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Half-Heusler compounds such as MNiSn for n-type and MCoSb for p-type, M = Ti, Zr, Hf, show relatively high
thermoelectric figure of merit (Z7 = ~0.8 for MNiSn and ~0.5 for MCoSb) at 700-1000 K, thereby they are known as
promising high-performance thermoelectric materials applicable for power generation devices in exhaust heat recovery
systems of automobiles. Recently, the ZT values have been improved by applying various methods such as
nanostructuring and band engineering, and Z7 > 1 have been achieved in some half-Heusler compounds. In addition, a
new p-type half-Heusler compound FeNbSb has been developed. In this review, we summarize the history of
half-Heusler compounds as thermoelectric materials and review the representative results for their improved
thermoelectric properties.
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Fig.3 Crystal structures of (left) full-Heusler compound:
Fe, VAl and (right) half-Heusler compound: ZrNiSn.
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Fig4 Density of states of (left) full-Heusler compound:
Fe, VALl and (right) half-Heusler compound: ZrNiSn.

Netsu Sokutei 43 (3) 2016

93

[SEg—3

DX BN ERRRREICH LT, BT EMRE R
ELLOMENEE L, #IZ, Fe,VALIZIR U TZ DOEA AN
LTS, M 2w, Tk A 2T —(bEY,
N=THRA AT —AELEY T IICBWTY, FICHETSE
DOEHUZ L > THE FEVMRER 2R S L 5 LT 5 A0
£ ENTND

REWPY R N—THRA 2T — (kG E LTL, THETIZ,

n BB L L Cid MNiSn (M =Ti, Zr, HO2S, p Btk & LT
mwmﬁuM Ti, Zr, HO B EVE S B TR SN TE TR b,
ZIZEIL 700~1000 K & W9 HE RIS 38U TR AT i
ZT %29 2 EMH LI ENTE TV D, AL HE DS R
Z2eft, R THAZ L bH-T, N—THRA AT —(bLE
WIENEM BN, FI, BEIHEOPEEAEAT NS RS T
XHAYURMEE LTHERSNTE S,

WEHiNBIL, N—TKA AT —(LAMITKY, ZDOEE
MELE L COMERREEIR 2 5EN 35, BERNICE, 24FE
MELE L TON—T KA AT —{bEO HBL) S MR L
WA CITh T & 7ok 2 R B0 fL%, PEgEm Bz mir ¢
OFMEE (TR A AT —HOBAKRT /7 Hick =%
¥%74w5uyﬁﬁ%x%ﬁﬂ%%,%ﬁm%ﬂ%zt
TFIERR%E (BAARRCEIRZ E e, HEE TR &
WZDOWTHRITT 5,

3. MBMEPEELTON—THRART—ILEY
MERFKEIM

FEHELIL, INETITONTEIN—T KA 2T —1{k
é%ﬁﬁﬂﬂ@ﬁ B %, LLNDRODAT— VI 55E
LTWb, F—HNE, N—T5A AT —(LEWMNEEME

kbfmﬁéﬂ I CARIRBNE W PE DR S e 1989~
2000 4F, ML, F—E U kb F v U 7 EOR K
TR BRI & BT BRE RO & W o 7208 o Bk
REHERHC L 0 BVERHE O EAX BTz 2000~2007 4,
F=NE, T ERIC X DT EMEE RO & E s
PE S PERE BN S A7 2007 AR~ HRAE, 5 U, ARSHE,
BRIZF 7T 7 VR A AT — ML D =R F—T 4 L&

U2 7RI X0 R _E AN B ATz 2011 AE~FAE, B
1L, MNiSn <2 MCoSb (21> % FidT L & LT FeNbSb 73
FEITZ 2014 FE~BUE, HEAHIE, ~N—TF A 2T — (kD
Wi DAERR SN BB ER TS 20 e S iz
2015 FE~HITE, T%éouT,%x%meﬁﬁéﬁ%%
ﬁﬁhd&%%ﬁmlbfbvg

—HICIX, F97, 1989 L& 1990 4EIZ, Aliev HIZ
memmM=nzmm@ﬁﬁﬁﬁwﬁaﬁ%%Lﬂﬁi
Entz, PO RN, 1995 4E, Ogut 512 & > T MNiSn @
BFREEN S —FERFEIC X BECigE S =, 1 Th
D OWFFE %8 U C, MNiSn Z—7 KA A7 —{LEW i E
WIEBAEMEHIIR Y 92 Z LR EIND L H 1o 7=,
& 51T, MNiSn o/ —"T KA A7 — (L& LTI, 1999
H, RIEBED M 2@ U CIEFICE W —_ y 7R
NEBRIICHER SN0, ¥ 4~700 K DIEVEEE TO
ENEYMEFNAE U Tl e R— X0 RAMEREINZD L
7o 19 —F, 2000 4EITIE, MCoSb % n—T7 kA AT —{L,
AL CH, KRAEMEFZE L TEVE—y
T IRBORBNHER STz, 20 FEER, REHRA—T R
A AT —bAmE LT, nBBENE LCld MNiSn 723, p
BEFE LTIE MCoSb 28, ZNENEHINDICE->TW
%

BT, W TR 72 MNiSn R MCoSb (1%t
LG, Fv U TIREORELCHRBETHRELIC K D13
[REROER & Vo TR O R GRS b & D < BB
Mo RN ZL hanl, REBEHRBREE LTI



n B TiNiSn @ Sn %A b ~D Sb F—t'> 7 (HAHR+D K
wAk), 2V n % ZrNiSn,,Sb, @ Ni ¥4 ~o> Pd #E#t (ZT =
0.8@800 K), * [FlfE TR EHU L 5 K1 Bm B KR oD B
FEIENT, 2 n Y ZeNiSn,,Sb, @ Zr ¥4 F O Ti & Hf D
MEEH (ZT = 1.5@700 K), ** n %! ZrNiSn,_,Sb, ® Zr %A
ko Hf E#: (ZT=0.8@1000K), * p B ZrCoSb ™ Sb ¥
A F~® Sn F— t/a(m‘owmmomZQ&Eﬁéﬁ
Y L) T, Fig.5 & Fig6 2, K ZT=1513#HES
AU72(Ti,Zr, HD)NiSn,_,Sb, D& FEENEW M L ZT OIREKAT
P ERL, FOF—F BWEET 5,

- -
0 = —

6 T I T T T
5 | . | & (ZrgsHiaglosTiosNiSn
- L[] | O (ZrosHfys)osTiosNiSno seaSbo ooz
E 4 | @ A (ZrysHfyglysTiosNiSng gesShocos
Lo '..; 2 (z"n_sl'ﬁu.!)u.s.riu.s"is"'c9905bomo
E 3] fog, . :
DDDUDE '.
QU 2 Dununnnung oio-..
L -;33;3333333333333302388
0 ;
-100 §
-150 oo, = =
i 5
g -200 A ®0000 %00 .
> e TYVS (o7 o
= -250 Dong “*AAA; R~
= ‘ Oopgg, ey L 0 =
a -300 ‘.o.... nDDEIDI‘.'IEEln
-350 ! ...'...... ..
-400
40
< 35 .
e 088
Z 30 ﬁ“loc.u.uoocg'aa ..‘
S E‘lﬁaﬂﬁaa°°°--"
25}
20 " R L
200 300 400 500 800 700 800

Temperature (K)

Fig.5 Temperature dependences of the electrical resistivity (p),
Seebeck coefficient (a), and thermal conductivity (x) of
(Z1o sHfo.5)o5Tig sNiSn,.Sn,.. *¥

1.8
1.6

@ (ZrggHfys)psTigsNiSn
| @ (ZrosHfs5)o s Tio sNiSmg 005 Sboco: -+
W (Zrg sHfy o5 Tig sNiSNg a¢Sbi cos
& (2rysHfp 5o s TigsNiShg, Fwsbomu e
O ZrysHfpsNiSn
- Zro SHfUSN'S”OMSbom —-gu Agtiag

ZT

400 500 600
Temperature (K)

0.0
200 300 700 800

Fig.6 Temperature dependence of the dimensionless figure of
merit (Z7T) of (Ti,Zr,H))NiSn,_Sn,. **

94

B

Fig.5 121X, ZNiSn ® Zr %1 % Ti & Hf TEH# LD
ZC, Sn YA b% Sb CTiEffh LizslEloBESMIPTR, €—
Ny 755, BMEEROBERFEN RS TS,
Zr VA B EFERRO Ti & Hf TE#HT 5 2 & TRT-EVRE SR
OEWAEK Y, 7D, Sn A b EMEKDEZD Sb TEH
THIETHXY Y TIREOKEELPR OGN TS, 22T
%, Zr A b~O Ti & Hf OBEHBREIIEE SN TEBY, Sn
ﬁ%%A@Sb%@E@ﬁﬁWbewé Sn HA b~

EHREOEINIAENVERIBIIRE -y 725K DH
ﬁﬁia% D LTS, £, BRIEHIRORERKSE
PRI, ERPZEEN S S RAEEI~ L 2L L T D
ﬂ%@@ﬁﬁBSn#4km®Sh%@ X, xxV7,

ZOGEITEFORENEIML TNDZ EDNHETE D,
—J7, BEERIZEL T, WPRoRES RS TR VE
ZaRL, 2, Sn VA b~ Sb BHEORINIES TS
SICBRHERITETT 5 L WV IHIEENE LN TND
TR ST BB ORLARAR AT ONTIR B AR,
TNHEYRLIICAZIT NS,

Fig.6 121X, TN HOBEMMEZ G LICEH L ZT @
BERFMENREN TS, 2 2T IRRE LRI PR N
L, BRT700KIZBWT ZT=1.5 &\ ) D TEVMER
o TWwWb, R, 0L X OMKIZ
(ZrosHfo.5)0.5Tig.sNiSng 993Sng 002 T HD,

INHORREZ T, ROV TS
OIBRNRA BN, LLRRs, BIEETIZZINL )
REW ZT REBR SN E WO BT ST,
LT, EE5IIUTO=Z20EEKF LT\ 5,
O FApkFREE DR X

WE SN TV LB O LTI, (Ti,Zr,HONiSn, ,Sb,
DRTLHRTHD THEMER LD L 72> TS, Mz T, 3
DOYERIIT — 7 EIRIZ L 0TI TR Y, TOEE, ShbIidR
GIFEIRTDHENTRING, Thbb, EERYy
TIREFFEIIREEL 705, I 51, 1RO Zr LOVHF 21T,
—&IZ, FnEN, H%OH KO Zr g EN WD
DX D IRED RO TR EDMEIC S KB e 5 2
TWDHEEERH D,
©@ HLFEFUEHER o F # <

AR o TR T O BEARGEI O BRI IER I LWV e S
BN d 5, BARRICIE, (Ti,ZrHONiSnSb, D & 5 2% 5y
FRCHMRBOEREZR AT EZA, Ti UV vy TF R —T7K
AAT—HE Ti TTHRA—THRA RT—FRICHSEE LT
EVH ZERBRESRTVS, P
@ Fcit 72 PRI 23 A< B

RIS JE N BB
X, O TV
5, EBIT, kAR T Ay — L THEICHET 2 LT
ERIVFEIC R E 72 BE 5.2 5 Z L 72 < BMRE RO RK
WMCTEDZENRENTND, TNETIZARINTNDB
RTIE, 2O LS el oL+ e S ATV e
ST-AREMEN B 5,

FER, BEx RIS CIEREN A b OO, ZT > 1.5 R
HETELLVWOMETZNETIZRINTO RN, 20
ZEMD, OWEIFET, N—7KA 2T —{LEBIZE N
THEERICHH T % 2T OKfER, » BT 0.8 &, !
pRITOSIRE® LEZ LN TV, & ZANKITIIR >
T, W ODDON—T KA AT—(bEWIZBNT, ZT =1
EBZDEIREENRA LREEND LS oT, L
%,_h6®ﬁ SR A =, SEPUH, AT EIL

THENT 5,

5BEHTTIE, BONERREIE, L v b, ik
% ¥ BB SR ORI & Z VSR D PR BN S v T
Do 2007 FEZ AN BIRFIZHISE S LA L DIy, BIfED

-
o =

- -
0 — —

|72

-
—

-
o —

252 DBIIRE VN, BRI
R OBE R RIRIAR T

FELXL

Netsu Sokutei 43 (3) 2016



RPERERVEA B E L THIfF S D N —T A X T —(LEW

BT D, REM RS & LTIE, TiNiSn,,Sb, (1% LT
D fli GBI &A% F BV B R o A8 R B O R, R
WIRE L BT 7 A~ ek A A b - RIECRER L
M) A FiW & & F 72 WHEA O a8 (HEZr)NiSn,,Sb,
(ZT=1.0@1000K), * R—/L I )Ltk y hF L RAEFA
Gl PIETERLUZAESRA 200 nm o p B
(Hf,Zr,Ti)CoSb,.Sn, (ZT = 1.0@800 K) 3V <ok fokifk 200-
300 nm @ n BY(HE,Zr)NiSn,,Sb, (ZT = 1.0@900 K), 32 7
— U v 7 &M & Kb L7 (HfZr)NiSn,Sb, (ZT =
12@900K) ¥ 72 ¥ Fbons, 22T, Figlls, 7/
A — LRI & 72 (HE,Zr)NiSn,,Sb, DGR AE &
ZT DI ERIF AR5, 3D
AWEORRITZHETONT Y XTH D HODIFIE 200 nm
*irff;?)%) &Z)‘%’Eu»uf%éo 3571:_, _)_/Zb‘_‘/l/f*ﬁi'i
i S =RElo Zr 1%, EOiRER T R O @R

LV BREVWZ LR TE D, UL, T/ 27—
HERENC K > T, BRAIRHMEL :%ﬁ‘if‘%%zé el 7

* Y DBPIRNTHE SN2 LI LD bDTHD &
WEIRTWD, Z0LHI %/zf;%}tﬂﬁﬁﬂ TBTHE
RENTWA T kI iéﬁ g b 349 0%, ~N—T R
AAT LA HEATE D Z ENFEIEINTND

—o—Ingot

—=—This work (run-1)
—a— This work (run-2)
—e— This wark (run-3)
—*—Run-1 (annealed)

L f

L L
400 600

Temperature ( °C)

L
200 800

Fig.7 (left) Microstructure and (right) temperature dependence
of the dimensionless figure of merit (Z7) of (Zr,Hf)NiSnl_xSnX.m

ZO XD 7 s #EERIC X D MEREM RIS % T, 2011 4F
TAHMBBEICE S E T, HOEEEFIE Lo tERER B2 X
LD LI oTe, THIE, RBRETHNAN—THRART
—FHIZ, BIDOAN—THRA AT —FH, HAHILTNKRA AT
—HEBEXCHHE S, ZotHHickvEFLT7 4/
COEREE BTEICHIBE L, BVEREAM EL XD &
LD THD, £l2, N—THA AT —FAFITT ) A —
WTHHLIZ I NERA AT =L DR VF—T 4 VX
VRO ERIN TN D, EELITZO—HEOHIEE
EUHEFRLTND

U OBZEE, K&EL, N—TKA AT~/ N—T K
A AT —FAOHE 3 L oN—T R AT — T VKA AT
—HSHE O Doty bhE, 20 Y b, AT
%EF, LoblF, FIAF—LTHHLEY WT4X7~
FIC LD RN —T g 2 U o ZRNERNIEEL LT 404D

AN #5

Fig.8 (2, fHiAA R & Tig 1 ZrgoNi;.,Sn & L 723k OARAE
-4%Mﬁ%@%r? D HH LimEshian—ThRA AT
—RFEFIS, FH EFEESNTZ TR A AT —RE+5 7 £
— MLEWVWIREESTHHL W AT RERTE S, ~
—THRA AT —HE TR A AT —FOEMRIE, Eh
Fi, Tig1ZroNiSn & Tig1ZryoNi,Sn THh D & SN T 5,
HIRWE DAL SR % Bl L7z 5 2 CTHTE D44 TEL
HIBHZ LT, ZOXDRRFEBRAIRENSEOND & D
Z L TH D Fig8 (2L, /N—T KA AT —H (Tiy,Zr,oNiSn)
L TNARA AT —H (Tiy,ZrooNipSn) D5 FH#5E DX
YBT LTW5, ZZTHEALTWAERED X 9 72 n B R

IBWTIE, BEHTHOTRLX—NEEL D,

Netsu Sokutei 43 (3) 2016

95

-50 — T T T T 14— T T T T
* x=0 * x=0
0, m x=0.02 P m x=0.02
100 - “l-:‘o. A x=004- 12k A x=004-
Aaa, ": ® x=0.10 n ® x=0.10
A - *
g-150 | 4a LTy g 10} . J
S ~200% increase A & A e
< (nano) LY YYYYWN e .o Mo e
@ 200 F S g8} o, Wu e, i
~75% increase = ®e *
®ee, (nano) ~30% decrease ® o. ‘0000
250 | '-... - ®ee A'I“‘A 1
.....'.... .ooo
300 L— L L L ala L L L

Tig 1 Z1yoNiSn & Tig ZryoNi,Sn DIFE, 7R A AT —FD
[REHETIMOT RV E—NAN—TRA ZAT—HDEN LY
LETELSRD I ERHREINTWD, Zhicky, R
MEEFIMebDDEE, N—TKRAAT—fETILHRART
—FOREH PO TR —DE VLY, Ko pL¥
—DETDOIHNF ) A — )L THH LIz 7 VA AT —5F0
W7 vy 7 &, BT RAX—DEFOHIMREIZEHES
HEINTWD, TNEZRLEX—T 4 V2 Y TR E
W, By RO RN TE S, AT, AU
N=THRAAT—HTEH, +0ICF ¥ VT =TI
FREIFEAEFY VTR R—=TENTWRWVENRET S
ZET, EMR—TIRBEY b TELLENTND
ERE—TL1X, BTOBEILOBERE 2514 A LS
Ay 2 22 IR B L, BF DAL R—Y 2 7D S i
TOWRWVHIZEANIE LS 3200 THD, ZHITE
D, BEIEZKEICHERKSEDLZENTEDLE0bRTY
%, Fig9 1Z, "—7 KA A7 —H (Tiyp,ZrooNiSn) HIZ7
VIR A AT —H8 (Tig1ZrooNi,Sn) 2857 ) A r— )L CTHH L
TR Et DB =~ 735 L BEVE ORE R 2R, )
F R EE L2 0RE L Y b=y JRE, BENE
BIZKESHMLTWND Z &R TE 5, M2 T, Fig.10
IRT LIS, HERNPDOHATLH DT 7 A r— i
HIENC & D FEREROEE S EB L TW5, R,
+/mﬁ%ﬁbﬁwﬁﬂkmmT2ﬂm%0%ﬁkbfw
%,

High energy low
maobility electrons
@ lonized impurities
Low energy low
“—Q mobility electrons

High energy high
mobility electrons

) .lg!.‘

HHguy) FHinanc) HHpu)
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