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Fig. 1. Schematic diagram of (a) thermoelectric joint Te/Fe
interface contact resistance test and (b) shear strength test
of Te/B(FeTe)/Fe gradient structure.
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Fig. 2. (a) Back scattering image of the Te/Fe interface; elemental mappings of (b) Fe and (c) Te, respectively; (d) elemental com-

position spectrum of new phase at the Te/Fe interface.
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Fig. 3. Binary phase diagram of Fe-Te (Quoted from the
materials information society, ASM Interantional).
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Fig. 4. The electrical properties of G(FeTe) and e(FeTe,):
(a) Resistivity; (b) Seebeck coefficient.
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Table 1.  EDS point scanning results of Te/3(FeTe)/
Fe and Fe/e(FeTe,)/Fe.

Point number Fe /at.% Te /at.%
bl 0 100.00
b2 29.92 70.08
b3 50.30 49.70
b4 100.00 0
b5 31.05 68.95
b6 17.10 82.90
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Fig. 5. Microstructure of gradient bonding structure: (a) Te/FeTe/Fe interface; (b), (¢) Te/e(FeTe,)/Fe interface; (d) EDS line

scanning of Te/3(FeTe)/Fe.
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Fig. 6. Schematic diagram of Te/B(FeTe)/Fe interface con-

tact resistance test.
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Fig. 7. Microstructure morphology and elemental distribu-
tion of the 3(FeTe)-Te fracture interface of Te/B(FeTe)/Fe.
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e

Table 2.  EDS scanning results of characteristic
points of B(FeTe)-Te fracture interface.

Point number Fe/at.% Te/at.%
1 24.66 75.34
2 60.17 39.83
3 2.54 97.46
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ATANTR S ] AR AL B E 4 P S B B XHR
KGR 8 ST 2 2R A AR A R S A A T T
MEL53HT, B(FeTe)-Te FHi M B(FeTe)-Fe H Y
HAZER I E 8 Frox. MIE 8(by) H Al DL & BLTE
553 K TiRBK 7 d &, B(FeTe)-Te [A)Z e(FeTe,)
F18) J5E 2 ) i 72 T PR R K TR, B 2
e(FeTey) JEHE AR FFARE , ANTET 8(cy) TN 8(dy)
FizR. % BEAHE A A B, TR Y e(FeTey) 5
44K} (Te A1 B(FeTe)) ANe & AA2E I, BT A
HEBR A7 SO0 R R (520, S 2 e(FeTey) B4
JE Te 5 B(FeTe) 1E &R T4 HUY 45 R, 78
R e(FeTe,) A, 41X Te 5 3(FeTe) i
— BRI A AT B AL TR Y HOE — A

PSR, SR SRR R BT IR
D = Doexp [ — Eo/(RT)], (1)

Hrp By FR #GS EE (J/mol), Dy &5 5L
AR AL, R AERSRH E, 8.314 J/(mol-K).
XFFREE Y BUR R, By 5 Dy & e E, 1R
L, TR EGOC, R EOREH . SR AR IR S
¥ firh, T RV)Z e(FeTe,y) HIBHAT, DL KRB
B A B R FRAIC, (A5 Te 7R BLAS BA L1
fR 5K 2l g K2 B JE 5 B(FeTe) A B, i 4 B4
TER N JE T, MEER KHTEFE (B 8(ay) . [ 8(by) .
& 8(c,) FIE 8(dy)) BY Te F1, 2 & BiB k5 A
VFZ ORI FLII , 302 f T ) e A
Te B AT E T BUNFE A& WA BRIG . PRIt AT LAHE
WA oK gt A SO R PR R A — E AR R RS,
RN JZ B Te ¥ & FEN. Z I IEA HI
F{L Te KA LI, J& R Te HOE AR
S5 R HLE e(FeTe,) MR MAR N, 51 S

(al) Te

Reaction layer €

i 40 pm

Bl 8 B EE LS Te/B(FeTe)/Fe 7E 553 K T B kAR
N ) J5 P TR LSS IR T (ay), (a2) 0 d; (by), (bo) 7 d;
(c1), (2) 10 d; (dy), (dp) 15d

Fig. 8. Interface structure pictures of Te/3(FeTe)/Fe after
annealing at 553 K for different time: (a;), (ay) 0 d; (by),
(by) 7 d; (c1), (cz) 10 ds (dy), (d2) 15 d.
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SERERAS, N SR FEARATIIR 2 e(FeTe,) #H. kiR
K} Te ARaE RN, e(FeTey) FHH AR L5 K S
W, RO R/ AR RE AR K]S R
JZ e(FeTey) MR THE, 78 B(FeTe)-Te [HJE
JCRRE A ATV 2. XoF AR R it 143K T 1 BH S 11
Ak, He A RN R T AT 2 RN
AIEHL— e(FeTe,) #, H: e(FeTe,) AR it H1
RAET—EREM Te. I8 8(ay). [ 8(by) . K 8(cy)
K 8(dy) T R/R T B(FeTe)-Fe FLifiib () 4H L 454
FEAR K — B B) J5 e 2B AR Ak, AT DL B T Ak B
T — 2RSS IR B 0 SR, A
B(FeTe)-Te F1 & JinfasE.

N TR LS5 Te/B(FeTe)/Fe 7E
B T M RA AR M, A Bk BT s I
5i 573 K T A7 A [l i [a] (9 12 ok Ab 3. [H 2 AR5
10 REYIHBE, 2501 B(FeTe)-Te FLmigbith
PSR4 EL, anE 9 FroR, MIPESRs.

B9 KRG Te/FeTe/Fe 7E 573 K TRk 10 d J&
B ST 2548 1]

Fig. 9. Interfacial structure picture of Te/G(FeTe)/Fe after
annealing at 573 K for 10 d.

X BE 4% 45 #) Te/B(FeTe)/Fe 7E 523 —
573 K 1B KA [FIE a) 5 A A e Re A T T, B
(1) 2 DA T P4 BB 2 Ak iy R v B 23 L T ol o 1) A
fb. A R R, 7E 523 KRk 15 d J5, 4%
R it B S TP B 5 AR KR AR L IR & AR BT R A8k,
HAF R AL SRR E. mifE 573 KBk 10 d
I, VERESEIY B(FeTe)-Te FL1H 5¢ 42 8k, X 2
KR AE 573 K A B )R R, e i s 1 S 1 Ak
)7 e(FeTey) AR AT, S BU5 1 45 44
N, PR iR JE I 7R BT B I (R PR AR . AR
£ 553 K B TR G R, LS T 2L A L
K R AR SR & A T BB B AR Ak, R X
553 K I EE T 1B KA [R st [a] (R 3R 5 T M e gk A 7
S3HT. B 10(a) Son PR AT B(FeTe)-
Fe ST 42 firk A, BEL 0 59 £ 58 J32 e AR st ] 1) 22 A,

1B et i v A T A AN AT sl 2 B — S AR 2 21
RG2S R S T e BE L R B B 1) B R AR
() AR RE IR & A B B 5910, PRRFFEAR X RouE 7K
. R EEFE 553 KBk 15 d J5, B(FeTe)-Fe HLifi
2 fol i BEL RN BT U7 58 BE 4300 A 17.17 pQ-cm? F
11.3 MPa. [ 10(b) % 7 (9 J2& 6 B 7% 3 45 1Y
B(FeTe)-Te FL a2 fir i FELF1 55 U775 B a1 1 1]
BIA5 k. AT AR IR, B(FeTe)-Te 5 I B 5 V15
7E 553 KR 7 d A FRERA &, 1T 7E A4 IR BT[]
Jei, BE S BT AR T B TR X R E
553 K iR KB % A A 2 45 A8 1k, B(FeTe)-
Te Ft 1 4k B9 [ N )2 e(FeTe,) 7£ 553 K iR k
7 dJRIREEA N, JEAE RN e(FeTey) I AbAE
() Te ¥ & 51 RH. FULaT LA, K62 iR S
T /Ui Te 1Y e(FeTe,) AHXF B(FeTe)-Te FLifA 5k
A A, A R 2 HLAR M RE R AR E . T e
e(FeTey) 2 MR AR IZ I T RES, XA
ST M BE AT DL OR R A AR M IR KT IR K
15 d J7, MAS K B(FeTe)-Te FLia Ab4 fih o, B A0 85
VITREE 354 30.91 uQ-cm? 1 13.11 MPa.
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Fig. 10. Changes in interface properties of Te/3(FeTe)/Fe
after annealing at 553 K for different time: (a) G(FeTe)-Fe
interface; (b) B(FeTe)-Te interface.
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Fig. 11. Change of interface resistivity with aging time and temperature: (a), (¢) B(FeTe)-Fe interface; (b), (d) 3(FeTe)-Te interface.
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Abstract

Owing to their excellent performances, Te-based thermoelectric materials have been extensively concerned.
However little attention has been paid to the bonding interfaces with electrodes, which play an important role
in their practical applications. Excessive element mutual diffusion occurs across the bonding interfaces when Te
is connected with metallic electrode, such as copper, aluminum, iron, etc, which will impair its transport
performance and life especially when they serve in the higher temperature environments. Seeking proper barriers
is the key to solving the interface problem. In this work, a gradient bonding structure of Te/FeTe/Fe is
prepared in one step by the spark plasma sintering (SPS) method, in which a metallic layer of FeTe, referred to
as O(FeTe) phase, is introduced as barrier. The interface microstructure, element distribution, and new phases
are analyzed, and the joint properties including contact resistance and shearing strength after being aged are
evaluated. The results show that the introduction of §(FeTe) phase can promote the boding of Fe/B(FeTe)/Te
and thus inhibiting the excessive element diffusion across the interfaces, which is due to the formation of
¢(FeTe,y) phase between ((FeTe) phase and Te. The contact resistance of Fe/G(FeTe) and ((FeTe)/Te are
4.1 pQ-cm? and 7.54 pQ-cm?, respectively, and the shearing strength are 16.11 MPa and 15.63 MPa,
respectively. The annealing temperature has significant effect on the performance of the gradient bonding
structure. It has been indicated that the whole joint still owns good performance after being annealed at 553 K
for 15 days, while it decreases sharply when the temperature is increased to 573 K. Hence, the optimal service
temperature of Te/B(FeTe)/Fe should not be higher than 553 K. The gradient bonding structure is successfully
achieved, thus attaining the purposes of inhibiting interface elements from excessively diffuse, reducing interface
residual stress, and improving interface working stability and service life. So the design ideas and research

results in this work have great reference significance for the study on semiconductor devices.
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