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Abstract

ABSTRACT

The reliability of TSV and copper pillar in 3D IC

Huicai ma (Material Science)

Supervised by Prof. Jianku Shang and Jingdong Guo

Under the trend of 3D microelectronic packaging, copper pillar and TSV(through silicon via)
spring up as the key techniques. In the present work, the lifetime and failure mechanisms of copper
pillar interconnects and TSV were investigated under electric current stressing, annealing, thermal
cycling and the coupled field of electric current and thermal cycling. |

Orthogonal tests were designed in order to meseasure the electromigration lifetime and shed
light on the failure mechanisms of copper pillar under electric current stressing. According to the
Black's mean-time-to-failure (MTTF) equation, the activation energy and exponent of current
density were calculated to be 0.88eV and 1.64, respectively. The microstructure evolution of the
joints under current stressing was observed. It was found that the Sn solder was usually depleted
before the joint failed, which means the joint was only composed of CusSns and CusSn phases as
a Cu/CusSn/CueSns/CusSn/Cu structure after a period of EM test. Three failure modes were
observed: failure along the Cu/CusSn interface at the cathode side, failure along the Cu/CusSn
interface at the anode side and brittle fracture through the IMCs. The percentage of these three
failure modes are 55%, 24% and 21%, respectively. The atomic fluxes in each interface and phase
were calculated in order to reveal the formation of kirkendall voids and IMCs. Finite element
method(FEM) was used to calculate the electric current and stress distribution.

The lifetime and failure of copper pillar was studied under thermal cycling. After thermal
cycling,the morphology of IMC turned to layer type from scallop type of as-reflow state,and its
thickness grows with thermal cycling time. The failure of the samples can be categorized into two
groups:cracks in the middle of solder and cracks in the Cu lines connected with copper pillar.
Cracking of solder tended to occur in two-layer Sn grains while cracking of Cu lines tended to
occur in one-layer Sn grains after investigating grain structure with EBSD and stress status with
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finite element method.

The lifetime and failure mechanisms of copper pillar were studied under the coupled
condition of electric current and thermal cycling. Based on the cumulative damage rule,the lifetime
prediction model was constructed incorporating electromigration damage, fatigue-creep damage
and the coupled damage. The lifetime prediction model was specified and verified using
experimental lifetime data. It was found that the lifetime decreased with the increase of electric
current density and the maximum temperature of thermal cycling, but the effect of electric current
density on lifetime is larger than that of thermal cycling. The electromigration characterization,
i.e., the polarity effect of IMCs and electromigration voids were found during the coupled tests.
At the same time, thermal cycling characterization, i.e., cracks were found in solder and IMCs.
The electromigration and thermal cycling effects interacted and resulted in three failure
modes:cracks at CusSns/Sn interface on the cathode resulting from the combination of
electromigration voids and micro-cracks;cracks at Cu/CusSn interface on anode resulting from the
combination of kirkendall voids and micro-cracksfatigue-creep crack in the middle of solder.

The reliability of TSV was studied under 400°C annealing. It was found that Cu protruded
after annealing. The protrusion height increased with annealing time and heating rate. Other wise
Grain boundaries of Cu loomed after annealing, and voids appeared at the grain boundaries. When
Cu grains were columnar, the voids and cracks distreibuted at the center of TSV with large number
and size. However, when Cu grains were equiaxied, the voids and cracks disrtributed randomly
with small size. The protrusion mechanisms of through silicon via (TSV) were grain boundary
diffusion assisted interfacial sliding occurred at interface and grain boundary sliding occurred at
center region. A united model of interface sliding and grain boundary sliding was constructed with
ANSYS UPFs to calculate the stress status and protrusion during annealing. The calculated result
was in excellent agreement with the experimental results.

The reliability of TSV was investigated under -40°C to 125 °C temperature cycling. It was
found that Cu intruded inside the Si die during the test, and the intrusion height increased with
cycle time but leveled off after 210 cycles. Besides, the Cu intrusion height at the Cu/Si interface
is greater than that in the middle of Cu bar.It suggests that diffusional creep of the interface was

the key for Cu via intrusion. FEM was used to calculate the stress status during thermal cycling.
v



Abstract

The process and annealing reliability of Cu-ZrW,0g TSV were studied. Cu-ZrW20s TSV
samples were successfully achieved with the content of ZrW,0s from 3.7% to 30.7%. The content
of ZrW,0z in TSV increased with electric current density. After 400°C, 30min annealing, only the
interface part protruded out of Si. The average proturison height decreased with the incrase content
of ZrW»0s. ZrW20g powder scattered on grain boundaries and retarded grain boundary sliding

during annealing.

KEY WORDS: copper pillar, TSV, electromigration, thermal cycling, annealing
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Fig.1 A 3D IC interconnect with TSV
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Fig. 2 cross-section of copper pillar
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Fig. 3 the sketch of electromigration drive force
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Fig. 4 electromigration in aluminum line under current density of 105A/cm?
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Fig. 5 the sketch of back stress
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Fig. 6 phase segregation of Sn58Bi under electromigration

ST RSB EE, 0 Sn3.5Ag. Sn0.7Cu F1 Sn4Ag0.5Cu ¥, Sn2H
FERS, HAhTEMET Sn37Pb A Sn58Bi Y Pb A1 Bi S ERD, HIEH
F T Sn BT BERN, FbJLP A RIS SIS . A0 Cu NiFl Ag
=4 B R FIEE R iR PUR AR BR Y BUR 08 UMB VEAEA IMC 1 1

BIRERER N S MTERRIERT, BT R REMSBMALES), FH
SRR R A E RS RBLOH RIERESEHRAMEERNR. LD
BT, BRAES KA, WA 7 FRP. R A KEEE R T
HEERZE D /NSRS, TIRITEEAERRK IR A/ MR, B mERL
SRR AER P RRSEERLER, SR T SRR, A RRATT— A H
RATERRBNERTSHELE S, 5T EREEERBAKERTD, 1
S BB FER B 105 Adem?, TOMEERA P IRATEEN 107 Alen®. ZESH RBIR
IEERE IR AR B S ST RILIR, RS FLIRIRE S HAER T R A —Imy
B, EEBENMAEAREI

B—HE, &-MASHERTETHERK LY UBM MeBELEINEE
JBEFIEBTFREER TRBERTR, TME&ER UBM KEFRT BEESERALE

8



B—E &

PRI, TR EJVE R, SR, LR T RIS RAI S
ot [ BT K BB 0 L & . 35— TR R A & PP B KR A R A
SRR . AR BT (PR B IR 2B v B RS , T E
B, BUE S EE ERELOH RTIA, WA 8 IR

Al trace on the chip side

AN ‘ X MX
= . R . N -
. | ;

)
/

Solder bump ——hg v
R

D

-

b Current-crowding position

J=iAa
Ay << Acsger

R G = ke ik i Al
Fig. 7 current crowding in solder bumps: (a) current density distribution in flip chip

bumps, (b) current crowding position in solder bumps



3D IC g Tov MR AR r ik

B 8 EIERAN () JEHET, (b) BARM, UBM MREMAELY RE
Fig. 8 electromigration failure of solder bumps: (a) before electromigration, (b> UBM g’
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Fig. 9 the current density distribution in copper pillar: (a) current density in two copper pillars
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B 10 40k A BRI AR 2R (@) ER/E, (b) 100°C 360h, (c)
150°C 165h, (d) 150°C 320h, (e) HAHZEE 3.5x10*°A/cm?,150°C, 100h )5,
(f) EHPBFEF 3.5%x10%A/cm?,150°C, 200h J553)
Fig. 10 electromigration and annealing failure of copper pillar: (a) as reflow state, (b) 100°C,
360h, (c) 150°C, 165h, (d) 150°C, 320h, (e) 3.5x10*A/cm?, 150°C, 100h, (f) 3.5x10*A/cm?,

150°C, 200h
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Fig. 11 cracking of CusSns/CusSn interface under electromigration: (a) 1X 10%A/cm?,150°C,

4898h, (b) the close-up view of figure (a)
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Fig. 12 consumption of copper pillar and Kirkendall voids formation: (a) 1x10*A/cm?,150°C,

4898h, (b) close-up view of figure (a)
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Fig. 13 the sketch of thermal cycling load
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Fig. 14 microstructure evolution of Sn63Pb37 under thermal cycling: (a) before thermal cycling,

(b) after 2000 thermal cycles
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Fig. 15 (a)fatigue crack in SAC305 solder bump under thermal cycling,
(b)recrystallization of solder bump
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Fig. 16 the sketch diagrams of stress and strain of TSV under temperature cycling
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Fig. 17 finite element analysis of stress and strain of TSV under thermal cycling: (a) axial stress,

(b) 04y , () Oy , (d) the maximum principle stress, (e) the equivalent strain
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Fig. 18 the energy release rate of crack in TSV
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Fig. 19 cracking of interface in TSV
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Fig. 20 voids at grain boundaries of TSV after annealing
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Fig. 21 voids and cracks in TSV after annealing: (a) voids marked in red circles and cracks

marked in yellow circles, (b) close-up view of voids at upper of TSV, (c) close-up view of crack
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Fig. 22 the stress of TSV under different temperatures
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Fig. 23 protrusion phenomenon of TSV
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AR BBENIR AT R AR E G . X3 SRR i EE AR AT R AR
BRI, URETRA. MEMRENFGTNTEN, BN REREY
AEEBR LW ERBE . £3CRA Anand S—RHEERMTE. %
BT LR MR B AR S AR R . BEMARMERAT A, YRR
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Ri BIASTEALRIBNAS ] 5 ST, AE A S 2 e B 5 TR T T
FORIFE . Anand #57I7E Ansys AHEUET B BT LASKAS, FH /P A S0 AR A AT
SR . — AR I Anand RS RIS R AL A IR R RIRASHEE RO 28
B, HFARN:

L _ pexp (— %) [sinh(E0)]/m

dt
A
A RETETRHEA T
Q —BUIAERE
R RPIRZEEHE
T R4XTIRE
&N SIoRT
ORI )
m &N AR R BURFREL.

1.8 AXEFRMAEARTLEX

3D HIR KRGS T H 3R R~ IR B /ME R R ERE AR X (8 BE AN W45
BAME S AERI N JI5REE . R AR I IR A, (08 s RIE
2 P AT ER PR I I E AR A B R R B LT, — MR RS 2 IEE R
557, NEES, RTERMEROERRRER, EERM. Co kMmN TSV 1E
79 3D HEFWNAIIEHERRIGER, IR — =R 5 AT SR 2,
ARIFRR . ARBRBIERE 3D HEF N Cu bk S TSV A AN R, BEEEHR
R, B, HGURENHERESER TR EERB. X 3D SRR
FI R FH $R Bt B R R B AN B S

MRERE IC B AT EER L XWHFE 2020 FHCEAMMPE K
“ERREE—H A EEEERAEREER. MR R-ERARRER.
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FTE {AEOSRITES

215|8

e TR R NG R R E T AN KR, HEAREA S ER
FsBEZ V0 UAERENHRE, JFAEE RIFIEGMERE. SRERERRH
FRERRTBEKSBUMNAETE S KEFHRENE, BRRERIL, siBEik
BEEL E TR B A AL LR R R IO E . T30 TR0 T A0 i I 5 L A4 4 R
AR SF /N AR A 8 S TR AR b, FERET R /N AR E K .
R (B K R 2 A5 5 A A g/ AR S S P KB T B AR E
HRAYR S BRI H, 5EG TR T RN RR S B Ee. BT,
W FEEE L ST R A A

(R AR ™ AR B0 RT SR 1 RAF B R G VT - B D R AR I AR SR B
N RTHI NS SEAR D S R R BIRE FE AR . Flan, HERAK 20um
RORAE Y A FFBA 0.05A MR, BREEREE 10'A/cm?, ZEZKRTERN
100pum &SR ER TP IB AR R AT A I IR B . g, BEE ML SR/
BN, BFEBRRNERATERESTE, B Eme, HHEmEAERN
HIARILIAFEE . T HMAE D AP EEMEREN, BER SZERGHE&HEL
ERALEY, SEMNASNEEE, HEEBWIPL. AR EITH G
FHE R AOE A R SRR A O R B IR T SR

22 WA

A SEIE R S P B9 PCB AR 9.2mmx6.4mmx1mm, R EATESE
B 17um; PCB W EBREWMAE 24 Fir. AL 4 ANFHERA FEEREANRH
WA RAGTRE R B SLR, RS9 0.8x0.8mm; AL/ NETE
RE AT EERERESH DR R, R 100pum, R TN AR
R, HBhT RN B, Sit A R 2mmx0.96mmx0.35mm, & F
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EARLRIERE S 10pum. B8] 25 BT, B A B 4 AR AL AAREL RN 160um,

HREA 100pum; KEBHIE 928 Sn, FEARHIE RS 30pm . BG4 - K i AR B,

ZEPR R B s FIRAE PCB AR LIF SRR, BB InHE 5 IAE SN E
FHATE, FIVIRERE N 260°C, ERMLME 26 Fim. ALkt
EI R R b 5UR I st E TR A BR A B A = B b AR B, B MR,
AT 49 B RE B AT R SRR, [EIVR. VA0, ASEISRA b FR X AL R 0
Fi, BESRKETRESH L, SEMRIIMNEKX. B 27 £ ERE KR
BEE, FERERESERANE, 3 EAERE N MBI FR SIE, ET
BRSNS . BRI 4 AN SRR

2.2.1 IR LG

AR SRI6 SR RS B PR R B B SE IR, R 1 Brm. BIEE A
4 27.4kA/em?, 29.8kA/em? F 32.3kA/em?, 3BT 30°C, 60°CHI 90°CHIFRIR
BET, oA, SAIKMH 30 MERBIT M. S4HR P RAL,
SHEFE SRR T VIR BB B IR, R IFIERE R, RIEFTA R mAyIin B EE
AME . LRERER, AT EFREMEAFERENS M, EaNRET R

FEHF . SREEF KA HIOKI #4141 LR8401-2IMEMORY
HILOGGER HB L3RG E f AT s AR B S BE 0 . IR M R 74
BT EASE, ASECRIER 2 SeREETN. AT FS s
AR S TR FR IR AR A T BEA (R PRI Ak DA S HI M H AR RO S, AR R 23
TR, BRATRENGR BURERER 7 1%, BIERR A i () B T R R B0 s IR R A it ik
1T R TE AT R T
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B 24 4L D R B

Fig. 24 circuit of copper pillar test structure
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B 25 Mk R R SRR E

Fig. 25 the sketch of copper pillar
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B 26 FAHE M SRR G B IR IB A th 2%

Fig. 26 the flow curve of copper pillar

B 27 ERERAE S SR E R R R

Fig. 27 Cross-sectional view of an as-assembled Cu pillar solder joint
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F 1 BB IEREEA

Table 1 EM Test Matrix

STN\UAT.
CN._C 50 70 90
j(kA-cm®
27.4 138 169 186
298 160 178 197
32.3 180 190 211
2.3 SCIRZER
2.3.1 AR EwD

T R o AR ™ e BB S F B (R RO AR AL G ] 28 B, FRFHAZAL 2K
S FIVAN B o 55— B ST TR IR F J A 5 ri BELUR B B B, LR R I Ll
MR TG EFHRE T e, X BN S R R BRI % EERTUERIT,
G EIEREE, IR TR SSRGS R AR R B RE TR BB
SR E, X—BrEr RN, 2K, BRAEER. F=HBCOVENE
FREaPOEE N, TEX—F B, PR TRTRERLL BT R. M B
REGB B, BMESREM, EERETERN.

H YT SR AR PP AR R T A IR B TR AR L ) 29 PR, IR ARG
&aBn A EER gL, FEMTT S ANABE, 258, 28
B, FHEMBRMETRENE. BTHAMNEEZMMETRMEX, BIAHEMNZEWL
FWEEENTL, ANEEFSEEEERGTE, Bt =& RAHRANE
fefast, BERBTRAT AR SRR, BEZMRMALTENFar e
R, HhAR S DR R AR W R D SRR
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Fig. 28 The resistance curve of interconnects
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Fig. 29 The temperature of interconnects

DLAFANRE R g 2R R HIHE, ST S BT RS R BOR TR, FFAE ] weibull
AT BARHAT W, St R AR BEESa. B 30 M0 RNE S
weibull 2 AR, MHEE FOMEILMEL, #F4 weibull 5347 . fRYE weibull 77
FEE A R B it B AR P Ea, Mk 2 s, AMRNSER
P T HRAE T S A W B R RN T R RIREHEAI R R T, 5
IR B B T N M. R S E A (MTTE) AN E U AR
J& 2 18] 5% R 381 Black!"I2 50 7R
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= AL exp(L
MTTF = Ajm exp(z) 2.1

o
ARTEH
j R IR
m & HLIR A FEFE A
Q =HIT TR W
k RIEREBFH
T =3 E
LLIIAE T35 75 At SR e s Bt 2R an ) 31 R, FRIR RIS
BENBRELEXR, BEZHEIRBIEBITBEERE)y 0.88eV. HAMHFA
(7 R AT R IR A IR, (BR M TR o MAR I RAF T EHE R
=, RAEREARRE R REEAR, FFH A LR TIRE BT
EEMA T IER BB R EERERATITN. ATHRRZ—HE, A3CH
ﬁ%mmmﬁ#,%ﬁ%¢:%&ﬂ§ﬁﬁﬁwéBmkﬁﬁ%ﬁ%@%%ﬁ
fesr, BN A A, BT B AP IR v B AR A T R e S R R
BN 1.64.

0.96 R R 'j”:'ﬁf_
0.90 : I | ! R H _. ? Lt
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= 025
L
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Time/h

& 30 4k A& HFE Ay weibull 2047 M1 £2
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Fig. 30 Weibull cumulative distribution

R 2N SEHERFmR

Table 2 lifetime data of copper pillars

MTT\AT o o o
(ANC 50°C 70°C 90°C
j(kA - cm’
27.4 4070 1509 1027
29.8 1770 806 606
323 1410 636 156

23 24 25 26 27 28
1KT eV

31 F40% fr SR

Fig. 31 Plots of MTTF against 1/kT

232 AR R EERN

SR R R BRIE R L R T S R R I (R BB A SR R AR,

FIRME A PCB ), P ARAEMI A8, PCB M AFEH. A 32a BT
7N, SV Sn 7 HEAEA T AR AR & B B4 A4 CusSns F1 CusSn, AR E
CusSn H1 CusSns BIEE 73 78 2um 1 7um, TZEBARM CusSn A1 CusSns K1 E ZF
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1259 0.79um F1 0.75um, 2ILHFRZVBIHRERR; 3F HAE Cw/CusSn FHAN CusSn
pY L T AR SN 5 AR FLIR . I 32b BT, B FRVRAE P (6D T,
RAGEEREN, BRE Sn CEETERFAHTHNERERNNEY, LEFEER
% Cu/CusSn/CusSns/CusSn/Cu 4544, H IR B &8 Ak & x Ak T sl BB
FEWEEREE. B 32b H CusSns FIEEN 15um, FAABAK LR CusSn B
%19 4.94um A 535um; 5 360h FHAEL, IBCRFEAREY CusSn JEREZRA.
i, BEE YR IE AR R, e A RILARES N, RSER. HEERT
Xk, # A RILA S 2T IEB AT RS

B 3227.4kA/cm2, 186°C T~ HiE N s KRB ET FHIZER; (a) 360h (b) 600h

Fig. 32 interfacial morphology before failure occurs. (a) after 360h with a current density of

27.4kA/cm? at 186°C,(b)after 600h

A3 BT R R BT BT R, SRR, BAME O AR
AR THRBER S N =FRE. E—Fp R IBARM Cu/CusSn FFE I
FRRF, WA 33 Fic. B BEFHRM PCB RN RESAE—M, PCB )y
BAMR, 4R AN FER. BFEE Sn AN AL B AL E Y CusSns
CusSn, 7ERAMRAIPERAY Cw/CusSn FAHE LK CusSn B EI 7 KEKFTHIER
FLIA, HPFARAER CusSn EEE R T HARALE CusSn B . #H X /RILIARITE K
N CusSn WITLERAESR, A RRET CusSn #8%, AHRLFERE B I AIATE /R FLIR t 8%
£, WA EIERAFAELR LERERMLLAERME . EH2, REASHMAERRE
Cuw/CusSn ST _EHIL T 2L XZEAFEIE/RARK HIERHAB Cu/CusSn
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FESREII, TR R TER, X — rORE R 30, BRI — 38 1L 0
FREERSAEAT, FURERTY RGOS FHY REEENFHTRKE
WrEd, HRATE Y R EER AR, MIBFR U IX — TR R B A B IR R
55%-.

B 33 IR Cw/CusSn REFFRERK, 29.8kA/em?,197°CF: (a) 500h J5; (b) a
R AR BOR
Fig. 33 SEM images of the cross-sectioned flip chip joints of Cu pillar bumps with Sn solder
bumps: (a) after 500 hours with a current density of 29.8kA/cm? at 197°C, (c) the enlarge view of

the interfaces of figure (a)

R RFAEREFARM Cw/CusSn FHEBIFFREIR, W 34 Fis. B
B B N AR R PCB AW, AN A ARRA%, PCB M APER. B
2R D24 N NEE EMEY CusSns F1 CusSn, TEFAMK Cu/CusSn Fi H I
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T RETE A KA, IBOKE 34b R TLIR T LT A,
FIBE CusSn P 0HLA K RAOBEHLAM A5 RORT 234 /R FLIA. TIZERR RN, Co/Cusin
SR /K PR EL AT LR ST AR, T 240 T 53R AL
TR Cu T Sn FFHOT BB, X — TR S b A AT
H] 24%.

34 BAARM S TE TR R, 29.8kA/em?, 197°CF: (a) 500h f5; (b) a BRI
RER TR B
Fig. 34 SEM images of the cross-sectioned flip chip joints of Cu pillar bumps with Sn solder

bumps: (a) another Cu pillar with opposite electron flow direction, (b)close-up of figure(a)

E= AR EBELAWOIRERR, Wl 35 frr. S0P
125 Sn MREHMERBUAEBEIEY, AT HIBHN, AN CusSns/Sn
R T —EERILR, MEERERR g, AR KR EFFR
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FEMRECE R, X — IR SEGERLIES BT R RN, D
RHRIERL Sn bhigb, FEH e Oy & R 1R &5 TR G B Sl B
FAS R BT i B T LS R, EESAE R EERY T ERE T . 1T Cu
A PCB #MH 2 MK AR REMEZRN, LESWERTIH IR T SHEBKR
RIFRRLTT, & RAT B K BB LA A $ B R 2 R B 18 /R FLI I 5 & R4k

G HEEMR G KERTERR .. X —BrR R A BT RN 21%.
{a)

K 35 fED SRR EWRIEIERZ, 29.8kA/em?, 197°CF: (a) 870h
&, (b) BFRARMEROSFENSE, () a BRFBIEK, (D b BEREEK
RE
Fig. 35 brittle fracture of IMC in copper pillars: (a) after 870 hours with a current density of
29.8kA/cm? at 197°C, (b) another Cu pillar with opposite electron flow direction, and (c) the

enlarge view of the interfaces of figure (a), (d)close-up of figure (b)

2.4 VIie o

WAL LB R R B B 5 2- D RS BIRARLRA L
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FEoE RN SRRIER

BRI R ERE E0MAAS S, EMsLEERRASMAHS, EREN R
HEEMPERERE. A, BESWHARME RN AR RGN,
SRR T RN A, XM EREEE R . BT N EREE,
JSZ A3 AR - A A SR R e A T o B R U K

241 BIRTOITERZEMNE D

T o3 Hr R B A AT AR R A A T R SRV R, SR AR RIS AT
P 7 VRS AR A O R TR F TR INER AR AR I B IR 1 AT . D9 T S SR BRI LAY
BAIE T 5L mE MR AR 3D ARTEA, B 36 frx. Bl
iRk ZH IR 3. BHEH ANSYS ¥, BRBERIRAEERES
2. S HEMBERA solid69 #IT, S MBI solid70 BT, SE A 5T )5,
X HA 7 MA%, REERICARE . RJEXA FRTEE NI 5 oA ok, A
MHIEEIRAE RN 25°C, ERMMBTANMEL, EREBE TEHRRET, WE
REEJVER 25°C. &5 RKFB AT DS AR R KRR A4 R

& 36 fiiE N & 3D B RTET

Fig. 36 3D finite element model of copper pillar interconnect
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R 3 HERTEMM RS

Table 3 diffusion coefficients, effective charge number and resistivity

SR HPHZE (mQ-
Zpal
(W/m'K) cm)
Si 147
Cu 403 1.7
Sn 67 12.85
Cu6Sn5 34.10 17.5
BT 0.7

3% A R B A 3x10% A - em™ i, 18BN B2 40 B &l 37 Fir
e M 37a FRHE] DL H B oK BB A5 FEATIAR AL T FE R AR S i N B 1 B
fir, HB KN 5.7x10° A-cm??, TR R K Bt E Y 3.8x10* A em™. 7]
JARAE ™ i SRS IR AR RS X IRm B T ARR, T TR . TR
AEE, FEREBMEE, WS TN SRR e, BJiE, BT
B s S R R AL R B BRI, R R RER RIS
FEGRERN [ AL SRR BT BRASTER, BRAST A~ REEEIK,
BEAS, BTV &k, &ESSHAeBREMomRE, ROEFEHT R
SR MR KBRS A ER A, HRRRAESRESY
FERRY, MRERBAHERFETHETASREEY, BRSNS RTEE
HACNE B A A Y E RSN TR £RBRLEWRILEME, FikEE
LEM TR PRS T R RERIEXREE. B 38 44l T L A R
RS54 . ATLUEH, BRI TR P ELGAE, X— L EFE PCB
W, X2 HETF PCB A Cu BAK Sn MBI REEZER K. KILTE PCB R —
BB AERA T, PCB A Cu/CusSn RE BT HEH KL HIF 51k /RILIA
Ak 5 & A FLIRE B R LI E R E Y R SRR AR L RS — R A
TR RBAER . hsh, BTEE Sn EHRRIER TEEXASRE EAEYRI RN E
FA% CusSns/Sn FEFEAR T B AR HEIEBFLIFE, TH CusSn AEBHER T KEM
HIERILA, REFLANFESESRENSRBALEDERRNN N TEES K
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AR, BT R T R R 3 SRR

(a)

§@1m1mzmgw}m¢m¢mami@ 0,387 1.3F8 1.6ES 1.9E8 2,288 2.5E8 2.8E8 3.1E7 3.5E7 3.8E8
B 37 HREESA (a) N, (b) Sn/EEHE

Fig. 37 current density distribution: (a) in copper pillar (b) in solder Sn cap

B 38 R kHE BB 5y A

Fig. 38 thermal shear stress distribution in solder cap

242 BIEBEFRFEITHE

SRR A ELEAE AR T S AR AL & 0 T AT H TE /R FLIR R E RS
TR, SERLULMIM, WHI LRV EER R 778 - TIREER T MBI
BARRITR, 152 MR RIS AL AR ) B B R T B AL DA AL & T i e
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H IR R AL B IR F AR S B9l A2 - LR AR 718758 14 R B SR I B A A 1 0
IR RROTRE

B 39 45 7 Cu &7 A Sn R FEHIERER THEERFRAEE CEH
WMEAS S, ERUTERSP LD, BilBdEY, RFRaFEbezEss5&E
R EUR FRA BT HAE R TR RER R T XM, 38R FRAT L
RINN:

dCcy

Jeu™ = =Deu = 22)
Ghem = —pg, 25 = pg, o (2.3)
R,
JEhem PR Cu IR TP BUBEE
D¢y N Cu B3 BUR L
Coy N Cu IR FIRE
JéhemFEom Sn MR FF BUlE
D5, 3 Sn ¥ B RS
Csp 9 Sn WIRFIRE
MHBTE S| ENEIRREFREER URRA:
CESII = DCuf}EZZ'uepCuj = CCuDCu(DCuj (2.4)
S‘n. DSn anSnepSn] - CSnDSn¢Sn] (2.5)
A

T Cu BT BB SOa R
JEMZERIR Sn R FHEERY BUEE
25 BT Cu BT B BB
25,7 Sn BT HE MR E R
e BB THH
pRNHAZE
E 3
k RTRB/RLBEH
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F -8 FELMAKETS

T FRMITEE

Beu = (Zi,/kT)epc, Ton Cu [R FIIB BT RY BARE

Bsn = (Zin/kT)eps, Trx Cu R FRIF R BTBY #RE

Rep g IR S M TR 4. ERREAT, XTE 39 hE—Huy
R AR TE AL & B (LA I ARl DU R sk #R, % Cu 1 Sn 9
FEAHSSHRAR 24 f 2.5 AHAHEY BudE, HEITR 5. ARKF
MUETT LB U Cu 75 Sn 60 FE AR 4810 atoms™m?, 7 Sn 7€ Sn s
FREEN 20.2x10%atom s m?, HIERTIEF Cu 72K Sn FHIHEITRIEE
KF Sn 7E/EL Sn (OB EE, FILATBILAKEREERH Cu ETER
FHAER T MR FBAARER, NIRRT BIR. Fif, Cu
BT EIARS Sn EFRM, {R# T LA CusSns fll CusSn HIZERR, TR
Wl T Cu B THITH, FEFMRALE CusSns Al CusSn 4Mif. X T FEILIR KI5
54 BT DU AN S R (SR BRI, DUR VR SLE A IE, W
NRE AR, B4 B—A RS GRS EAEEN R ATREYR, NE
RESTERILIA; 12457 A R 8 f BN FoR AT R AR, WA
R EY. NE 39 hE FREM LR FREERRNT:

Ji1 = UG = Jsn D+ Ugy, e sy, o (2.6)

_ rychem __ jchem chem __ ychem
Ja-2 = UCu, 7 ]Sn, 11) + USn, £ ]Cu, e)

+UEM +]EM ) _ (]EM +]EM ) (2.7>

cu, n Sn, n cu, € Sn, €

_ (jchem __ jchem chem __ ychem
J3-3 = (]Cu, (sn) ]Sn, (Sn)) + (]Sn, n ]Cu, 77)

+ Ucu, (sm) + s, (Sn)) —Uec, 1 + s, 77) (2.8

— (jchem __ jchem chem __ jchem
Jar—gr = UCu, (sn) Sn, (Sn)) + USn, 7 ]Cu, 77)

EM EM EM EM
_Ucu’ (Sn) +]Sn; (Sn)) + (]Cu, 7 +]S71,, TI) (2.9)

— (jchem _A chem chem __ jchem
Jor—2r = UCu, 7 ]Sn, 77) + (]Sn, £ ]Cu, e)

~Ugat o sm )+ Ugy o+ sn, o) (2.10)
Jy-y = (Jehem — jchem) — (EM 42 ) (2.11)
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o

Ji-1> Ja—2s Ja—zs Jargts Jpr—prs M Jy_ g 3 AR BIAR AT AR Cu/CusSn.
Cu3Sn/CugSns A1 CueSns/Sn FH . JR FHRBE M E — N TR TR E T
EZTRRFETIEBKME, Ay RR CusSn ¥ Cu EEBFEFIER.
MR SERRERAE (™ i LS M R AR B4 B BT 1B 40 o AR 5 20 R 4R
CusSn/CusSns/Sn/CueSns/CusSn B A 1/1/50/42um, FIFR 2.6—2.11 iFEH &
FESHYFEE R, MR 6 Pian. 7 LUE HER Cu/CusSn. CusSn/CusSns F1
CugSns/Sn 77 1 & W R FUR B &N 1E, RAFRKIX =5 e 0RTER AT H,
HIAE R EIER T, R E SRR, 780 BB T 25045 R o A i B A FLIRA .
H H., AT BLR BUEE A% CugSns/Sn SHTH R FiE i 8 KX F Cu/CusSn Fl CuzSn/CusSns
FLHE, FPRE CusSns/Sn FEEHAMFLIAS KT Cu/CusSn FTH, X55LsE R

AT, A 33-B 35§ CusSns/Sn FHEAE B KHFLIA, M Cw/CusSn F i KIFLIA

BN o THZEBARRAN, CusSns/Sn FTHIA CusSn/CusSns FTH A KR FRIEE AN fE,
VLI TR TR 7, BEE IV A (e A3, SR T A AR 4L &
JEEEIEIN . {E2BAMR Cu/CusSn FHEMEFRIBENTME, WHZAERERET
MR, FEERREANEREMD, RERRFRE, 5ERERMAF, mE 33-
A 35 fim, SREAMR T BN R IR, EEEENE, £ 6 THlE
NRAR T HERE N ZREUE, & FH SR FRIAEHERE BT a2 31
B, SRR EYEEABEME, FHRE FES RN R TREEZHE/N.

50



FoE AEOSRETR

Cathodew e Anodes
£Y 7

39 Ak R EER TR TRAEE

Fig. 39 mass fluxes in solder connects undergoing EM

R AMBZH

Table 4 diffusion coefficients, effective charge number and resistivity

phase diffusant 7* D(m?/s) P (Q/m)
5.83x10°
Cu 2-716 1181 31[120] .
Cu . 167 10" 1.7x10
Sn 0.6~3.25 o120]
1.47x10°
Cu 26.5121 170221 8
Cu3Sn o 5.09% 10" 8.9x10
Sn 23.6 ora2)
3.23%10°
Cu 261121 17[122] .
CubSn5 o 2 81x10" 17.5%10
Sn 36 171122]
Cu 2028] 3.74x107110120]
Sn 1.04x10" 11x10%
Sn 181281 14[120]

51



3D IC HHdE b Tsv R4 M S BT S

RS EE/ﬁ‘Ithjj 30 kA/cm?” I BT R TURIBE

Table 5 EM atomic fluxes in each phase under current stressing of 30kA/cm?

Atomic flux cathode
16 gl
(x10'atom-s"-m™>) CusSn CucSms <
& 15 3 46.8
i 1.4 15.5 20.2

K6 FHAMBIETHRER
Table 6 the total net atomic flux of each interface
T’-’—E’:‘E Jl—l J2—2 J3—3 : J3'——3‘ JZ'—Z' Jl'—l'
1120402 | 113 97 6021 -343 512 27

BEE ERIERR IR A0 I, 24 Sn AFFERES, MMM R EESHAS &R
WA ESEY, HPRTRAEENE 40 fia. AR 4 FET 8RETA,
Cu 7£ CusSn HI CueSns FF HOERM LT Sn /N, FELBEARIEMRTHRITE
FEFREEHRR/N, MF 5 FHEEEERSIERNR. JHEREERN 30kA/cm®
i, Sn AR F ) Cu JRF I HBIER B E 2 512 CusSn I CusSns H1HI 3 £ 15.6 %,
H iS4 SR NERRALAMEERE, &R EEW TR RIE RS,
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Fig. 40 mass fluxes in IMCs connects undergoing EM
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Fig. 41 thermal cycling load profile
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Fig. 42 crack in the middle of solder
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Bl 43 P E KL IR Sn

Fig. 43 Two-layer grain structure of copper pillar

B 44 B RBREEHHTIER Sn

Fig. 44 the as-solidified microstructures of the tin cap
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Fig. 45 the two-layer grains microstructure after 435cycles
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Fig. 46 cracks at the interconnecting corner of Cu trace and Cu pillar after 4770 cycles

B 47 B8R RS IR RE R E A

Fig. 47 the one-layer grains microstructure after 614cycles
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3D TEMPERATURE CYCLING OF COPPER PILLAR
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Fig. 48 the stress distribution in copper pillar interconnect and copper line under thermal cycling
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B 49 4R S REIR TR (2) XUZERLEM, (b) BRmBEH
Fig. 49 shear stresses distribution; (a) stress of the two-layer grains microstructure; (b) stress of

the one-layer grains microstructure
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SRR R S BRIE AR — 8. A BRICEIRS Nk 5 N VEF AR, BOV— R
BT, SSHIEIRL AR RIEF B A A IR 2R B e R -

* T PRI LRI A ST

Table 7 thermal cycling conditions

HLVR/A 3.5 4.0 4.5
PR E/C -15—163 1—176 15—190
BB E/°C -40—125 -40—125 -40—125

% S HR Tt E P ERAME S

Table 8 material properties used in FEA analysis

materials CTE  (ppm/k) Poisson's ratio E (GPa)

Si 2.6 0.28 162

Cu 16.5 0.33 85.56

Sn 235 0.2 42
FR4 16 0.28 279

£ 9 MRS R

Table 9 Material parameters of viscoplastic Anand model for solder alloys

A

A(s-1)  QU/mol) & m p n ho (04 S0

764.17 48534 2 0123 264 0.043 11656 233 443
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Fig. 50 The resistance variation of interconnects
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Fig. 51 The Weibull cumulative distribution curve

1.3

(r—

1.2
1.1

1.0

e (%)

0.9

—a— -40—125C

0.8 —e—-29—154C
—4&—-15—163°C
07 —v— 1—176C
—&— 15—190°C
06 T T T T T T T T T T T
0 50 100 150 200 250
Time (min)

52 FHALBPEH N EHRPURRRZL

Fig. 52 Accumulated equivalent creep strain
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Table 10 multi-field lifetime statistics of Cu pillar bumps at various test conditions

] Temperature N Nt Ne Ar of Arof

(kA/cm?) range(°C) (cycles) (cycles) (cycles) Experiment FEA

0 -40-125 13390 14746
12.4 .. -29-154 5800 10904 26273 2.54 1.35
17.4 -15-163 2158 9878 9162 6.83 1.49
19.9 1-176 599 8425 3695 24.62 1.68
224 ©15-190 118 6775 1382 125 2.09

ATAHLEHEMTRNERGEAER, FETEHRR 417 FRME—RHA
S B. MRIE 4.16 FAE I FRITR I R 75 B BT 07 XU #ith 28,
53 Fimc. T LLRIREITRINEE TR ES SR E E P T N EEL D1,
FSL=hG] MAE%%TWrﬁmﬁE’JEjjésx 1079 MM EERN 124,174,199
#022.4kA/cm? B, HERIRAE A B EE MBS Be L B 5 A4 0.014, 0.029, 0.040 AN
0.053eV. HRZEERA, HIBNBIERELBR. XRFARKKBRER
LPEASEKBR TR, WRESNSAIES, AESERRL. 2k, ATl
RIER 4.17, RAMRSEE R LT B R-AEH 235 TR
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0 1x10°  2x10°  3x10®  4x10®  5x10°
(A% cm?)

B 53 BIEBIEE 75 B T U7 B0 h £k

Fig. 53 The logarithm of acceleration factor curve with the square of current density

442 9&’3“5(#;5:3%

m&&ﬁm%m~%ﬁﬂz%%%#MMW%M*%%L IR AR,
wE 27 Firs, EPERESE S SMF PCB X FR R — BB E R & TR
CusSns. 2 552 Ja 10 72 Hrifl il 45 5] B B (B BORE, IR EL SR HEAR, i 54 B
Bl 54a H LTI PCB U [ 44 . 7E PCB, FI JLEIVRA#95 VR CueSns
HAREIR, REEHREBETN. RS S, BIFERM, BRI
R CueSns IFHEZARIR,  BIERE W EIINHF KT PR CueSns KEE, RIL
HT RIS, ERTFRAERT Cu RFNARTHBIMER, &R
W& R E SRR, BT RSB RS AR, MEERT4EEE
WEYMEERTHRREBALEDEE. MIEREENR, 25T RSN
BESRIBHRERNEE, mE 32 fir. £H0EBREPER/LFEEL
B T2 50 BARISRE BB BRI CusSns, X —HTH 5235 T BEREE
BUNER, A= HS £33 TR IREE XK. S HTHEN BIREE T R /IRE,
TR R ) 30 GI BAAR AL BIE R ARL . thsh, ME 54a IRIHCKE S4c HATLL
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& BI7ERAM CusSn/CusSns FLTHI A CusSns I HEREL, XL SR FAETR B
BT Cu B FMBRAMTR, Hatis THReEmnS MR, AinfERH
AR 25900 JEE FEE 7E 76 I ATt R BT i 22 3 S 3 e TR 89 AN T 96 0o B b =5 T R R 4
A ERE R RS EF AR, WHEEBRIERNARSE. PR
CusSn/CueSns FLEH CusSns HAIMBEUERBIRR TR T, S &
KRBT RE.

WE3%E % 17 SEa6 A RN E) 580 FAYR, AR PRAR k&4 B BEER G prag b,
I ) EL TR AR RS AT AR AN R AR B3, B R BUR AT AR B3 2 B A B i 3
THLRE, ME 54b From. NELUHTEA AN, RENILEE]+ (Al 582240,
A B RELR TR RIS B A ARG MR (EY . ZMRRIAT Sn F5
B, TAMKRSNERA%H 4, RIEEE—A CusSns fRL#TE CusSns/Sn
REAREYT R, FAEALSEBRLEDTIMRIGEE. XERANT R
1542 S E Gl s RPN B S 8

B 54 237 FHRENAREES: (a) 200 AKX, (b) 560 AKX, (c) a EHIE
HKE, (1) b B REHBRE
Fig. 54 the interfacial morphology development under the coupled condition: (a) after 288 cycles,

(b) after 560 cycles, (c) close-up view of (a), (d) close-up view of (d)
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3D IC HEE S TSV FIEAE N S A AT SR

z:ixi%éﬂigﬁﬁﬁﬁﬁe%ziﬁﬁ&?ﬁdfﬁé&ﬁﬁ&a, SRR e TSR, X
SEANRAE N AL SR BOT R HT IR IR, BAB RN SES S TRRBENE
=%,

55— e ok 2 R A F B AR I AR AL CueSns/Sn FATHITTR, B 55 B
. B 55a HETFHTIAM PCB AU R4S A, B 55b 25K 55a FARE
7 — AR A, TR T AR, B SRR PCB . W S5a
FAEH, EEREEE Sn ERERR, X5EGBIBRAR. BHHEITE
BeRRERT, 18K Sn D4 eMERETAEREMLEY, WHMESH TRE
MR AT, RAES ISR Sn BEAERBRNLEY. PRMAMERET—EF
B CusSn, IR KHL CusSns. ME 552 FIE 550 FANEH#AT DUKHIE
BHA% CusSns/Sn FTE BB BT AN B4 M SRS, G BERAE  mUT B R, X
Fob e 27 TR — b BT £y AT RS B AR A SR A 2 o P AR SO SR A AR T —

B 55 4k S 235 T BRI CusSns/Sn SFHFZE: (a) BTG FH PCB U
FeR4AAE A, (b) BT JT B A fE M PCB AR, (o) B a BIRERK
KA, (D BbHEHBKE
Fig. 55 cracks formation on the cathode side (a) cathode side on the PCB side, (b) cathode side on

the copper pillar side, (c) close-up of (a), (d) close-up of (b)
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5 SR AR Cw/CwSn REIFRK, W 56 fim. EfE
¥ Sn B4 BEEREEAS 4 B AL 24 CueSns 7l CusSn, AR PR MIEY CusSn
EREE AR, 3ok B UL BRI . MR AR B AT LB B Cw/CusSn
R CusSn WK R KB E LRI, B4, 7EBR CusSn/CusSns 7 H
Tk BIFLIA, XRETRAERA T Cu TR Sn JBT i Ak i P T 2 T ZE A
W TR . R RS RE R AEFE PCB —{l,

& 56 FAFZM Cu/Cu3Sn FFELSest: (a) E-TIMMEIA ™ A M $5 M PCB R,
(b) a BFIRIBHCKE

Fig. 56 cracking of Cu/CusSn interface (a) fracture on anode side, (b) close- up view of (a)

%Eﬁ%ﬁﬁﬁ%ﬁﬂ8n$mﬁﬁ%ﬁ,ME57%%0%&ﬁ$N,m
B 57a hER R LME S, B8 Sn Mk T AR EZ NIEBANEY. BT
TR ERAE ™ SR A PCB AR, BAAR A FHARMIZBFZA T CusSn A CueSns, HHIE
BB HAREZ, AN E CusSns AR FRFERBENBIVR, IR
AR Yy i SRR, ARSI REES SRR BEEL LR
B RS A, RGONMEIER Sn REY R, HRIEL TRASEEMNLS
R B b E Y R, mE 57b FRRGEAFR, A, B Sn IRFER,
REARFORAARE CusSn EEHFTHEM, FAMRKME CusSns BEEHA FTEM, MR
B CueSns BEJLTFRAE KA, BIH T BIEBRERS, ER=FRME
PR CueSns HH G TUREZE N T EIR. B CusSns WEHI T RERHMRL,
T4 2 WA BULLAE TR AR IR R R R B R . B E R Rrf R gE— B e,
SONFEME AT BREER FEANRE, SRS S LETBRY, EMRU
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T A EHE D A REIA N MR 55 1538 R 307 MR, (R H A Al b T34
Ta3R TR ey B AR, TR R R R R RGN T A5k A i AL DA K 3558 T
FERL R S AR T ARRHE 7 2 B XM RSO R R B R AR IR 1
SKi A E, T H A A EARK A .

B 57 BRI REITRARR: () RHYHAE, () LT E, (o) FHERI,
(D c B REBRE
Fig. 57 failure in solder (a) initiation site of crack, (b)extension of crack, (c)open failure in

solder,(d) close-up view of (¢)

S G BN R REI RS, JRRE A, HEEMRIUERKY
R G B RRR L, 5T 11. RPFEZJEERRE —FRAER,
BUERXERS 51 I BAR CueSns/Sn FFETFRE . LA FH 12.4kA/cm? B, F—Ff
RIS ELBI0 31%, TUREE BRIRE RSN, BiER 51 Rt Eiltig
RLRIIEN, IR Y 22.4kA/em? BT, B —Fh RBUEFT & LIS I E] 44%.
TR =S EAR AR Cw/CusSn FETFRRRMAT S L. HILBIEEBEE
%%%E%ﬁwﬁﬂm,M%ﬁ%ﬁ%lmMMmWﬂ&u%%Mﬂ%ﬁ%E%
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FENE WEMEASAEEE

22.4kA/em? B B 37%. 2% 7P 25 U0 51 B8 o St v (B 2R BT S b, 5 i
BEA 12.4kAJem? B, 58 =R R AGEEUAT & LU Ik 56%, T RE FE IR 2 B A3
hix— el TR, GRS 22.4kA/cm® B, FRAGH T ER] 19%.
0 B T LR = R R BT 5 0 EL B SR FT UK B, 2 R R LR 5 =T
KRR AE SR, T HBEREERENE M RIE N ES,

% 11 BRI LA

Table 11 statistics of each failure mode under different coupling tests

j (kA/cm?) EM Anode crack  Fatigue-creep
12.4 31% 12% 56%
17.4 40% 20% 40%
19.9 42% 21% 37%
224 44% 37% 19%
4.5 SHIIE

H TR LG T B AEIR X R M 5 % Rt B AR T R, R =
ZHAEBW, FOBX SRR MEREF AT .

B —FhAER, RN CueSns/Sn AEFFRAN. SHAMTANE=HE
GHEE: BT EREITLIA, CusSns A H HAVMBLEUR CusSns/Sn 4B IR 7
koA

¥k, BT S AR TLIR AR R R S O A L B R 418
SRR AT, FEREETRAERT, Bk CusSns/Sn AEH Cu A Sn
BT RS, kAT BTN NR TR R TEIT TR, Bk
EHATRE. BEBTRHANET, FURBREERARRNBTEIR, W
B 33-B 35 ME 55 Fr. ERRGTLASRE/NT 85 8EE FHILA, @
NEF—PEHRZH T, CusSnsy/Sn REFFRLEME, 125 Sn FHBRG BHIGHIT
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%%%&&Hﬁé%ﬂﬁ@%ﬂ%%é)ﬁ [4L& 10 . T B 37y BT T T8 RO BRI RS FLIR R
BEAR B SR R R, WU 235 R 1 BRI RS FLIA DA SR B R B B i p e P A
AR . 25T LR AR 5 BB @ 25 Ay /> T 535 s 3T R i iy
U4, JEEAIR 7 mER R, RIEIHXS 5| R F AT RE —E .

HIR, CueSns FHIMERST S —FpR BT NWH M, WE 58 frx. XF
WO LUS T R B AR R R 4R R R S R . R G T AE
CusSn/CueSns F AL, XFPHUREAIARS CusSns F1 CuzSn HIRBIK R HA
AR, AREEALRES, MERREKREA R 5 RS2 RRLST,
e B RSN = AR S, EEERREEZ, Wl 58 F A
PCB MWL\ AMIEE CusSn/CusSns FLH F A R IF R . XL HBIL 77
FEAE1R S J1 RS T %

B, CusSns/Sn 4ELETAR SR AOE 55 3 45— Fh SR A Rt — 2 RO,
1B 59 BT o 7E CusSns/Sn FHEITE BLL, ZELUMIFESR S CusSns I SMYI &
REGEE R JUR CusSns ITREY RIZA T 4B RINAL. IFHELEHR S
FEAN R, BEA CusSns FIFIZIK REL (acyesns =16.3%10) 5 Sn [
Ak R H(asy, =23.5x10HER K, FEREHHIIE R T 7 50 AT B K 2 A8
AR AT, B, CusSns/Sn FER S KAEREF L, T HLAEBERNELER
WS RANT RREFFIRE.

GZE=7HREEK, £ZHT, FHN A CusSns/Sn AEFERFTHY, B
BRI TIREENTRIY RIRHRT CusSns/Sn BN AET B, H5
WEYTHRIERMXEZ EAER, EE—RINET RN B, LS5
WA EAERR, IMRUERRBTHMAELBEEAEREN. YBREE
BORRS, XFRRPIER S ESREABMEZEEMAR, 7E CusSns/Sn FEHAAIFL
TR BRI CusSns b EMEFEER, HANIMER S = EMBLURTE
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58 CueSns 1 IR 4L

Fig. 58 microcracks in CusSns scallops

59 CueSns/Sn FHTATJE 55 2240

Fig. 59 fatigue crack at CusSns/Sn interface

S EH &R EAL SRR T S RS AT A PR IT AT, IR
B E TR AT BALE. B 60a A RTitEEER Sn & E =t
) CusSns TR y MN A ARE, AR AT PCB MK CueSns/Sn FHHHY
WEMNE, AL THEAEREERERN CusSns FILF LELSEH, SRERI
BRI IR B IR AL T CueSns/Sn FH1H - X — LI RITEBLBR T MBI R4
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3D IC I EE TSV FN4RAE M A RITTETE

TR UCERTE 33 AR 1% i PSE 741, SR FE T oAb & A HAAR R e AR AR AL T 5
(IR F7. y BN A E T A5, A CusSns/Sn FHAEFRIUET 1
RRLL.

(a)

98 208 317 426 536 645 754 864 9731080

(b)

. N
-249 =212 176 -140 <103 67 -30 6 1

(c)

95 211713 8 4 0.2 4 8 17

x10°
B 60 fatE M SN A MR SARE: () y RN, (b) xz BIVIR 77, (¢) xz
LIPIIE S
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Fig. 60 FEA simulated deformation and stress (a) y-stress, (b)xz-stress, (¢) xz-strain

StFER R AR, AR Cw/CusSn RTHITFR LR, HEFERREZHT
BAEH . BEBREAT, &8 Cul B FNBIRIARRTR, (iR CusSns AT
CusSn HIARK, T CusSn AR BUAEFE fF BEE P 6 1 /R FLIR 10 i B92-146, ] it s
FRABE ) CusSn [ FEIRT A% Cw/CusSn ST HIL T KB /RILIF, X7,
ﬁM%ﬁT%%E%ﬁ%ﬁ%Oﬂ%ﬁﬁﬁ%&ﬁ%&Tfﬁﬁﬂ%ﬁ%%Mﬁ
TRERALOREE R R, BASHARM, WA 56 Fim. KHEANERS
FGRTBE SRR, ME 34 FUR, BT MEHEED A TRk
2o DA 2SR RO AE AR A L DASE —Fh R R RE R B i, A
SV DUA B S MR SRR AR, 12K Sn DR AMEML AL B
WEY, ME—FRMAERRERIER Sn HRFER, RAVLHE = Fhdodia
A B K (A MRS A X PIRR SR RO X B ATAS 528 Sn
() FR L A SRl 127, 1471571 el e & b N b, LR ¢ S5 B ok
JTESPATES, BEREE AR, 128 Sn N RN A& B BAASBALSY,
KA RR A — TR R TR NS B AL A W EE S, 4B S s
e IERAR R T FHEEZE B CusSns BHTEAE A CusSn AHXT R B IF I 18
LS8, 1591, DRI bE R AR 58 — b R B s B 28 — b Sk R R AT B SR A

ST =R, BUER R L, BT EBSD BRHTRE R RS
WAL, WA 61 fiw, WEFRUEHEEHHE A/ NELS SRR, 12
B Sn AR B JUAN KA ERRLEL AR, X PP R AT R ARG S4RENY SET
TSR AR T G HARLL, (2 5 SRBR BRI R GTEBAL B 4 5B R R K
FHRE B R AT RARMPINCIO, S5, ik 2k Sn FHGIESRR
BB, B 57a BT . BOACRSU B4 2 i TR RbA g b T R R P X
B, anfE 60b ME 60c Fizx, AIEIN T HRKEIYIR /78 A BT R 2 A F 158
IR HIIL 2 . IRYERSUX S RL ) R ASIRA AT LA T KT B SUB T 1T B
A RRGARERE, WA 62 Fic. HERNTLRILE R ER Je a5
TS RETEAMENMNE, WAGHE A f B ZERETHMAE, HEH
TIRBESIINARERATRETHYER, XBT U RMEL. B—F@, 5L
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3D IC FHEE A TSV Fndkk ™ . BRI SR 14

RIS R R 25 B BT SRS, SRR RGNS RIR T 1
BURI I LR ARG PR 5802 LT IR R 2 R BARRIRE b o o R
FERUK, TR ANBERRREIRDN, ZFMEAEREN, REFSHER
AZAF SRR R E SRR« HR BT S T IR E BB, A
BRI 2 B R K H 7 Ao

200m

B 61 R s R AUE R Sn IR TR (o) JE8) Sn B ¢ M- FAT THRTR
7RISR RS, (b)) a BERIE, (o) E¥ Sn ¥ ¢ HimE BT
A IRE SR R BB, (O o BRI AR
Fig. 61 EBSD map of solder Sn with a crack (a) SEM picture of Sn grains with c-axes long current
direction, (b) EBSD map of (a), (¢) SEM picture of Sn grains with c-axes deviate from current

direction, (d)EBSD map of (c)
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A 62 FRRIR AL

Fig. 62 crack in solder tin

4.6 KRB

H9 T SRR O S TE - AR IR T S RIS, A S TARE B
SN, K HAEFOR R AAE A (R FI 5 13 52, IEAYEFR Engelmaier 75 Tl
AR Black RUEHH A TSRSk, B THREN SEST FHEHR
AR, BT T 2555, WETRENMSESH THESG, T SIMAR
XL HHE IR, WE T 2550 TR . REGH TG 5808 5
REMH, BN S NZ5HRMERS R T =%

1) BIRROIEES 1A SR BB MR AL CueSns/Sn FLEFFEL:

2) BUERERMIAEM Cw/CuSn REFFE:

3) BEFIRAER AT

B3 T SRS T LIS SR S S T 13k A
B BT B RAER MR ROER, BXRAR SR BRI HENBERANE
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3D IC B3 TSV AR N S AT S

Y N R RBAR AR IR it ZREEMER . — 5 T BN 7 28
T DL ST ALY, 384k T SR, (R Bk T IR RHE 7 IR AR M R RO AR 55— 5 T
IR 5] R Z R A 5 UIE R JR TR A SR R, I ELX FIE RS 1R B R L
SR EWERRN, MTIINE T TR KR
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BRE TSV HF AT M

FBHE TSV A AIE M4

51388

REESLEEIEN 3DIC IR AL —, BRABETERITWH R TR
AR, TN TEREREE, B/MBRAERIIES, BERENHEMELTE
PARAT IR AEIR 2 W AR . L = el FL IR TS AR B A e
ME ARG A TAEAFFTERRRKENE; BB EERE RS REREZ

(=99.9%); CTE ANILECS|EAJHEI AT M N8, &%,

BT TR BN, #WIMTT RS REBAL L EN N EENE. FEEH
JiH, —REEALELERE TEIREE RN, RRENETHERERS: O
CuF TR, TN 250~450°C; @ FAEHTE Cu, TEERE 150~250°C; ©
Bk, TZIREN 400~420°C. 55— A E TR PRk : O/R~FE
RHWESZEEAFENRERE: O3D BN A Z R AIREN T 408
ERYIS D, ARRBERARSIFNEE;, OFCHSSEEA Fdd b, &
S ERATHER, B EELEHESKRALTEHESERT. BT Sif Cu
MIZK R BERBK, REIB AL EE S MTE RIS T E MRS TR /= R B R R /)
(66,101, 112, 167-170) s 5| f2— 22 51 W] S 4 [6) AR = (1)Si EP?EfB@Fiﬁ%ZUF@%%{*‘TiﬁE,
HZ=3E Si RIS TN, i Thompson £ AIESZ, 100MPa 72 ULE|
MOSFET ¥ R84+ KR F RN EZNL 7%, TEEWEHTENE, A&
BEEATERAR SN IR TEMEBESRMt. QBT EETR SN 205
FIE#, NAERNETFIBEEEIE 88%, XERTHMEIERENRTETF
TR, EESMAEENEERE. QRN ASBNEBIL LEREHIR, HEs
oI EB SRR 170,172,

EIEALEEE SR TR TSR E B iTEs = RIS R, RLH
AN RETEERAEBLELEERN S TR AENET A S, AR
POCETZXNETEENEW; FTRARAREHT LTSN,
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3D IC HEE G TSV AR N AR RS

5.2 SISt
5.2.1 TSV #mEl&

LIS TSV R IR Z N 100um/50um, BNy B =41, FHFL
ANEy 8%x20, FLIEIEESN 120pm. RARKRMNME FZIMEAR (DRIE) ZIMELL,
BT RENBARIEFLEE LY 500nm JE[ Si0, K42, BEEIRST Ti BHEAZEA
AuMFE, HERES 579 200m. 150nm.

 RSERrh & T SEAIATS B TSV B S ST TSV SRR kb s I 745
KARR-MBRAEREER, ERERRSHR: Cu? 40g/L. HaSO4100g/Ly
Cl'50mg/L. B BRI R0 )7 .

N7 EBRESRR R SRR E, IR R OB SHE5 BTRRE HE
Rzt FRIA G & EYE e TR A NSRS . K PIEIE /R TSV #E& A
OUTH 7 5 FL R T RN B 5 B [ FE BRI B, FFESE PR TR AR (R IF— . B
JeFAUREE N 5% 7R ShER MR L P AR T (B, BB 5 BV S R F5 3k Smin,
FAEREFKMETE. BOEFHIEMMEEHESERNETESLHE, FF
ABRNBRESE, N ERBEANEE EE TR, BHhES — €[,
DMREE LA Sk, 2 RKNTUER T2 5%, RGN0 R
BN BER T, AR TFIRIFEE.

HF TSV RYEALLHETE (Damascene) HR~FTHLHEIE LB,
BEENEINBEENESEEARNERSR, BBEERELIEN, 55
WE S SIER R &, Rk EN B ESAE TENT LI
FLEFR A+ BE, —SBH R AREEEREEILE, EREEENS SR T
G EEA . RRERANESAETE, 7 URIESLAMSEEEH, 3
TR R 21X AL B

AT RARERBRARNBER, TSV BRE LAKBERTR AN
AR BN, — A HTARERERENAE T, REERAERFEESER
B, 5 —W BT REERN=YERERRRE, SR —ZBE0N S HE,
BHIE Cu HiHiRSBMBLR M EE, HMEET Cut KEBERBHER,
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ERE TSV SRS

A A ] LR A PO AR S TR P (B BRARAR T e A B 2 th e R A A R
ERE. Acihie BB S B 0.004%-0.006%E FH N & 1E[88].

FESei R BT R M B R AN 1L, Rk BB A BT B BRI 9 AT RE B S I
R F kR Autolab 204 FaALZETAERS, FrE Ak RS A 63 ik, H
Y EL A A 0 B YR DV EL IR FR Y TEKTRONTX 2200-20-5. HPE I 2R R 7795t
PRASST ST R RE, DMRIEFL IS B T, BT R AR SR e W IR
FAF T HEAT

AT AP T KNS TSV B AT SRR, 8145 B g% i A
BER/NEI R T SEARR SRR Cu-TSV BER, 5T 12 AN THF 7T SH
S A A SRR, SR b R & T SRR B R .

12 PR A SRR T
Table 12 the grain sizes of three samples before and after annealing

e A B C

I T 1 1 1

BRI AN (um) 1.94 1.60 0.98
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-
0 50 100 150 200 250 - 300
t (ms)

63 fkr R~ EHE

Fig. 63 the sketch diagram of pulse current

5.2.3 TSV B3

AT FFEME AT T TSV REEIRAIRM, R0 7R ZX B R M
METEHITAE, SR TSV RE LZRE Cu XA 300045 LIRS 40T E
JERATHUIL BRI eE M P ENER. AECEEREEMRNERT FEE,
AAAHEENERERS . RENERETRGELK. 2% TSV HLER
EhETERERE, & TSV R AELRBERS 400°C, AEEN 3.5x107Pa.

o PR FE IR B B 4 B AR B 15+ 30+ 45 1 60 4%8h . T HFAAEMHGE
ZX} Cu- TSV KT S M R0 , 4 FA AR #4082 43 51 E 9 12.5°C/min, 25°C/min
#1 100°C/min.
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BRI TSV R RTEMS

5.3 SCIGLESR
53.1 HMAEHT L

AT S TSV RERBHAT RAL IR SR, PRI E B =48 X ST Ex i
AT RGN . PR 2505 TS =4 X BT R XA AT JRALA I, 53] TSV #) 3D
R MEER, WE 64 FiR. ATLAEH, HEFET TSV EiEE, WA LR
BRY, WE 6da iR, . AN RS, B 64b Fras, TSV ARWIL 1 Lk,

X EALIF BE R IAEIEZE Cu RN HE, tRIRILZE Si/Cu Fiifd, i HALAEZ 5 AifE
Cu-TSV fi L&)

¥

st
s S e e

"

& 64 Cu-TSV P 3BT G =4 XRD F30; (a) #HEFRLET, (b) HEsE

Fig. 64 3D XRD inspection of Cu-TSV: (a) before annealing, (b) after annealing

EAAMEMENE Cu-TSV R RETERRmESERML, WE 65 Fir.
B ST, PEHIRE IR, Cu/Si AT FH—A-FEA. %G,
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REMGRT 6, EEK Cu & HEAE Si, W 65d fim. XFILEFRY TSV
(45 L A 7 1102, 106-108, 113, 114, 173-176] - 3 A= 2 i f5 SR AR BN Cu A0SR ERFFRITTEAR,
YA 5 BB IR B MR R S BT, VWA B TR T A e T S
B SR PEASTLI02 1081 B AL, SRR Y Cu R H AU R A
S, Cu @A BIE R, X—ME RPN FOIFEHIERR Cu WRET BFHE
%o tsh, FERFLEHRIT IR, FLREREEREREHS A, TEhRD,
EMFR IR O0ZEHEL, TERTHEAEKR, ERFEESMEBRER TR 7
WAAB RS TSV R EFIRE LI T L7,

65 Cu-TSV R 2RI 5 R SEM TE5R: (a) HEAGET, (b) a BAEHT
EHOREL, (c) 400°CHETEL 30min f5, (d) ¢ EFHEERS R EBCHE
Fig. 65 TSV topography before and after annealing (a) before annealing, (b) close-up view of (a),

(¢) after annealing 15min, (d)close-up view of (c)

532 $HFHEHR

ATEERMEI Cu-TSV KHF B, BBt REEHMEURETH
=%, WA 66 Fin. AEFAIE HEZERHREMUEIR, BIREFH
MOLAEHFHBAE, FEFAEHSREEFH. FEEEFHIM W TR
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BHE TSV AR TR

B AU AR Cw/Si FH R A T XA S SE S 4R SE P RIF N 2T R.
X — AR AT DU B P O R T e B B R RAE, Il 67 PR ESER
() R 7E S ST B EL B 3R Bt B R VN BN, OF BB i 2% th I Al
1R e B R B R S R R AT S B

Bl 66 B i =4E730

Fig. 66 3D protrusion morphology

Height (um) * -
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Fig. 67 protrusion profile of TSV

533 FHSE

g

AT MEE Cu-TSV W izh /1%, FRANCAREEMBENETFTHRE S

95



3D IC FFEh TSV AN SR AT SENE

sl 1B S R BN (VS B . T 68 4 iE T AN VTR IR I S O A 8 L B
FELs. XKL, FERFZORT 30min, FHEFREZES 100°C/min FIFEmHH
SERE K, 25°C/min K2, 12.5°C/min ¥ &/), BB FBREEFMA, FrH@EE
H R . o b R — Bt A 8] i B Hh v B U T DA R FHR B R, PR =R
g, [EAEENETFHREER 12.5°C/min A 25°C/min B, HEFH &R
R (A1 AT 34 0, F7E 30min fFHaTRE . A1, FHEEZRDY 100°C/min ]
BESFNEEEME - N EE S TR, X—RREEIFHRERER, £5F7
T AL B AR s S T BUE SR b R A T PR, 1l 69 s, 2 30min

JG7E Cu £ SiO, B M AL =4 T RS
1.4

1.2

v~ 100 °C/min
—@— 25°C fmin
tb— 12.5°C fmin

-
<
i 2

@
[eo]
PR T

o
N
1 P

protrusion height (um)
o o
Ny ¢

o
fon)
T

10 0 10 20 30 40 50 60 70 80
t (min)

68 5t Ty [ B R Ao 2 [A) fH 2k

Fig. 68 protrusion height with different ramping rate
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B 69 Cu-TSV H R mEAFH

Fig. 69 delamination of the interface in Cu-TSV

B T F 70 R B R 2R R A AT (RIS Cu-TSV $ IS0, A SCERF 7
T Cu-TSV MIFr R ESET Cu ARG R . IR ] B e i 25 B 1
&7 SHRE SRAMG Co-TSV S, WE T0ac Frs, SARER AR AT &
KA/ F 9 1.94, 1.60 F1 0.98um . #5505 F EBSD JR 47 W 82 2% T A hi 40 Ak »
ME 70d-f Fik. ATUAEH, FETE 30 44605 SARES 0 SREE T K. %
=R R AR T REM A Cu-TSV A, FITR 13 %, RIWIGE &
R, BrHmES.
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(@ l ) l ) l
(c) l (e) l ) l
un

K 70 HBF R E SRR EE; (@), (b)Y, (o) ARARBRRT, SRR3R
1.94, 0.60, 0.98um; (d), (&), (£ AXTMT(a), (b), (¢) RAbHfF

Fig. 70 Cu-TSVs samples with different grain sizes, (a) 1.94pm before annealing, (b) 1.60pum
before annealing, (c) 0.98um before annealing, (d), (¢) and (f) corresponding to (a), (b) and (c)

after annealing 30min

R 13 ANF SRR/ NIRRT R R

Table 13 the protrusion height of samples with different grain sizes

=R N

e AL 1.94 1.60 0.98
(um)

Brita 1.89 2.16 2.58
(um)
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B 71 =MAE d RN M R R 30 8P ERITES: () 1.94 pmbEd,
(b) 1.60um# &, (¢) 0.98um
Fig. 71 SEM images of Cu-TSV after annealing, (a) sample A with grain size 1.94 pm, (b) sample

B with grain size 1.60 pm, (c) sample C with grain size 0.98 pum
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RAPMIBRREE S % DSl AEIET, FEURTEN TSV BuARANY S
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[, BRI AR R f’]’j SR HALRRXT TSV R SEM 4 E R .
J9T BAE LA LRI, RS- AR T VA4S D ASeIRRE R . HARGHIE
72b FT7R . B SRR BASY Sy BB R BT T A1 1 /0 AR (X AR 1T 2 A A 00 K i
FLIX o X HHEAT 400°CHIN 24 30 438G T LR SN BRRLIX g e KAk IX
FR AT SRR A B T B, W 72¢ ATd FRR.

B 72 400°CHET BT bR B LT b (a) AT (b)) BHIEIRES, (o) 1 (d)
#& 30min /5
Fig. 72 the reliability issues in nonuniformly distributed TSV (a) before annealing, (b) 15min,

(¢)30min, (d) the EBSD map of (a), (¢) close-up view of (b), (f) close-up view of (c)
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Fig. 73 interface morphology of TSV
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5.4.2 ERIA/NIT TSV SETRAT S22

ALY BN S IR R 5 LA A 0 IXFPME OB Se i ILE de ki A/ |
M ESCHIZE R A/ ERLRY Co-TSV LR ERLE] Cu-TSV HFHE S . 1RE Raj

1 Ashby'SURITF ST s, A T8 #5 1 i A RL AR SR A] AR NI R -
. 132006 |
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A
B R—RA—HIEH
b RIAKKE

MFRTAT LA RARE R 5 AR BUR B, B AL/ Cu-TSV Hr B .
(B2 A5 AT 5 AN [R] S R A S ZE R 300U B R T FLIRRD & SR B S AR .
B ECEE R, ERBKKERANSUERE LARMREES, SALERE
FEWEREE . X—E R TSRS R TEBERR, SRFNBERERMEE,
HAEHRImIE. F3OBMHH & E &R i NS RERERIRR.

B 74 S5 T ZARGARRLERE THFHEE#MZ. 8T ETXL,
B &2 R E A= E. Bh &t &R B A mEESSMNFE
3| o [B]3Z U 385 D R 5 R A 43 1 T A L 6 57T 2 B L v R R R R R
HIFB A E. $ER 30 28E, AL B A1 C AR IAZEHFEES &
B4 0.49um, 0.71pmAl 0.81um. R#E L30T TSV HHERETH H 55
& B AR SHIE B IE R, BRI E6 SRR TR, BT U S FIE B EM K, 5 Raj
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B 74 SRR E SR MR IR R R0R S T 5t B R () Wt
e AT 1.94um, (b)) #IEAMRALRST N 1.60um, (o) FEEEPLRT N
0.98um
Fig. 74 protrusion profile of Cu-TSV after annealing (a) sample grain size 1.94pum, (b) sample

grain size 1.60pum, (¢) sample grain size 0.98pm
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Fig. 75 radial stress from interface to center of TSV
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n SR 73R %

T NEE

Q HE AL

K SBER % B

(B ANSYS ML A FUE LR HOAEMEEL, 2304 A ANSYS
—WFFE T B UPFs X T B 0M BRI . SERRSE LM B M
EHET usercreep TR ERFIAR, BT TSV REEHH S FEH%—H
BHEE, AR RN SHNE 14, %97 HIR AR RS 7
B R B0, BT T B A R B SR S TR AT G TSV S22 SR E AL TSV
B H RO R |

# 14 B RTIHE R AR SHIP

Table 14 properties and constants used in FEM

MR G iE3
HIZRK REL ©16.5x10° 2.6x10°
wmE&EE, E (GPa) 115 130
ERFE T EREIS BE
197
(kJ/mol)
Ea AT ELEE R
104
(kJ/mol)
AV BORIERE
55
(kJ/mol)
BEFAER, 0 (m®) 1.18x10%
gefi R, d (um) 1,1.52
AEEshE, h (am) 245
REENFEEK, 1 (om) 875

B 76 45 H T A PR ITHEILK 400°CHES 2L 30 7341/ TSV MR A HIFT
F5i. WE 76a FHIFENESAERNUER, WEMNEEEEFE TSV K
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Fig. 76 FEM with interfacial sliding model (a) creep strain distribution, (b) protrusion
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WgR. kb, FHEEERERMGCHE, MEEREREGRE Co-TSV R,
1&FFET TSV IEM Cu FEFTH BT KIEAE ML Si Bk —L, MEE Cu WHATL
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FEAR MG Cu BT Si B4k, W 77c Bim. AN, WE 77d
PAKR IR Cu-TSV 75 Cu BN T £ . XFIEFRN TSV BB HREHE
wHEINE 90 EI, TSV IEEMEEN Cu HE—HMHA Si Eik, WE 77¢ ME

77f B 7 o

& 77 Cu-TSV IEEHMBHEES: (a) IERHAERET, (b)) BEPIEHRET, (o
1B 30 AJE, () BHE 30 Ak, (e IEM 9 AJE, () Moo AfE

Fig. 77 the topography of TSVs before and after thermal cycling: (a)before thermal cycling of
frontside, (b)before thermal cycling of backside, (c) after 90 cycles of frontside, (d) after 90 cycles

of backside, (e) after 210 cycles of frontside, (f) after 210 cycles of backside
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Fig. 78 the intrusion height with number of cycles
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Fig. 79 the intrusion height curve: (a) intrusion curve of frontside, (b)intrusion curve of backside

& 80 & TSV RHEEHAH BEEE . BIERET, TSV KA Cu R-FE
THEIE, #bEERENAEEEAT, HFEEFEHLAHITRZ /DS,
MAEE RSB AE ST U RERFEA SN . b, FEAERIOLK, WE 81
I ivat

B 80 Cu-TSV REHEHI: () PIEF T, (b) HMEH 210 A, () Eb
Y R 3 R B

Fig. 80 SEM figures of topography of TSV: (a)before thermal cycling, (b) after 210 cycles; (c)

close-up view of the interface
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B 81 Cu-TSV H S AbZisy

Fig. 81 cracks at interface of TSV
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& 82 Cu-TSV B IR ok

Fig. 82 FEM model of TSV

® 15 MRS

Table 15 material properties used in FEM

g | A
Rk 1 THFAEL
(GPa)
(ppmv/k)
- Si 2.6 0.28 130
Cu 16.5 0.33 85.56
Si02 0.5 0.16 714
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FE Si02, AHiL—MA Si. 7EE 83a # Cu &b F/EM A SiO Lo THM A, £
FREAMI R — BTN 7, X—RPRAS R AT DA R E R 7 #igk (B 83b, #%E
x HIFFARA) FEEH. B 84 & Cu-TSV ABERA S04, BPRE
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Fig. 83 axial stress distribution: (a) stress map, (b) stress curve
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Fig. 84 radial stress distribution: (a) stress map, (b) stress curve
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Fig. 85 grain structure of TSV

118



BARE TSV VB A S

6.5 KEINEE

X TSV 7E-40—125°CIREEH FRE R A MEME R rBslin T

1) BIFT Cu-TSV ZEREIR TS, RIAIEHE Cu-TSV MIEmME @
AR -

2) TSV BN REAERF B I hnma s hn, FR7E 210 AW UEE 2 .
3) TSV MERNEEFA T KIBBEMN, TSV BHHIATERL A i
g

119



3D IC #EE s TSV FU4RE N A A ET S

120



FLE EA4ER TSVIHA

FLE E6EFR TSV IR

7.1 518

Cu-TSV 7ERN MBI P& K4 Co FIFFHEE WA, W& 65 M 77
Fizc. Cu BB & SBALEFERREETR, ERW TSV &K
5N, e EERERE Cufl Si R REHER K. NT#E
X — A R, B SETT LA R SiRIETE TSV MRl MK 2 EE. tin
f#/H FeNi A&ZSAHRAERKRBW S BMERARE Cu. H—J7MH, RIEX
Cu-TSV HHI K FIEMTIF, KI Cu MFFHHLEFZR Co WRFTIHRZMAE
B, Wl 65 ME 66 Pin. X —YLE, 1RIE Raj A Ashby S AUSUEHT
7%, SRR S SARRLT T A PRI AR U] RS Cu-ZrWa0s R &
IS TSV. A ZrW,0s A H I H#ZIK REUE, 50 Co MK E &R
DARERETE AR 550k Si 2 MM AR REE; H—H, ZrW0s fEvE =4
SR, AAR7E TSV MIBEF A Cu A AT ABHAS AR A Cu HIIFAE.

7.2 LIt

EAIEFE TSV i B FLEE R ETFLAAR S0um, IR 200um. ERRAK —EE
i) ZrWoOs 3 F AN B 200g/L CuSO4-5H20 F1 100ml/L HFIIREREE 4 R B - 52
Wi IL TSV M SRR £, DMRT AR, BRAEESTR. B
FERBEMARE R, Bk, ZEFKER. HMEERE, BREMBAESS
A, AL RN, BT R, ARRERR, TSV BAMmIEN
AR, {8/ AUTOLAB204 34 kv Bt AT sl . Rk B S Eun &
63 Fi7~ . SEI8 HRIR 25 B2 23 B4 30mA/cm?. 40 mA/em?, 50 mA/cm? 1 60 mA/em?.
FE 4 A PR LR L ) S R R R R R B

ARSI K KA BT ER &K Zrw20s #4k. Bl ZrOCly-8H0 #
Na;WO42H,0 AU ERE, 4> FIECH] 0.15mol/L B ZrOCL AN 0.125mol/L HY
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3D IC $HEE A TSV AR AR

Naa WO, A8 o )RR SHE T ORI 180mL 19 NayWOs FEHUHT 90mL
ZtOCL A 45mL B9 TE Tk GRT S00mL Kbrd ). Libmimidieas
— BB, RS 60°C. RINSSRAGIERAIE 2.5h
EIA 45mL BKEIR, A SRR, HERABERE o0mL, BAK
VUSR 2.0 P O RN 28 T, 76 180°CHER th S BE 12h, KR RIF=4 i 3=
BFABEEBL 5 WENLAGKRG, ABE SOCCTRT, B3MIEHE
ZrWa207(OH)2(H20)2, 2R G4 BLRTIRARTE 570°C R 4158 3h, SIS B LT ZrW20s.
SERRmiEEWE 86 B,

ARSI ] KRB AR a-ZrWaOs (HE5E LI H X-RAY 44471, H#L
AR 2 8009-8.7x10°mK ™", Cu HIRZIK RECH 16.7x10°mK . —/&Wy, E&
MR IR EFAEE TIWME &, WEEMERAEK R, RERUREES
YR A A . WA R ZiWo0s S BIE SR, HMgk 2 E
RN

Ucom = Azrw208Vzrw208 + AcuVeu

HAf:

Ueomre Cu-ZrWo0s B-& PRI P2 AK R 2L

Azrwz08r Varwzos B ZrWL0s HI R RECHETA S %

Aeur Veur® Cu BIRABEZIR RECFAFA 521

Eg, MWRIELRAN, 2 Zrw.0s BIRSHAE—wER, EEEAMEN
PO R BT DUANEE S AHDTAD, ATV R AR 51 B A B e i 2R3k
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ZrOChL ¥R Na; WO, & EEFK
90ml R 45ml
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ENE
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b
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Bl 86 ZrW,0s K& B & AEE

Fig. 86 the flow scheme of composing ZrW,Os

7.3 SEIWEER

K PIE R R BT IR Ak R an B 87 i, “FI9RURLR~FRIA %] 30nm.
XRD WIHHE %M RN ZrW207(OH)(H20) . KL AT IRIA K Be s, RIKH K
KRZHRER, WE 88 FiR. BHERNT 1 um, MKEEKA. XRD %
SEFIRRE AR N ZrWa0s, F XRD E3EE 89. HT#HIR Zrw.0s B
K, HFE TSV WA K, T HRTBARAB8 SL I SL & v ok R BT e A,
H AR Zew20s BEATEREE, BREE = IR LB BRI SRR, Il 90 s,
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30 IC FdEdh Tov FI4EHE D AT R

AR R R /DT 2pume.

87 BIIKAE ZrW207(0OH)2(H20)2 #7AK

Fig. 87 precursor powder of ZrW>07(OH)2(H20)2

B 88 #IR Zrw,0s

Fig. 88 rod-like Zrw,Os
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20

89 ZrW,03 XRD Kiif

Fig. 89 XRD pattern of ZrW,0s

90 ZrW,0s 17K

Fig. 90 powder of ZrW>0s

EEHEEMEHEREEREMN 10mA/cm> —100mA/cm?, K Y ERFE
/N 30mA/em?® B, SEFRHIAAE, WM K; TS BEHEZEERTF 60mA/cm? i,
ANEEEWE TSV, FRIFEATK. B 91 F4A RS ESHRZE FTHEKITN 4
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ZrW0s S B AR R MRE R . 30mA/em? [{IFE S i R ZE KNG R, B Zrwa0s B
%, 40mA/em® F SOmA/cm? TS0 ZrW0s SR FHEM, ESSHEE TSV
t, 24, XFERERZE TR TSV & ZrWo0s BURLI &5 EA 3.7%. 2,
A ERINE 60mA/em? I, ZrWoOs BRI & &4k EE M, 25T TSV o,
H 5 HIAB T 30.7%. AL HAE A R R S B B . R R A
TR RN, Cu BITEARERBAR, Cu EKBEERE, HrflER Zewa0s Bk
B LHEE Cu R . T 4 BRZEEEN, Cu RS, £KERER, ZrW)0s
RSN R B HE T BI7E T Cu 1938, BHMTBR T E&HEF. Hah, £/ 9lc H
Bl o1d ST bR LR B — e K O FLIR, I LI A A A R R R e
ZrW,0s BRI IR T, ST Cu FBESTIFER. MWE 91b-d # TSV L
AT T 51 4075 1 — /N B AR FLIR, SR FLIRR: F T A TR DY
R BT Y 3 B «

B 91 AEBRZEE TERM TSV: (a) 30mA/em?, (b) 40mA/em®, (c)
50mA/cm?, (d) 60mA/cm?
Fig. 91 samples filled with different current density: (a)30mA/cm?,(b) 40mA/cm?, (c) 50mA/cm?,

(d) 60mA/cm?

ST ST AR TSV BT SR, EN ML R E A R E T
%, WERERHNERE. B 02 NEART TSV AN N AR
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BHE EEHEE TSVIHR

FER, FTLLEH, ?’fﬁn%i"%ﬁ, Cu-ZrW0s FL5ZAK Si 76 5 1H A0 & g 5 B
AL TRV RIS E Cu-ZrW20s #EFH T Si Zik, &l 92b Fis,
REAFHES, MROLBHED, Bk U RFHES. HLET Cu-TSV
(B 66), Cu-ZrW,0s TSV HO#F JLFRAF, HRMEH &5 85
X, XA EERE A ZiW20s IR B MR £, HRIERS T SAEEE
BB B TEF LS RS REAE L Zew,0s KB,
HHARE LR RILE, WE olc fE 91d, RLEEFLIRKFFEFHERLELRE
hAREEREMES, HAELOFHANES . X—ERASRIE T LRI
SRR, B ZeW0s MARIMA Cu 1, 1ENSE ZMHRFHAMT7E Cu it
b, #1T #HbE A Cu R FER
BT AA N, B AR TSV NEFHEES Zrw20s ¥y K 194 &
Ko B BHEHTARBRERE FHEEAMNFERE. EMS N, SHERE
P3N, B ZrWaOs & BIGMNES, Pt dERK. FHEENERANS
ZiW,0s ¥ T SRR A X, 3658 MM R BB, 11872
TSR R W A, AR ARMEIK REE ZiW20s KIIMAEEE SR
PR REPRR, FHTE R SRR, MR RS R h SN Ay, fi
IR HA L, WA THFEEE.

Bl 92 HAHHIE TSV BT HIESE  (a) HEEET; (b) b

Fig. 92 protrusion of Cu- ZrW-0Os: (a) before annealing, (b) after annealing
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Fig. 93 the protrusion height of TSV samples with different content of Zrw»Og

B, BEHER Cu-ZrWy0s T TSV H1, R T #E2US TSV KPS
B, e T7TEATEE. HRET Z2W0s BRE K, EAEAERIFE, S
R . T A BUS A H TSY i as, LS at, FEik
AT H—BRE TSV WA EE, TS TEFTEHR DR/ Zrw.0s BUHHIR
o, EERTEBEIGORRE E#HITETE.

74 RENG

AT IR TSV A RHI TS, AEWHITT TSV NEGEFTIHFXTHI#T
AR GBI T 4518

1) AR FE Bk BEERIE & T AR ZrW.0s EERE S TSV Hdh.

2) BEMARSEMNIEM, TSV AN MESH =R EREK, ZrW.0s 3 >KKIE 0
RIS T BAER
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BI\E EVEE

ENE &5

AW FEHR TN R ER TR RESRNZ G (RIEBMRER
FERMERD TR LR RN TSV ERE BORIEER TR 5, 53
TUTEEFRER:

1 LSRRG BRI T, WREGFGEIEFET Black TiEm it T Fa M
AR, HAPBREERECN 1.64, ITBBUEEED 0.88eV. EHEMEMT,
R S RO IR B R AETE R Cu KRNI AL, T TR
BHX 3, SRR ST ARG . R4 T AR R AU AR =SS
B, BB RSP Cu/CuSn AEFRAR: A /RILAE S AR
SETTRRY; R

2. SR SERERR T A PR RBUES, 725009 Sn 5L BRI RN S HAE e
ERAL AR LHIETR, J&— R RPN f E AT — RS A R AR EK
H5dr. BRI SRR Sn BRI EEMMIS, SRRkt 8 R SR e
SRERU R A TR L, T 24 ARR) B 2 SR M B SRR T A AR AR s
.

3. EEHIEAT, RIERRBUGEN, BREAFBRIBEEREZ RS, £
HAEFF Engelmaier 5 &y T ALA Black HIEHF AN K —&K, BLT
L REZ G TRFGRAEE. &It 72558, WeTHELSESST
fi5dr, Wik T £S5 aTRE . FENRINE SRR =3, RN
FE1ER I RKIBRAMRAL CusSns/Sn FHEITHR; RERSEMHERM Cu/CusSn 7
HF3; REFSEIERFRFR . =FREA G R R BT AEH 8
REGEA, BNAR-FFESM: PERBEIERN 25T RRBAER R
FHiaEEREERER. — 7 HBETBEREN T ER LK AL, 55
T HIRE, (it T R IRRRARRGER. BT, AER RN
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3D IC H & Tsv A4 AR R

ﬁﬁ%ﬁ%ﬁ%ﬁ%%%%%n#ﬂﬁ%ﬁ%ﬁ%?%&%éﬁ@%%%ﬁ&%
M, TSR T HE A e

4. TSV #AB U5 Cu Bl SiRE, HEBF & ERE A 20 B mmsgm, &
JERETRERE . MAERMA, FriGEER; £— el A RRAD, FrilsE
BK. TSV EFHHLE A R EEBR MR EBILRER, KA mEkiEE
FH o #E 20 e 2R T A A BB i SR AL, LR R R T I R SR = AL TR
R EE R P .

5. TSV #EM G Cu-TSV W IEHME AN R, FEHNEE BTG kg
AW, JF7E 210 AR UIEERIIRRE .. AVEFMANGEEATLRIIEESH,
ESET TSV AN T FE 2 55 T 85 AR 8 i

6. {3 A R Im Bk lLE R DOl % T RN Rl Zrwa0s S EE S TSV FEf. BEEMAR

EERIEI, TSV A EHEEERK, ZrWoOs 1 R KA IhInG] 7 & A3
B
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