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Figure 1 Timeline of ZT for several typical thermoelectric materials systems. ZT of filled skutterudites in this work are symbol by solid
circles (red).

707



JRE TR A SR B A ALRE: A IR 2 3

YIRS R R, 2 5
T RE T M A 11 R R X I S I G 5 T B A I i R
G JEM BT Seebeck FREAR/INE i T H A 9K (Fermi)
R I ~kp T fiE 530 [ Y (1) H 0 R R B AT D iR,
G M A ST LI AK Fermi G827 BT 1) HL 1 25 5 R
oA 5 — e R _ Bt Ael2.

A g S B R W 5 oA N ) A H b B BB AT
—E RN PARAE, B ZTMH. %1 0 #b AR R
I, AR 4 800 K A1 300 K I AN[H] ZT {E X}
IV P B AEL A P 40 5 3R R N (1) 53¢ /)N Seebeck R EL(HE
(g FARSGE AR, WER B, W55 2R A 1)
KA, W ZTEEER S, R ZT > e A
ATRESERR N, R H B K IR ER, ZT>2 2 H
e DU AR R L A 0 20 2R A B T Tl LI R T L
YRR & B ALl, M 28 5 3 2 2[R 2 2k
HRR, W,=LoT, XH L4 Lorentz %, XI4:)E
Bl L=2.45x10"° V? K2 4 5hks S5 % g
AN (1> 1), ZT =S/, BIEEE B — 5 1 3 0%,
Seebeck F K H AL —E KN, B ZT=(S* ol )T
A AT A B, 7T LLUE 2] Seebeck R EIA | — e #(H
AV REA R ZT {8, BARREdE W 1.

#1 —FEET (800 K, KiE 300 K)RF 27T &%
PR L AEL A B A 5 S AR RO B ) 4% G A R B AR IR R 2
Seebeck R, MIFHFERENZE, Lorentz HELH L=
2.45x107° V2 K?

Table 1 ZT values corresponding to thermal electrical conversion

and minimum Seebeck coefficient at certain temperature difference
(T;=800 K, T;=300 K). x;=0, L=2.45x10"° V> K>

ZT 1 2 3 4
L 015 022 029 0.3
Seebeck & H(LV/K) 156 221 271 313

20 A0 40 FEAR- P AARDRLREAY 45 K ML 1R 57
FEAR KR SC At TR A g, L Toffe 24X
R RORL A I T RE G5 I &5 & Bt 1 s 2
WARGE G T AR e &S0 B8 5 S,
i EE RS R — 2 NELE B T Seebeck 5
BB FEZMMNERERROLE 2P BTt
UUE Y, SR GE SRR R, f EE R R
B IR L A TERE, (HoZ Seebeck KL
5 R WM RO TR R R, R
MBS R IR m{H Seebeck REUN/D, A%k R %
Seebeck FRHUAR i {H AL FORAR, PR LU o R

708

AR ZrE HL T3 Seebeck REUMAZ I
e, L SRR Dy E R AT A& B TR
B i, XA L AF RIS TR RE I SR 2, G b nT BATE
FERT RN [ 4 AP L 06 2 A S8 [ By NAE~(5~10)kgT
i 9 B 3 DU (B 1000 K) A bR e, E, N AE
~0.2 eV(5 0.6 eV)PHIT, X2 HL R 75 25 2 SR 4 R
REE. ISR I — B B, 4K 2 HOC
TR R A 1) B L Al 5 92 B A A XA I R
JE LRI

S 3\
n~10" cm?
K
I/

Ke
K

-— n

Insulators ~ Semiconductors Metals

B2 #HRTFIRESHFHE, Seebeck REMHMFHLRM
~EE
Figure 2 Relationship between carrier concentration and electrical
resistivity, Seebeck coefficient, thermal conductivity.
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Figure 3 The conventional crystallography unit cell (light dashed

line) and the primitive cell (thick solid blue line) of skutterudite

structure. A and B represents different filler atoms. This figure shows
a full filling pattern (A, B: 2a; Co: 8c; Sb: 24g).
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Figure 7 Filling fraction limits (FFL) for alkali-metal in CoSb3

structure at 1000 K, high FFL (>60%) has been conformed in

experiment. The FFLs for K, Na are both higher then Ba as shown in
the picture [41-44].
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and Yb [47] are also shown in the figure.
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red line is trend for the eyes; (b) theory Seebeck coefficients of single-fi

lled CoSb; as a function of donated electron numbers in unit cell CosSb,

at 300 K, the black line is result of rigid band approximation in pure CoSbs.
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Figure 17 (a) Theory power factor as a function of donated electron numbers in unit cell CosSb, at 850 K, the unit of S*ois uW/em K%s; (b)

Measurement power factor as a function of carrier concentration,
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including the calculating results of Ba and Yb filled skutterudites.
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Figure 18 Relationship between energy diffirence and distances
departure from the equilibrium position on [111] direction. The
different lines are fitting of a parabola.
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Table 2 Spring constant k and resonant frequency ay of the filler impurity, when simplifying the interaction between the filler and surrounding
atoms as a spring, in the [111] and [100] directions of Ij125C04Sby,. I represents the filler element. Available experiments data are also list in the

table.
| Mass (107 kg) [111] [100] Expt.
k (N/m) @ (cm™) k (N/m) @ (cm™) @ (cm™)
La 23.07 36.10 66 37.42 68 55
Ce 23.07 23.72 54 25.18 55 55
Eu 25.34 30.16 58 31.37 59
Yb 28.74 18.04 42 18.88 43 40
Ba 22.81 69.60 93 70.85 94
Sr 14.55 41.62 90 42.56 91
Na 3.819 16.87 112 17.18 113
K 6.495 46.04 141 46.70 142
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Figure 19 (a) Phonon spectrum of Sb in CoSbs;; (b) phonon
spectrum of Yb in Yb filled CoSbs;. From (b), we can see the
interaction between vibrations of Yb and lattice Longitudinal
Acoustic Phonon (LA). The freqnency crossing between Yb, La, Ba,
Na and LA are labled in (a), the breaking up is similar as that of Yb
in (b).
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Figure 20 Comparison of lattice conductivity between experimental and theoretical fitting value by eq. (8). (a) Na filled CoSbs; (b) Ba filled
CoSbs. The calculation results of vibration frequency for filler atoms are used in the fitting figure, see Table 2.
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Figure 22 From single- to multiple-filled skutterudites: (a) Lattice thermal conductivity as a function of filling fraction; (b) temperature
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Research on traditional thermoelectric (TE) materials with narrow bandgap have made great progress in recent years.
Here, we primarily reviewed the study on CoSb; skuttuerdites with intrinsic crystal voids that could be partially filled
with various filler atoms for TE performance optimization. By combining experimental measurement of
electrical/thermal transport properties and theoretical study of electronic structure and structural stability, we
analyzed the fundamentals in understanding the filling behavior of fillers atoms in the voids, and provided a few
guidance rules in simultaneously optimizing electrical and thermal transport properties for thermoelectric
performance optimization. By following those rules, nearly independent tunning of electron and phonon transports
can be achieved in these caged compounds. As a result, these partially filled skutterudites basically satisfy the picture
of the ‘phonon glass-electron crystal’ paradigm, and TE figure of merit (ZT) was pushed up to reach 1.7@850 K,
highest among all reported bulk TE materials. The general discussions could also provide guidance in searching for
novel thermoelectric materials.
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