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Abstract: Though Te has excellent figure of merit (ZT), the severe element diffusion and reaction at the
Te/metallic-electrodes interface render high contact resistivity (p.) and low device conversion efficiency (7). Therefore,
it is critical to develop suitable barrier layers for optimizing the bonding between Te and metallic electrodes. In this
work, an appropriate barrier layer, NiTe, ,, (Ni,Te (x=0.500~0.908)), was screened based on gradient structure. No
reaction layers and defects at the interface of NigsTe/Teq 035Sbo 015/ NigsTe were detected before and after aging at 473 K.
Low p. (less than 10 uQ-cm?) and high ; (about 75% of the theoretical value under a temperature difference of 180 K
(hot end: 473 K)) were achieved and maintained stable during aging, showing excellent thermal stability of the
interface. When x>0.500, the thickness of the interface reaction layer decreased with x increasing, showing the retarding
effect dominating the growth behavior of interface reaction layer not from the usual thermodynamic factors, such as
interface reaction energy and composition gradient, but from the “atom vacancy” on formation of the reaction layer.
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Fig. 1 Microstructure and composition of Teg ¢g5Sbg.15 precursor powder
(a) Backscattered SEM image; (b) XRD patterns and quasi-1D chain crystal structure of Te and Teg 9ssSbg.015 powders;
Colorful figures are available on website



906 T AL A R R

39 %

@
— NiTe, PDF#88-2278

_ NiTe | M x=0.908
3 x=0.833
%‘ L\ 1L u x=0.667)
g
2 | R \ x0.563

T | x=0.500
20 30 40 70 80

50
20/ (°)

o 3927
S 3.90 -

3.98
(®)
3.96 Ve

394

388 Ni,Te

e
3861 o

3.84

0.5 0.6 0.7 0.8 0.9

K2 Ni,Te F& i 00 2 ik 24
Fig. 2 Composition and lattice parameters of Ni, Te samples
(a) XRD patterns; (b) Lattice constant @ changed with x

2.3 TepossSbo.ois/Ni.Te FEIH BREHRERE
B IRL £K1TH

F4EZS TeoossSboois/NiyTe (x=0.500~0.908) 7
() ST AR T 55 DA K. EDS fE UL S4, 1 Xt b,
FHIE B 45 461 S Y Teo.os5Sbo.ors/Ni F T ) 81 7Y 434 40
eI S5, S5 R K, AT TepossSbo.ois/Ni Ft
THD Ak B ) 0 R A8 T BRI S B, AR R b = A=
#5358 SR FLIAE T3, Teg ogsSboors/Ni Te 45 5t 1 34 4%
KA REF, TR B R0 2 x=0.500 I, Ftib
KRB IRL, XKW TepossSboos/NiyTe (x=0.500~
0.908) 5t I Ak 1) 7T 2 47 B I ) REAH X 22 A1, &4
BT . B Ni BONAREBL G2 2 A 1 7 v] DLA)
W BH S 2 H ) Ni JGE K 1) Te.os5Sbo.ors — A B &
(A BAT N, XA T ORAE R R R R A B 5y
L1245 SRR 7 Ni, Te 38 A 1.

Teo.985Sbo.015/Ni, Te £ F+ [ 1] IRL JEFERE x 284k
g4 R 3(a)Fion . i3 Ficky 26— @, @
R B EOR SN 7 By R B L TR B R,
IRL A KJH R MIBE 2 K. B4 NEIME, A

NO)

Teo.985Sbo.01s/Ni, Te

0.5 0.6 0.7 0.8 0.9
x

FuH IRL (AR KRR IF ARG I BERR FE AU, Bk
x=0.500 LA#k, 2% Fiif IRL JZ FE Fifi & 531 93 0 o6 209K
JEE 5 FE HG K Mk, Teo.os5Sbo.o1s/NiTe S ] IRL
JEREEE 25T TeoossSbo.ors/Ni FHIH ] IRL JE L (1~
15 pm, W.IE S5). X FRERR Ficky 55— @ @4, 17
EHARHLHIIE ] IRL 4K 5% T IRL AEK
ML R F B B4 2 55

BE/IN R S T RS B (s R 11 5 AT i B el R ) A R
FHREEH M IRLT, 454 Ni-Te #HE & EDS A
ISR, HiE Te/NiTe FIFTH =N NigsTe,
N ) T 2 8N Te+Ni, Te=Nig s Te (x=0.500~0.908).
& AH T 5 2 H0 S % ST P D IR B R AR R A B
A g AG 5 T2 S1. % S2 Al 3(b), Te/Ni
() FTHI [ 3% 77 F2 Te+1.5Ni=Ni, sTe }& A.Gr 51T H
. ZE SRR, 298.15, 600.00 F1 700.00 K 5% ST
PN AGr 38/NT 0, RGeS IR T ST Ab 2E A
TRREY NigsTe & Nij sTes b x iji,
Teo.985Sbo.015/Ni Te ] A,Gr B T i4d, B ) M
HALFT R, HLXEI /N T TeossSbo.o1s/Ni ]

2
o
@ 7T=298.15K
~ =2 T=600.00 K
N T=700.00 K
g
2 -6
= gt °
& -
4710 -
Te+Ni,Te-NigsTe
_12 L
_14 i 1 1 1 1 1
0.5 0.6 0.7 0.8 0.9

X

Kl 3 (a) TegogsSboors/NiTe % Fi M [ M JZ (Interface Reaction Layers, IRLs) )5 /&,
(b) % FT = W0 0 BE R AR 15 AT B RE ALGr
Fig. 3 (a) Thicknesses of the interface reaction layers (IRLs) at the Teg 9g5Sbg o15/Ni, Te interfaces, and
(b) formation Gibbs free energies in molar (A,Gt) of the interface products at the Teg 9g5Sbg 915/Ni, Te interfaces



%8

W3, 5 Te FEALE IR SR SR AEKAT 9 B RS E PR AT

AGro XYL 5N Ni, Te A R = 7 A4k 244
Pho P, Teg.ossSbo.ois/Nio.sTe K AGr 7E &I F
I8 0 7 Teoo85Sbo.015/NigsTe F [ 76 B AL 5 S B
M E R . B EE IRL JEBE R, B 2 1 R S
AT RS B B 1K) IRL . 25 FE B 7 15 2 Bl i)
[ ) sh A #E, AT T Ficky 2 =€ @#95#Hr
T Tep.os5Sbo.o1s/NiyTe Ft AL J5E T JE A2 & 4 K
R, B 77 2 A FE R IRL (1) ) AR K
TH-

S HUE R & 4 Fros . iE RS ) Te 94 Bk
T, HREE AN Cy, 1), Fody Al e 73 5 & BE 0146
F T PR B AN E] . X BLUR TR Te &R IR,
KA NiTe,, R Ni,Te. & C(v, HTE
Teg.985Sbo.015/NiTes (y=0)Ft [ Ab & — % Co>0. H T
W B Te 5 NiTe,., il N JE B NiTe, Ja 238
Bt &2 Te, WIRMHIHTQO=D4L C=0, HH [ 2
NiTe, JZ B« 4 NiTe,, "7 B Te f# B 7]
NN E, M2 F7E NiTe,,, PAFTE Te Ji+ 250
(Vare), FEANFHE & 78 1 2 ik S5 2006 F — 4 2 G PR
BRI BT A B TR WA 3R S o Ve IREE I 2
XHE(Cn) ST R BLET 5 NiTes , J2 AL G2 Te HIIK
FE ZE 1 :
_ Pnite,i PNiTe,_, "2

Cy =
N
Myre,

)

MNiTez_m

JLol, g g 53 )R 5 B IR SN 72 40 Ni T R B R

Bl W NiTey , TEFEE Te MPIRIIE, p A1 M

3 )% BT NiTe, FH NiTe,-,, %5 B BE /R 5 &
AR LA 1 (BB AT 1597 BB B AR 2Rl o3 O e B 3

L VAT

907
aC o*C
R
C(»,0)=-Cy (2)
C(0,1)=C,
C(o0,1) = —Cy
PL R
C(l,t)=0 3)
Herhr, Dy & Te 7€ NiTe, i B R 5
T _F 3 7 R B AT A A
C(y.1)=Cy —(Cy +CN)erf[ . JZ?J )
¥ T RE(4) TN BT FE3) e
I C
i = N 5
“ 02\/D_0t Cy+Cy )
H i, erfe=1-erf
T erfe(z)biE z BTN, 456 77 E(S)RT

/
Jo
¢ MFEE, IRL JEE 1 Hamoh. A5,
Teo.055Sbo.o15/NiTea, F [ AL Y 5 28 | B 7= ) N
NiTe,. RHIE, FHESZHH Te & EME, KK
Cnote BR/DN, FUTHIAL NiTe, W BGE R Bk =, X5
ks g R A

SR b, WOF IRL JERE, SRR E R
FFGIRFERRE ) SR I S RE A 4% IRL HYJERE [
KFAF AT Cn AT ]l B A7 T AR b A il —
JEJEFE IRL RSB E Ol &Y
SR AT HEERY) TR S3 MK 1. NER LA, 5

H, OnHER = FE N IXEWRE, 2 Dy M

Transition layer

Kl 4  Te/NiTe,.,, 41 J< b JZ (Interface Reaction Layer, IRL)A: K AT A5 A

Fig. 4 Diagram of the growth of the interface reaction layer (IRL) at Te/NiTe,_,, interface

- C.=C. | Te migrates Y _ I ; =G
Te Bi/g’ NN o NiTe,. Te gi/g - (‘ | N—Cx
N4 p ~N - PR
.ﬂeﬂg Partially .Qgﬂg L
' \. *. NiTe,., | occupies the '\' \' (‘ : NiTe,.,,
“Varer i o0
Lo £,
Ga<Gy % ' §>‘:
Transition layer Transition layer & \f’ % :}:_’
. IRL : Continue to 'IRL: a8
_ A full occupy L I C=C,
Te (f\z ./i 7 N ] (‘\O: the V.o, Te B‘/\g = @ : NCn
N | Salal| |®
6‘3‘3 B P The reaction .‘3.3 (6:
*ve ‘@ | NiTe,,| foward *Te ’C ! NiTe,,
o e o
C=0 Cu<Cx



908 T AL A R R 39 %

R 1 TeyossSbo.ois/Ni, Te RELFEFHEEIBE Cn/
Table 1 Total migration of atoms (Cy'/) at Teg 9g5Sbg 915/Ni,Te interface
Total migration of atoms x=0.500 x=0.563 x=0.667 x=0.833 x=0.908 Teg.935Sbg 015/Ni
CyI/(mol-cm ) 0 0.1297 0.2134 0.2810 0.3154 0.5653
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Fig. 5 Microstructures of Teg9g5Sbg 15/Ni, Te interfaces after aging at 473 K for 6 and 12 d
Backscattering SEM images for (a) x=0.500, (b) x=0.563, and (c) x=0.667
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Table S1 Thermodynamic data. Values of entropy (St), enthalpy (Hy), and Gibbs
free energy (Gy) at 298.15, 600.00 and 700.00 K, respectively

Phase lable Fr(;gl;lscln izznﬁj:e Temperature/K  St/(J-mol™"-K™")  Hy/(kJ'mol™)  Gr/(kI-mol™) Ref.
8(-NiTe,_, NigarsTeos2a  NigoosTe 298.15 76.393 -51.908 ~74.685
52:2%66.7% 600.00 112.729 -36.120 103758 [40]
(in atom) Te)
700.00 121.397 —-30.494 —115.472
Nig4Tegs Nig g67Te 298.15 66.917 —47.833 —67.785
600.00 98.732 -33.987 -93.226 [40]
700.00 106.415 —-29.000 -103.491
Nig333Teg 667 NigsTe 298.15 60.135 -43.778 -61.707
600.00 88.253 —-31.552 —-84.504 [40]
700.00 95.001 -27.172 -93.673
Te Te Te 298.15 49.497 0.000 —-14.757
600.00 69.537 8.766 -32.956 [41]
700.00 74.694 12.114 —40.171
Ni Ni Ni 298.15 29.874 0.000 -8.907
600.00 50.419 9.008 -21.243 [41]
700.00 55.546 12.326 -26.557

RS2 298.15, 600.00 F1 700.00 K 54 T & SR R R 7= 4 B BE /R A B &5 70 T B HH BEA, Gr
Table S2 Molar formation Gibbs free energies (A,.Gr) of interface products at
298.15, 600.00 and 700.00 K, respectively

Chemical reaction equation Temperature/K ASt/(Jmol K AHr/(kI-mol ™) AGr/(kJ-mol ™)
0.25Te+0.75Ni 667 Te—Nig s Te 298.15 —2.427 -7.903 —7.180
600.00 -3.180 -8.253 —6.345
700.00 -3.484 -8.451 -6.012
0.449Te+0.551Nig 0psTe— Nig s Te 298.15 ~4.182 ~15.177 ~13.930
600.00 -5.083 —15.586 -12.536
700.00 —5.426 -15.809 -12.010
1.5Ni+Te—Ni, sTe 298.15 5.692 -57.500 -59.197
600.00 5.969 -57.318 —60.899

700.00 8.110 -56.023 -61.700
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Table S3 Density (p), molar mass (M) and moles of the bound Te per mole substance

Item NiTez NiTel‘77(, NiTel‘S NiTel'z NiTel'l Ni Te NiTeO'()(ﬁ
(Nig sTe) (Nig 563 Te) (Nig ¢67Te) (Nig g33Te) (Nig.005Te) (Ni; sTe)
M/(g~mol’1) 313.893 285.311 250.093 211.813 199.053 58.693 127.600 143.802
n 2.000 1.776 1.500 1.200 1.100 0.000 - 0.667
p/(g'cm’z’) 7.701 7.565 7.363 7.086 6.976 8.910 — 8.126
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Fig. S6 Performance of Nig sTe/Teq 955Sbg 015/Nig sTe single-leg devices under a temperature
difference of 180 K (Hot end: 473 K, Cold end: 293 K)

(a) Current-dependent output voltage, U,y; (b) Current-dependent heat flux, O
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Fig. S7 Aging-time dependent performance of Nij sTe/Teg 9g5Sbg o15/Nig sTe single-leg devices under a temperature difference of
180 K (Hot end: 473 K, Cold end: 293 K)

(a, ¢) Current-dependent output voltages, U,y and (b, d) current-dependent heat flux, O, after aging for (a, b) 3 and (c, d) 6-15 d; Aging-time
dependent (e) open-circuit voltage, U, and (f) internal resistance, R;, with inset in (f) showing internal resistivity, R, of the devices



