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Research Advance in High-temperature Lead-free Electronic
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Abstract: This article addresses the issue of high-temperature packaging and interconnection for
current high-temperature power chips. It reviews the research status and trends of novel lead-free high-
temperature solder materials, nano-sintering technology, transient liquid phase bonding, and transient
liquid phase sintering ( TLPS) connections both domestically and internationally. The advantages and
disadvantages of various technologies are analyzed. Analysis has found that the application of nanopar-
ticle materials and TLPS connection technology to high-temperature device packaging has significant
advantages in low-temperature connection and high-temperature service. However, during the sinter-
ing process of nanoparticle materials, organic matter is difficult to volatilize, Cu nanoparticles are easi-
ly oxidized, and Ag nanoparticle joints have problems such as electromigration. During the TLPS sin-
tering process, due to the volatilization of organic binders and the volume shrinkage of particles, holes
are produced in the joint, leading to a reduction in the electrical conductivity and thermal conductivity
of the joint. These problems can be solved by adding alloy elements, improving the process, and com-
pounding the solder, which will promote the development of the high-temperature electronic packag-
ing industry.
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SRkt RS R T 4 R ) B AR ST v T IR AR
ZMF N BAT B AR e Mk R nT SE M v L 4 Sk
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PERE , DL SRR 1 BY UIA it LU0 R I R
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1.1 ZnEER

Al I R 419°C S R R R Y IR R
e G a2kl oy =25 W Zn-Al & . Zn-Sn & Fl
Zn-AlFCu R G4, W Zn 3 EORE A4 BT 17 R BE K S
B S NER 1R . T Zn Al S 4 A E 4 8 )
&Y, BA B m Wi Sk 5, ol T eI
B S AR RE o AEL T ARL AR A TR e R YR A 22, N
R X — M, — B A AR AR i Mg . Cu N
Be GaZ ot £, Zn-Al-Cu #4516 i By 380~
400°C, I Hz SERHE Cu 2 1 22 B0 H A K B I 9 1
RRAE N IR E R . KangE AN LT H
5 e T BRI R, B & TR N (4~6)wi. M0 Al
A (1~5) wt.% Cuo 45 B9 W AH 26 I B2 7E 382~
402°CZ ), HA A& B B3 o ALS 59 38 Jin %
I T KLY H B 3R 5 v TR L KRR Y i
Bl ALFD Cu i 38 I K. Zn-Sn & & H
AR B4 8 e A g i A 2 s
e (H PR Zn-AlFCu A 4 . Kim 2 A 0F
FKERZn-Sn & &R mIBESGTALREWN
o AR e, BT AR PR BE G, T AR 4 Sk 8T ) 5 i ]
ik 30~34 MPa, 1t § % 4 1.00~1.06 W/cm®, R4
Zn B BEURE S IR N AN TR 25 R T K i RE g A
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Tab.1 Soldering temperatures and characteristics of Zn-based solders
. ) Joint
Soldering  Service .
Ref. Solder 5 . strength Advantages Disadvantages
temp./’C  temp./C
/MPa
The brazing temperature is higher than The solder has poor corrosion re-
that of Pb-Sn solder, it is cheap, easy to sistance and processability, and
(4] Zn6Al 381 <350 52 . L o .
process, and does not form intermetallic is prone to oxidation, leading to
compounds. poor wettability.
The resistivity and hardness in-
Zn(4-6) . . . .
(5] AI1-5)C 382-402 <350 38 It improves wettability and spreadability. crease, and the processability
-5)Cu
deteriorates.
The corrosion resistance is
The cost is low, ductility is better than poor, the working temperature
Zn(20/30/ 383/374/ Zn-Al solder, easy to process, does not of the solder is low, the eutectic
(8] <260 30-34

40)Sn 365

good thermal/electrical conductivity.

form intermetallic compounds, and has temperature of Sn-Zn is 199°C,

and the content of Sn in the sol-

der must be strictly controlled.
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SEIF N BRI . A 2 AR AL A v iR ) R A T
SRR B B ER R PR RE e A Rt — P o

1.2 AuEE#HR

Au IR F AL A AuGe AuSi fl AuSn &4
4, Hps AR IR BE 43 51k 356,363 F1280°C., Au 47
BT PEL E  E PU IR o7 MR RE L N

11 IS A Bl R e o (TS S M1 = S 3
B HH Au AR B IR RO R ATn k 2
Jis o AH Au 2B SRR A% BB, H Au 5 Sn 5 JE B
AuSn, % J& BE G Y Z A G P e PE K HE i 80N,
AR HE I TR 220K s R IR B S I H A KERL Y 3R
i M 22 8505 B HRORE 25 3K, e ) AR A% 23 77 A B
Jr ik R, Au-Ge JE g A 4 AT LI R A1 70
F R AR A ERAT Ml L 7Y 59 U0 58 B e A2 oK, (HH:
5 300°CH! TAERS 2 5N sl N & )8 A & s ik &
¥ (Intermetallic compound, IMC) , & ¥ % % 5%
JEY S AurSHE Sk ORAF G IR T T A I BT Y
ARSI VIR
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Tab.2 Soldering temperatures and characteristics of Au-based solders
) . Joint
Soldering ~ Service .
Ref.  Solder o .. strength Advantages Disadvantages
temp./C  temp./C
/MPa
Au and Sn will form AuSn4, this com-
. pound is quite brittle. During the service
Good thermal conductivity and ) )
. . . process of the device, stress will be gen-
[11] Au20Sn 280 <260 >90.0 electrical conductivity, good resis- o ) ]
. erated inside the chip due to the mis-
tance to thermal fatigue. ) )
match of the thermal expansion coeffi-
cient between the substrate or chip.
The joint strength is low and does not
[9] Au3Si 363 <2300 6.5 High service temperature. meet the minimum requirements for
THE application.
Low elastic modulus, stable mi- ) ) o
.. It is expensive and difficult to process.
crostructure, does not contain in- . i i )
N ) During aging, it forms an IMC layer with
[9] Aul2Ge 356 <2300 21.6  termetallic compounds, the shear

the under bump metallization (UBM) un-

strength after reflow soldering is

26 MPa.

der the bump, gradually losing strength.

Au-Sn AR — Ff AR X5 B 0 R, B L S
4 B i A2 1 i L 2 28 Iy FH A R RO R 1 B SR 3K
AR L FL B O R R R I R A A it
A TR BE A2 O AL & 48 (Micro-electro-
mechanical systems, MEMS) (14 JC 08 5 i % A
IV R

1.3 BiE®EH#

5 Audt 4 4 R H, Bi R R ELA A i
R RE G AR A SRR BT DI i (12 GPa) Rt
J(271°C) 5 Ph-5Sn SRORHE #5230 , R Bi BE 45k
BN h f A AT AR A A R RE T R
U BrAgERIE G0 T B AR B TR
FE RN O — M5 (Light emitting diode , LED )3t A
(3% 42 o H FH BIBEERRLET 0 I B2 S K RL R N 3R 3
JER o AR Bi kA 4 M, L5 B b 1 &5 G o
By, AL S MM SRR 2. BT 5 R4EE Bi

B MG PR, W 5T W H 7E BRI R M A S &t E .
Bi-Ag & & MR B Z MR R, Ag AN LREUE R R
REME PE L 8 Bl 2 LS A M R 3 3P . Retten-
mayr %5 N EIBEE Ag & m N, Bi-Ag & &1
S P S e TR WO LR TR R bl T A
TN Ag & &= # HI7E 10~12 wt. 20 LA A 38 S
Song % N BT 45 B F I Bi-Ag/Cu 3k (19 37 V) 5
JE H Pb-Sn/Cu 0 i o 45 il (9 AR RE VR Cu JEAR 1 5
T R UL | S Al e Bk A TR 45 R R T T
MUAR &S A, T 48 5 7 3k 3 B . Yamada % A
i 1L 7E Bi 48 2% Ce . Ge JG R Al CuAIMn & 4 B K
MBS &R SR S HER T . AR
/b B RGRR £ 0T LU R Bi-Ag MERHE Cu skt |
BT S O 4R AR B B bR B L Ak R T
EW NS ARGy S NIE PR I | S S S N i S T
EE X5 4 00 X Bi-Ag J5BHE BE 19 82 1 DL, 18
TR 2 05T TAE .
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Tab.3 Soldering temperatures and characteristics of Bi-based solders
) ) Joint
Soldering  Service .
Ref. Solder i . strength Advantages Disadvantages
temp./C  temp./C
/MPa
The Vickers hardness value is approxi- The electrical conductivity
[15-16] Bi(2.5-10)Ag  261-381 <250 59 mately twice that of Pb5Sn, with high and thermal conductivity
shear strength and good wettability. are worse than Pb5Sn.
) Ge can improve the wettability of Bi- It cannot improve its wetta-
[17] BillAg0.05Ge 262-380 <250 59 ) .
Ag alloy on Ni, Ag, and Au. bility on Cu plates.
The joint strength is more than twice o .
. . The joint strength is low,
Bi+CuAlMn that of pure Bi, and the solder has .
[18] 330 <250 15 and the service tempera-

particle

shown excellent reliability in heat cy-

ture 1s relatively low.

cle tests exceeding 200°C.

an bR IR, B 2 E 5T Y LR BT A R RS
PbSn R L, BA IR AT B vy 5 H R 5 A
P e B RE L BB E Y 0 2] DU T RS
B o (E R T 2 e R B R R, X AT RE
Xt i B R G 0 A b TR B I AR . T L
4 R B R MM R ] IR A 4 AR B T
i 4 Sk 2R Ao 3 S8 I FT LG 5 A 4 O R IR
TRt | LR KRR S A A LA Xl
JE X AT RER A BT TETT 7]

2 FABREEA

TIURE e 45 15 A SR <6 J& 3 F0 A AL 40 o A Rk
B o BRENIE 0 AR E A B &
s UL 22 18] JE e 45 S5k i 2 i 2 L )2 | )
I < J OB 55 B AROM B BIOE A 5 . MOk
R AR 1R
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Fig.1 Schematic diagram of particle sintering process

Sintering neck

2.1 AgFakikes

Ag LT ae F R TR SR BGE AR, B R A
S PR g B T M e g v TR AR
(9 45 i, FG PP 0 A8 BB ) N BT B 55 1k E 4 O R
o AR Ak A (961°C ) R A% BELAT T 3 Fh b1
BHE Rk B DRYRIAT . O T Ag i 1R
WA , Ag By be &l i e BOR IETE B 2 WF 5L I 8 40 1L

KRR B R N EEERZ " &
AN OK B Ak Ag WURLAE 7 AR BHI A ST
TR WOR SUH 9k Ag diokn RosE /s (1 45 3 3 1 g
AR W, o 25 1SF it 0 458 /N 0 R 7, 5 T 7 I R
G s T H R SRR B . R 4R Ag W
KRN S Beah 280k, WKl LUE Hh, Ag BOkL Bk
INBESE TR 1l . Zhang %5 N SR R 7 H B Ag
¥ (1~3 pm) IG5 45 5 R 7F 250°C .40 MPa J& J)
ARG T RER I Ag B RE RSk kSRR
IERRL R i = TR s IR R Sk . 3k oy
SIH) ZFLE5 % B R Ag i 80% , iX Rl & iy T A
RS Al R T B R SRR I T 5 R B BN T AR e sk
TE = W R A FREE N (9 AT S . Bai % AU T —
FRAK Ag e, A0k Ag B T Ag R fg , B fH 7
AN 1 BT BB K Ag 1 b 45 T BE AR 2
300°CE A AgHbedh ity SiC 42 3k 57 U5 B 5 8 vl
ik 40 MPa, 5 {fi F PbSn %5 % # SiC 42 3k 9 57 1)
S RE 230, T L4 Sk B B U0 S MR R 5 {0l 9 GPa, Ik
S D) 5P K BB 2 M 3 A R R Al 2 (] PR A
i 2 BN [T T 7 A i AR T

R4 AgFRANSHRESH

Tab.4 Ag particle sizes and sintering parameters

. . . o Joint
Particle size Sintering  Sintering pressure
Ref. 5 strength
/nm temp./C /MPa
/MPa
[20] 1000-3 000 250 40 50
[21] 10-30 300 No pressure required 40

Ag ki be sl Hi AR HAG R Z 05, 2w il i 7 &
R HEERET W, Ag TR EBFELH T Cudk/
CuFtte . Siuth H/DBC \Si F /B . Si/SiC s A A &
PR Z B EEZ R HAg AR S KRS
Bt WURLAR N T AR 5, O AR BEAS B  E gi n



88 B T g S Bk R

http:// gtdzx.cetc55.com 44 %

BR A T 0 s K B B 245 Ik (), AR 78 ) T i 4%
ar UF R RLIR 0L 58 45 4 Sk 1 5% R B, FL AR A
w L AR T R ERE . U Ag T 5 R AR HLIT
MG, XA Sk A M e o A 2 itk — 2P 9 R 4%
S 00 FL AR A T R Sk 1 L ASOTE BE R AT SE R R B
FUE R AL, X Ag UKL BE 45 R TE R R Tz I
R 5 2 fige e ) 1) R

2.2 CulBhrkess

M T Ag BURLAN M = &, O T FEAR B3 A, K
J& CulRL RS B AR BA B R hig s e, 5
Ag WURLAH L, Cu OB A% SR, 100 HL A B A7 18 R Y
SRS 5 Co ZERRUR AR R AT A S A
B5 Ag BURLBE4S T2 I, Cu WURL7E e 245 i 4
e T Wi AL AR R SR AL B A L fil A Be 4 I R
e, 0 ELAR AL HE Sk VERE o O i phe sk A R) R, B IF N
SR T WRR e 5 56— R IR A HLAY S Cu
TR A il AT J R, (AR R 45 1 B b X Cu iR
Ay 2 A T T b B S A 5 R il R 2 U
Hh i AR E NS MR B R AU B S . Kwon'™!

i RIS R BEIRAERMAILER S Culpi
IR A BT AR AT be 4 IR T BY V5 A
h 32.02 MPa iy bezt i3k o SR MR A4S i FE v A AL
T B AR K T ELA ML) TE 58 45 I B AR R 3 £
P Cu g K BRI VE T . MBREE S AT, T LA AR
A bR Cu S L] 8. 5845 T Cudl K Fiok:
RF 5 b 280, SCmk[ 25 0Fo84s ], 5 A e
ZRAFBREE A LE 1 PN, A AR B 3 SR g, ax ]
AEJE i T B2 5 F AR T ALY 05 % o Nishi-
kawa %5 N % BLAE N, fhAim ACTE B A SN, O,=
10 1) mJ LA 2% B i 500 AL AR 3 500 b i A ML J5 L A T
PR L BT D)0 B B S A B2 40 MPa., {Hid i
FIA S FE Cudh K BUoR E b o i R HL U
N AT F T Cu gk BURL A B &b 1 2 HL 7 248
/5 I BE (350°C LA 1) A fig 5 4k 58 4 N, ik 3
PR TR NS Z e BT RH A
A R Cu BURLEF B, 2 LK Cu Ml Sn i K
JE AR R, BT SIC R R T Re s, 3-8 T 585 ]
i B a8 80 MPa I b8 &5 #2 3k, # 3k i Cu,Sn il
CueSn, 9 F 4 J& R4k A 90 241 %, 7T DAFE &5 i T
MR A%

x5 CufiRBAREERFRSEI

Tab.5 Statistical analysis of Cu nanoparticle sintering connections

Ref. Particle size/nm Sintering parameters Sintering pressure/MPa
[25] 200-1 000 Vacuum,N,;350°C,0.4 MPa N,: 40.6; Vacuum: 21.6
[26] 10-20 N,:0,=10:1;400°C,15.0 MPa 40.0
[27] 13-93 H,;350°C,5.0 MPa 48.0

23 EABNKRE

o F I Ag URL B 45 1% 45 10 P 3 9F v iR A7 78 1Y
) B, 7 Ag MURE R IS 0 35 A A B S A £
Mo B ARALEE Cu Au SiPd 55 4 Ja 44 K BOkL , LA
L SiC F & e m A AL F AR & m AR Bk . Cu
e i I EE A, Aok Ag fl Cu iy 52 5 B3 18—
Ag AR RURL AL 22 12 A2 (9 IR, B Cu 5 Ag B I
A, ME LR Al 24 2] B 45 A A, 9 H. Cu 9 %
A1) L™ EE 0 2000 A S Al o B X I A ] A YT
RO AL A L O 2 R A T Cu@Ag e
R JIURL, i N ER Y Cu R UKL DL K SR T AL Ag
JE A, 5l Co UL LE , 12 58 40 K UKL Al L
IR AV B8 225 i B8, AR AT 1) e S AL I R A1 L BT D)5 2
1 HL iz %k A B i st AL 2+ i iEJ1 . Heuck
S5 N S 1) 2 KR T VR P UL R ok e
551 Kk 1A AR G R At ) A B A P R R
AR B, e Sk 19 AR T 2R BB =2 s o (ER SR I
FERES M, 5 Aghai N ARG A G
Sk MU RE B

e Ag M Cull & 19 52 & UKL B8 25 $R 2R ok
(SRR RE R NV SR PTG S
RS L JH 380 75 2 figp AR 22 (R, 49140 Ag Cu JBURE
14 73 FRCPE 85 SO, A e 4 4 4 o 8 45 TR R

3 BEAMAMEELAGREKA

W B AH ( Transient liquid phase, TLP) % %+
AJE — PR AR R IR A Y AR . BEASTR
AR WO T2 WA 2 R o ZEOR SRS
b K B AR DR S A Ag VA Cu S & 8 L R
Jo PRI S0 In 8058 Sn & & I M8 8 )2 .
Pl o v AR e L8 s 2 4 In R 2 AR A 4 T Y A
AR E |, e Rl A9 VR A AR A 4 R o e R R K
IF R A RO, AR A A 4 R RIE A PR L DR
J 07 Uk L 2 AR s WA 2 I 58 4 L AR R VR A A B
i a s m G Wk, BAre M ] T TLP i%&
R E AR SIS SRR R A AuSn,
Cu-Sn,Au-In,Cu-In fil Ag-In % , X #& TLP /& &R i
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B oo Uk B 2 o Hod In F Sn iR & R 21 1
RE A B 3% B2 IR G, LA KB Y 42 R TRl k& W

moE AR R N . Ag-In A 4 AE 200°C A Ak

TU@&EJ&E@%%E% B ik 495°C, In-

AuTEZy 200°CHY 7 H2 1R B N il B il i e e = T
SASCHYHESL . Bk beshs T A0, TLP T. AR

‘ Melting & Diffusion

AT 300, AT LA 3kE G PR AT 500 4 2% 10 T 1 FL ) 45 Gl
o {0 TLPE 3 T2 R RIE 4 3K B il 4 42 8 ) 1k
59, %%Wﬁﬁ/\ﬁ 550 4 R R IR A
KR, — A B T 20 h L b B4, EEEANET
%ﬁf’fﬁﬁ'ﬁfﬁ’]lmAgAu#féE,ﬁ'ﬁﬂﬂ;ﬁ%%ﬁ@?
B S S BT K& s T2 E S, Culn
4 R by A I T A T AU s A T
PP AT

Initial structure Meltmg diffusion Interface reaction Homogenization
P2 WkIA] WA B e AR IR
Fig.2 Schematic diagram of transient liquid phase bonding process
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Tab.6 TLP bonding temperature and phase composition of joint
) i Reaction product )
Ref. TLP system Connection temp./°C . Joint strength/MPa
(Remelting temperature/°C)
[31-32] Ni-Sn 300-340 Ni;Sn,(800 ) 28
CusSns(415) 10
[33-34] Cu-Sn 250-280
Cu;Sn (676 ) 55
[35-37] Ag-Sn 240-250 Ag,Sn( 480) 28
[38] Au-Sn 280 AuSn(419) 90
[39] Ag-In 200 Ag,In, Agln,(495) 46
[40] Au-In 175 Au,In, Auln,(880) 10

BEOXF TLP i 432 J 0y I (8] B84 1) ] 0, BB N B
XFH AT TG AR T BB AR SR SS (Transient
liquid phase sintering, TLPS)# AR . TLPS % #%
I FE AN 3 PR, i bR 3 S R AR (A)
RIS 48 Jm (B) IR B 8 R4 . B8 I i T+
e, AR R URL S8 48 A, A8 Rl ) I RO A 4
Ja& 5 R A UL i A T YR L RO L T I e
KSR TLPS £ AR ROk sy K 9 4 )8
il N R G A T R S Ak 23 TR A | E b1
AT 46 361 S g B[R], {5 5 080RE 08 25 B0 R —
TLPS % 45 L 75 220 4 J8 ¥y i 1 A DL K 45
B R ALY IR R AR T E L EUR
o fift XA ) R A R AR NI £ T Cu@Sn % —
T 45 K6 UKL, PR 2 ORE T AR 2L R T B bR et
PEAT IR B T A ALY BN o Sk AL R AR
5,0 H TSk b Cu UKL A3 A 4 5 B2 T 14k
T A A BE . Han 58 42 T —Fh g i
I %4 JE A A 0 = 2 B R B R R

T AR A B R O R R B Sn U RLTE
Cu g K 2B 5 1 AE Ry i a] 2 4R, 990K 1251 3 B+
Cut IEHES , ke THE A KET IR F R BI RIS
% R A A K B A AE 250°C T AT 2 min B AT B B
10 pm B9 IMC 3k , 3% b Cu %) I Z [ 4 46 Sn )2
1L 5 TLPS M2 1045,

Metallic  Metallic Liquid
particle A particle B metal B

%-%-©-©

Heating Melting Diffusion
reaction

K3 TLPS &t fEs &K

Fig.3 Schematic diagram of TLPS connection process

furmatlon

A 7k 25 YA 58 e e b G o P 9, A A B
S A 45 R IR ] o LA N A S R R X
Cu/Sn §f/Cu . 3% Z 40 s 4 7 Ix 3h , 2043 1
Cu,Sn, Fll Cu,Sn 4 J& [E) 1L 5 P AL # 3k . fbATTRY
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S 25 RS 5 At IR T B S O B 45 B9 BF 5T A
BN D LD R AN EE B S I DI W S e UL
P 4 <5 TR 1) 16 45 0 e e mT A IR T AR Sn A
[ A Cu ST AR 1) 75 25 Al A0 o 8 T 45 VR
A 40 wt. 2o Cu By Sn-Cu &2 & 48 8L, SR T 75 4l 1 It
AW AR RS 1Y J7 vk A 250°C R BE R B 75 n 4% 10 s
Ja BT A D i Cu Bk A 1 Cu,Sn 4 3] 4k
WS %A S 1 I BT D) SR BE R0k 49.96 MPa.

4 % FRIE

FI i 5 3 TG B AR T R A A IR AR T R I R )
NS FE GG, To0 780 R — R IR 2
Tt v R B B AR T G T R
R ek B R R B4 SR G, ATF & R O B AR R G
By L B ROKG AOR R 2 B A . N K R AL R
W] 2 T DR e R B A IRIR i = IR IR
() 50 R . Ag QORI B T B E — AL BR AR
AL KR, Cu gl K UKL e 45 5 22 ik P &5 1ot
v ) S Ak ) A

TLPS £ A AN A £z 3k I A% 5 & A e
P G 04 2 O s T L 235 K 355 07 1 e L R A, R
TI R AW EAL, 2 S R O B A H R S R R T
], fH TLPS 425 3L T8 il i FLIIA £ 1 2 3k i L 5%
AR R REAR, R R B & B8 5 ARk 2B BB | 2 3k
A S = TLPS MR B A R T 42 28 8 2 R 19 41
B HESh R P B AT A R R
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