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Fig. 1. The pickling time dependences of (a) the interfacial bonding strength and (b) the interfacial contact resistivity for
Bij 4Sby ¢Tes/Ni thermoelectric elements, the red dotted line represents the commercial level. (c) The relationship between the in-
ternal resistance of the devices and the pickling time, the upper right corner is the photograph of the micro thermoelectric device;
(d) the relationship between the maximum cooling temperature difference of the device and pickling time; the current dependences
of (e) open-circuit voltage and (f) output power of the devices prepared by different pickling time under 10 K temperature differ-

ence.

0.22 pSd-cm?, B TCAT AT AL BEFE 5 TR T 98.45%. P . TR LI RS2, BT IO ] b 2
B2 YE 10 min A 4k 284 2 2.87 pQ-cm?. & 1(a) Al P AL TT A ) T 25 5 B A, 7E R Ao A
Kl 1(b) P2 B SN R AL S 1 45 A e, o N2V, okl A OB A B B A
TARMRYE 2—10 min il 75 H B9 FHL TR Y ST 45 23 R VE 2—10 min 45 0 A& PEVERE. 18 1(c)
5 58 RIS T fih rl BEL SR A O T A R Ak B JEIR T F A BHBERR VR R ] R AR AL DG R, Pty |
AR BRI, FRVE LT DL & 3T Bi 4Sby ¢ Tey/ F R A S R . AR TS RN ZEAD R RE | AR
Ni B 25 G PERE. S T B0k A Ik B X &5 0 T B S — BRI T, # P BEL AT DAY
REMOS2 I, FoATHIME T 4.7 mmx 4.9 mm B8 S5 W S 42 i L BEL £ AR AR A L, MR 1(c) RS

167101-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022) 167101

DA, 024 A Lt P it [0 g 2 PR R 9 e 4
fike P, BHL 3 Fifl 12 o B5F ) ) 28 fb LA — B, FERR VR
8 min MY &1 HA /N ER I BE 1.855 Q. 4N
L 1(d) Bz a4 08 e R il ¥4 ek 22 Bl R O I ] 114 2%
TR 3. AEARETIRE 27 °C W), 2440 dm Kl e
T2 BETR R A [B] B 385 m 3G K, JFZERRBE 8 min il
VER SRS B R AE R 56.5 K, M TRRYE 2 min
PR 514 K, $2T7F T 10%. 1 1(e) I 1(£) 4>
TEE T A TS e R R S D 2R B L A A Ak
KF, ATLAE ), BRVE 2 min 4 H8EE 10 K
IR 25 T TS L IR 94.6 mV, i K R
737.5 uW. T FRYE 8 min il £ H AR5 14 76 A ] Ui
N W B K T i 882 uW, T T 19.6%.
DR 7 AR PR A R, 4 v gk — 20 SR FH R Bk 7 1%
PrE LA T A PERE.

3.2 FHEEEBEEMNMALINE

— BT, S TEAG A 5 S R IRRE 3
DIAHSG, FRIHURE S A3 AT R T3 ey St T 45 4
JBE, T2 g T AN TR I 1) Jiw 14 A4 46 26 T R A

©Of = 0 min

t =8 min

B L 2 AT LA B, A TR VR AT ] A ZE S, A1
2 T LR B2 B A BA {102 nm 34 138 nm, Jf:
TE 2—6 min WIJL-FRFFAZL. BERYE 8 min B,
FEMTHLRE B E— L9 2 177 nm, 117578 10 min i
N %A 145 nm, 3 RS B A0 28 A AR LA T 25
AR AR A

B 3(a) s AN [ R VG I 8] J5 9 A Ak 2 T )
TS HE . 1 &L 3(a) AT, #0046 4 k2 T 48 0 °F-
W, REAATERME S, TTRES DI A 2%

200
177

g
£ 150t 138 139 138 145
8
£ 102
2 100}
o
-
[
&
£ 50}
=}
wn

0

0 2 4 6 8 10

Time/min

P2 kel 2 TR 2 B R R o 11 19 4% f1 56 3R

Fig. 2. The relationship between the surface-roughness and

pickling time.
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Fig. 3. FESEM images of (a) materials surface and (b) polishing interface of the thermoelectric elements after different pickling

time.
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4 (a) Big,Sby ¢Tes/Ni ¥ 5T 1 5t 1 HAADF-STEM EIMR, X3 1 F1 X 3 2 43 591 38 7% St 10 IXC 30 R 66 A 19 32 IXC W, 73 53
(b) FL T X 38R ¥ T 2 1 4 AR B, s ok Ni, 2866k Te, 200 Bi fE €420 Sb; (c)—(f) XIH 119 TEM B&, A Ay

NizTe, and NiTe,

Fig. 4. (a) HAADF-STEM images of the Ni/Bij4Sb; ¢Tes thermoelectric element contact interface, area 1 and 2 represents the selec-

ted area electron diffraction of the interface and the matrix, respectively; (b) EDS mapping of (a), purple: Ni, green: Te, red: Bi,

blue: Sb; (¢)-(f) TEM images of area 1 in Figure (a) and the interface phases are NizTe, and NiTe, compounds.
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Fig. 5. (a) UPS spectra and (b) the binding energy differential of the cut-off edge intensity for the materials surface after different

pickling time; (¢) IV curve for the BijSb; ¢Tes/Ni thermoelectric elements and (d) surface energy band structure diagram and (e)

schematic diagram of the height change of the contact barrier at the interface with Ni layer before and after pickling for 8 min.

167101-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022)

167101

W, & 5(d) B, |E 5(d) ATLVE L, itz
1F ) FL L 34 2 S [ LI, A it 230 A B T 000
VLA [FIRR VRIS [R] S A AT RS N JZ 5498 BRI A2
fid, XA I T ARAT A ) ST ok L BEL R A,
E—2L b R ER T R 4544 Je 5 Ni JZ2 (42 fik
i MRAE UPS MA%E 5 FAE G SCHR AR 8 1Y Big 4
Sby ¢ Tes M RIABEMT HIBRAE 2, 7T LAERf bR AR
PERLRTH MR 2549, 2L 25 H 0 FT 8 min A AY
Re aS R B, i 5(e) B, H B, RERE
ZSRE, B, AR RETT E] B, CB AU B &
¥ (conduction band), VB RREMEHHMNHT (valence
band), HOS i (highest occupied state),
R T2 $ oK BB A0 B 25 . I 5 Ty ok B A 14
K, POKBEI WAL T3 SIS AT T 2 ] 28
TR AT . B 5() Z5H) T ERUEMITE] 0 F 8 min
MORFR TS NI J2 2 fil i) 5 1 RE A 2500 25 iR &
Bl I 5(f) FTLAE 2, To A3 T b4 R m
5 NiJZ 0 A 3 22 5 BN 0.22 eV, MRV
8 min Ji B RLIR 5 Ni 2 (135 il 34 42 5 K
FE22 0.02 eV, FFE THEE 10 4%, I, BRYE 8 min
il %5 th 1Y Big 4Sby ¢Tes/Ni #AHLITAFHRTG T AR AR
S 2 il EL BE R R 0.22 pnQ-cm?. 456 A i fi
RH 230 ) pRET A IR A5 SR, AT DA A 42 fah 3 42
o BE TG, SR i BEL R RGPt R [R) R
i 0 5 719 TG A4 P S 2 f LB 8 22 S R BOR VR T
FE AL BRA | S () 2 fioh 4 4 v B AR Ak

AR, T B P R AR S B X A fi
HL R B, bR T AR 540, &R 5%
A ) S T s B IR T LA R 3 R S s i
RERFFER, ZHYSERERMBIREA X,
Bl M, BRIERLN 1) R A MRS . AR LT
PRI, Sk S ERI IR A R A 2 B i A H
B, AR TR A AR R BN,
& Ja - AR A ) 5 T T i WL T DA
FRIERERE By RN, Hplow ok B

qh n
Eop = —/— 1
07 2\ mre’ (1)

X, g By ng m H0 e 5050 D BT L A, AT 2438 1Y)
SCHRL BRGSO
WAL ARSI IOKCHARIRES, BT By < kg T
i (kg N BLR 25 2 A, R S o S I 4800 -
B EZHUS]. SRRSO R E—E

REPERS, BRI o=~ kg T, TR 1L 1 1 BE T8 200
TR, PR BAOKCEE R, /Y Ey >
ki T I, 54 S0 58 4 T2 S AR T i, TR
B TR o8 A R TE OV E i A X 2
A RTAHSC AR BY, XFF Big 4Sby gTes/Ni H 2 i
&, Bl N kg T/ Egy 2179 1.48, AT & T 4R
TR G AP, IR A 4 — 8 3801
SN BB B0 5 ok S 221X, NI A T 3145
AT ) S T o L L 6.
o [ 2% F i 4 42 0 JE A SR P G HE R
YL Xk S T i Pl BEL B S M P, i AR T e AR
:—tﬁ:[SO]:

qp
R, o exp (Eoo> , (2)
Ko, o AR 2EE. A EERA LK, wTL
TR A IR 2w B 5 SR h B Ak i
2R, FRVE O min BT HEA P R, oc 123
MERYE 8 min B (MR R, oc 12, PR YE
8 min Tl £ H 1B EL T 9 B T 2 R BE SR /)N
FICATAn e AL B & H T iE. RO H 2, 7EdE
il A 42 3 B R R S SO ) 2L [RIFE R R, S
filt L BHL 275 DA IR A
TR DA I Y S, TEM A9 528 45 5 26 1
Ni #1 Big 4Sby ¢Tey Z [MIAFAE A AR, 7EIL, X AP
TR P8 A7 6 X A% T 2 f e L 3 %) 55 W T L2 22
A3t JE P —, NigTe, 1 NiTe, ¥ 455 S %404
Y (>10° S/m)B, HIEEEACH 50 nm, 7 PUHE
DR B b, AR 2P A KT 50 nm, X &
IR 5 S TR % P L 55 7 S 5 U A5 P A T 2 fh
B B ) Ni JHFE T — o SR 2 MHE
Te, FEATALR Te 25 A EERE N, XFF Big 4Sby ¢
Tes MBI 5, Te 25 (0 1 BE 19 14 i 75 0k 2 S 1 4%
TR T, BT s IN AR T RE 2 M, F
T R RE A 1) T S T 42 fioh i BEL 3R 7 %

4 % b

25 BRTIR, ARSCHR BN T — R SR B R
M ST BT 5122 fh e, L 3 A0 55 1 45 5 56 1 1 b I
Ak, FdE s T WAEAEAE L] BF5E k30, il ad i
REFRVERT ], Big 4Sby ¢ Tey B4 2R THITE A5 A1 D) bR
BRI, PRI R R D R BUA R 5.14 eV I,
FOEHS Ni Z A S 34 22 R 0.22 eV RIRRE

167101-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022)

167101

£ 0.02 eV, 15 F A2 H 14.2 pQ-cm?
KIEREZ 0.22 nQ-cm? BAL, Bl 25 B PRI a] (4 2T
1o, B IRDRELRE BE 20 T34 R, I A e 1wz i v B
25 pum [ V BT TOE SET HLAON, Y68 T %
LSS 7. A, TEM 2558368, 15 Biy,Sby e
Tes Fl Ni Z[HJE B T I EE 4 50 nm 1Y NigTe, 1
NiTe, FHifiAH. FEETFLAN AR 4456 AL RIVE A
T, S AR 7.14 MPa K 22.34 MPa.
TR AR BRI M BRI 2 S R B, Y B e

t =0 min, S, -0.102 pm
=

t =2 min, S,

=0.138 pm

FER M 4.52 pQ-cm? [EE 0.22 pQ-cm? i}, 10 K i
2T, welF K DR 4E T T 19.6%, K
RIRZERTE T 10%. A SCHIFHR B TR T
8 = AL PERE BRI AL Y Big 4Sby ¢ Tes/Ni #HL TG
1, I T AL A B T T OB AR 2 1Y
iy PR RE, A S Sk — 2D AR AR Ik e e T SRR
BiyTes FEGA L EFF B8 T B2 5EA .

% A

t =4 min, S, = 0.139 pym

&l A1

AN TR BRVE T [ S5 B b2 RE T 3D T A5 M HLBE FE 5,

Fig. Al. 3D surface topography and surface-roughness of the materials under different pickling time from 0 min to 10 min.
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Fig. A2. Temperature dependences of (a) electrical conductivity, (b) Seebeck coefficient, (c) total thermal conductivity and (d) ZT

value for BiyTes-based thermoelectric materials.
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Fig. A3. The results of interfacial contact resistivity of Bij,Sb;¢Tes/Ni thermoelectric elements after different pickling time:
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# Al

AR R LB ] 14t ) Big 4Sby ¢ Tes/Ni #AHLIT

{18 N-BiyTey /Ni B IGH AT A AR AL

Table Al.

The five repeated results of interfacial bond-

ing strength for Bij4Sb;¢Tes/Ni thermoelectric elements

with different pickling time and N-BiyTes/Ni thermoelec-

tric elements.

Sample 1#  2#  3# 4A#  5#  Average/MPa

0 min 725 6.75 750 6.93 7.27 7.14

2 min 14.00 13.73 13.25 13.75 13.50 13.65

4 min 16.25 14.75 14.95 15.50 15.00 15.29

6 min 17.55 18.08 17.25 14.75 16.00 16.73

8 min 22.05 20.75 23.75 23.25 21.90 22.34

10 min 13.13 14.28 12.00 13.03 13.75 13.24
N-BiyTey/Ni 14.33 13.85 16.40 14.28 16.80 15.13
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Abstract

The miniaturization of thermoelectric devices raises a strong requirement for the excellent interfacial
properties of thermoelectric elements. Thus, achieving a heterogeneous interface with low interfacial contact
resistivity and high interfacial bonding strength is a prerequisite for the successful fabrication of high-
performance and high-reliability Bi,Tes;-based micro thermoelectric devices. In this work, we adopt the acid
pickling method to modify the surface structure of Bi,,Sb;¢Te; material to synergistically optimize the
interfacial properties of Bij4Sb; ¢Tes/Ni thermoelectric elements. The acid pickling process effectively modulates
the work function of Biy,Sb;¢Te; material, which dramatically reduces the contact barrier height of
Ni/Bi, 4Sb; ¢Te; heterojunction from 0.22 to 0.02 eV. As a consequence, the corresponding interfacial contact
resistivity of the element is greatly reduced from 14.2 to 0.22 pQ-cm? Moreover, the acid pickling process
effectively adjusts the surface roughness of the matrix, forming a V-shaped pit of 2—5 um in depth on the
substrate surface and leading to a pinning effect. This significantly enhances the physical bonding between the
material surface and the Ni layer, which, together with the metallurgical bond formed by the interfacial
diffusion reaction zone of about 50-nm-thick Ni/Bij,Sb;¢Tes, greatly enhances the interfacial bond strength
from 7.14 to 22.34 MPa. The excellent interfacial properties are further validated by the micro-thermoelectric
devices. The maximum cooling temperature difference of 4.7 mmx 4.9 mm micro thermoelectric device
fabricated by this process achieves 56.5 K, with hot side temperature setting at 300 K, and the maximum
output power reaches 882 pW under the temperature gradient of 10 K. This work provides a new strategy for
realizing the synergetic optimization of interfacial properties and opens up a new avenue for improving the

performance of micro thermoelectric devices.

Keywords: BiyTes-based micro thermoelectric devices, Bij,Sb;¢Te;/Ni thermoelectric elements, surface

modification engineering, interfacial contact resistivity, interfacial bonding strength
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