. The exponential decay in electrical resistivity could be misinterpreted for semi-conductive nature caused 
by electron � hole excitation. We strongly deny the contribution from electron � hole excitation in electrical resistivity 
because the supersaturated phases were heavily doped with large amount of 10 at.% P. Along with, Seebeck 
coefficient shows increasing tendency with the temperature, and thermal conductivity shows weak temperature 
dependence. The bipolar-diffusion range (the temperature range of electron � hole excitation) was 800 � 1173 K, 
where the degradation in transport properties, that is a decrease of |S| and increase of |κel|, was observed.  

Another possible mechanism for the negative TCR is hopping conduction, which is known to possess similar 
negative TCR. The origin of hopping conduction is related to the hopping of carriers with thermal excitation energy 
from one to another localized-state. The localized states are formed in the bandgap of the disordered or amorphous 
semiconductors. 62–70 The hopping of the carriers to the nearest neighbor empty site is the Nearest-Neighbor Hopping 

Page 9 of 15

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

第81回応用物理学会秋季学術講演会 講演予稿集 (2020 オンライン開催)8p-Z28-5 

© 2020年 応用物理学会 100000001-084 T16


