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R 16k BIELASA DDA ZRIR (= 45,0 =, X = 22)1

Table 1 Comparison among silicon, glass and organic interposers (* = good, O = satisfactory, and X = poor)“

Material Electrical ~ Mechanical Thermal Physical ~ Supply Chain Cost i(;r;l::: zrt(i:(i)T
Silicon (0] (0] * * (0] X *
Organic * X X (¢} * o (6]
Glass * o (6] X * X

RGBT, FEUES M
TR BT RG AT EErE, i H A R AR
Ay, PIAE SEBRn H 3z 2 BRI . 8 Tk ik
XSS BB A B EOR B s A, B 1
P 2 R R B, SrEh A E ML, B
R, N TR S Z R ER AR S 4
FE, X T 5 S e A R R KRS
VDTS FAR ) TR B P IR RS REAH R, AR
FE PR USRS E PR ok s R DG I B8 R AT
1 B AT Sl AL B TR TR T2, BEAIG
T TEMERE ;i TR B B OB AR A B
AR BAREPNZN 18, BAR K7 1R
BREP A2, 238 T 2208 1 OER . gEh
JZ T B A AN TR 2 S BOR ) B ) 3R |
UL R B3 32253 LA S8 . W RE B 3 (R 4
A B 3 /- 0 e B v A A B B )
Bl - REFREL DY B8 AR Ak PR R BRI A AR Ak R AR
EHE | 96% A1 S LI ARl A SR I
RIS E (2 150 Wem™ - KA H, 3R 19 5
HEB(A 1 Wem! - K ERARZ | FIBRS A
JEAEAE™ ARG RN, B X T3 th A 2 B K
IR, 5T E 2 WA E DT . (D) TR R
b5 i B X R 2 B A

Fluidic microbump TSV

and via

Logic stack

Fluidic Port
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heat sink

Lk

1 SET RIS 2 I RGP IR TR, (KRR IAD)
Figure 1 Schematic of system in package based on glass in-
terposer!’”. Reproduced with permission of Ref. 10, copyright
2012, IEEE. (color on line)

WKL 2 B 5 (2) 4 AL R B i FE B AR (print-
ed circuit board, PCB) i1 Ji&] Bl #4155 4 ALK 4 FH 1%
ﬁé[“'mo

TGV 2l 2 0 T2 E 3 s,
TGV A 2T IE PR AR 2L 7E TGV 1 I
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TGV BIRUE T 220G 2/ ik,
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interconnect
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Figure 2 High-performance computing system based on a silicon interposer platform utilizing microfluidic cooling!". Reproduced

with permission of Ref. 13, copyright 2015, ECTC. (color on line)
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Figure 3 Fabrication process flow of TGV interposer¥. Reproduced with permission of Ref. 14, copyright 2013, IEDM. (color on

line)

TGV L T.Z2M k., B, TGV ML T.2 £
BRI T2 | A G fL (ultra-sonic drilling,
USD) . #7575 7 4l L (ultra-sonic high speed
drilling, USHD) , #3201 | TR0 25 Z 1k (deep
reactive ion etching, DRIE) | JCAHY RS | OGZ) 1
OG5 VR Z 1k (laser induced deep etching,
LIDE) DA K A0 s FLAE, 78 [ 4R35 B} (LPKF)
RS OGS S IR 2 o T 20645 TGVl
fLUso BARRFEGNE 4 froR % T 20T LA &L
Fed/NR 10 wm (1 TGV Sl FL , ARG L AE 10:1
PITEHE N, HEEERRIR AR T MR B B 2 A A] 3k 3]
50:1, EPIAE, EINET T RSB A BR A A
(LUFRIFRE T = R) It k& 1 Jeit TGVIHDE
ZVEEAR S TIRTE R 10:1 A S @ fL ™
VAT A 45 R s I EOR AT DL AR 98 L oy 20:
1 B FLA 51 BYE AL, H RSB RIES ., R,
T3 A S0y fb2e st LD R g ik, (15 a5
TrEAEAEVFZ R, B B SRR g FH DA K Rt i
AR A AR — Bt ]

ARLEARNT TGV HL I 78 0 72 rh A 4 58 75 =X
LA GEAT T RS AMEA , [ B A T

Standard glass

1 1 1 1 1 1
Glass modification by laser 1 1 1 1 1
0 . . .

Wet etching of features

B 4 LIDE T.Zfil# TGV i@l fL", (ML)
Figure 4 LIDE process for TGV formation". (color on line)

MR INFAE TGV gL B EH, JfxT
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DURRBHESZ AR = BHES 2B 1 Cu BRI
4", [RS8 n 2 2z Tl (AR R . B AU A BE Y
JEMEHA Ta Ti LAY . BHPSZDURRSE S
T BRI T2, MBS 22 TGV e, B
PHZ Tl 2 A5 O A A . I Py AR
1 (physical vapor deposition, PVD) . fb= S AHIT
1 (chemical vapor deposition, CVD)  JiF JZ T
(atomic layer deposition, ALD) , fh2=gELEN01

K2 W THEMTEMICERS, 7ELEPRT %
B IS A PVD B SRR RH L,
M T BOE R DG, 5% &8 R 5 22 45
O it A IR S &R ZEZ EMaEME, 3
SIEEG, RIS, v LU X3S
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i, W T BIEEHARBHRY)Z U AT R Z 456
J1EE55 , AT e T AL N BE G RN LA B
WZAMERYE T2 ZENAK, =W T
R BIE A F BN TR S G AR H a5
Mo HL S H M | ZE R T2 45 A T ARIR sk | X6 J 452
LY LS T S S TR SR A 42 A %) At
B, TSV IR LR 2, X5 TGV #@fLAEX iR
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Table 2 Comparison of common film preparation processes

Deposition method

Advantage

Disadvantage

Good uniformity, high deposition rate and low

Sputtering - Difficult to fill deep via
Mature equipment, simple operation, controllable
PVD . ) . P t
v thickness, and tight film bonding oot Step coverage
CVD Mature equipment, good uniformity, good step Low deposition rate, and high pro-
coverage cess temperature
ALD Good step coverage, controllable thickness Immature technology
. . . Unstable plati luti d
Electroless plating Simple operation, good step coverage nstable platmg solution, and poor

bonding force

2.1 TGV EFRHIEHR

Z A T AR5, TGV LAY R AR, 32
AUAT A2 A, 5L i 1L X ALE AL DL
VHELESL, & 5 R, AT S TGV B TSR
(void) , JCHEPR (seam ) I 75 , AR FLIE WY IE 7T 5 2K
AR, FEH“H i L (bottom-up) I 7" |«
JEH T (butterfly model, BFT)”  “JLIEIH 78 (con-
formal)” =FfIH 7 /73,

iR =R IR A AL, T bot-
tom-up FYIH A T BRSO ERZ I —Fh, F£
SEEARG TGRS Bl R Ry 3
FAY H-IHFEALRE | th 218 55 0 B UL (curvature
enhanced adsorbate coverage, CEAC) ., %8 71 X i
W it HLEE (convection-dependent adsorption, CDA)
DL S T8 i s M BH B
2.1.1 Bottom-up IHFTHLHH

HAT, X+ TGV H LA 2 7077 U2 bot-
tom-up MJILFE, TN AE TGV L FHIEE & 3%
T RSB RIVE T, IR 2 2 A e 1L
JEHER= AN . FE 2RI R ER T,

Start filling 25% filling

50% filling

TRI8

B 5 Ukt TGV fLAURER : (A)HLP; (B)H Bad L0,
(C)X TE@SLI; (D) V JEIE LM

Figure 5 Schematic of four TGV types: (A) Blind via™; (B)
Cylinder through via?"; (C) X-shaped through via'¥; (D) V-sha-
ped through via™. Figures reproduced with permission of: A, B,
Ref. 21, copyright 2012, EPTC.

TGV JiE HB4 T B2 TAL 1 UL %, A

75% filling

Full filling

& 6 Bottom-up Hi7 il R &K

Figure 6 Schematic of bottom-up filling process
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Moffat 25 NP1 H T CEAC HLEE, Ay fin
| SPS 7 ML 4 I e FE P R B AR AE T L R
SPS B fLINEB A E) , B AL Hh R 1 AR L T
X SPS W B[R], AT RE WA A TR,
LI FLCHE B T SPS, Fifi s LR iy ik
17, BFL BB E AR W/, 5 07 AL SPS
) W B S AN TS I, T R L A R B AR
BRI HX A IR S AT LA
3 OT A FRTE B, el A E A R ) —
FlvE R AL,
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TIERE M A A FZE R 2R, 5l X i 3 ad 14
I I A FEL B 35 T 114 T A 335 o4 ) 550 10 R
AT e AR = AR s B E A, LR R R
J . B P AR TR P Y Cut R AR
VERR B T —Fh R E R S8, 2 5 S5 R TH Y
GBS TIE R MEIR] -Cur-Cl1 Z5 A B 25510 , W fh
TEFAMRR I, 36K 4 15 1) B SR T 1 1Y) 2
A2 BEL, ) 1 6 S T AL T FLIS SR i
555, 0 7R B A D | B A R s R & FEAE
T P AR DR, T R E R RIS, AL
FYFRE SZ A e PCB (U BEIEAL, (HZALEE 3 200
PHAEFLI BT R b, B X G X VR 7] A A
B T T B DUR B () 25 5%, BLAR TGV 5
PCB F 2 Bl % AR (HE7E TGV B LW
B1< 1B 0 s ED QI TRIER it S 7)1 il 14 A - A =R
FUS B B FZ RN, LB ] DUET T TGV
HILAWER,

Moffat 2 NPHEH T S T 9 343 e BH RIS 1
IhfRRE T I T A — B 1 S e R e B SR o)

52 ) E FLAY bottom-up AT . WFFE A IAE R
TR A B T, ARBURIE IR L e B S
TEAR AR, BIZE R — R, DUREEE] 7E—A~
X Rl NARAL , ZEE AR ) s LG
A I > H TR ORI, FL B il
T8 55 XTI TR Z8 8 /N, g bR
AR A P M S B AL Be R B, AR T4k
FKMER PEG,  J& T3 Fogr U ) 550 () A/ FH AL
AT AEBT B,
2.1.2 SO T

BT, T TGV ALy 7 X — R
BFT 7, HRpyE e B an e 7 s, S EFLIHA
FeAHLG, EFLIE AT A ) o 5 o A ) T A
2 HfLEER 9 fLINARXE TR 3,
TR ] LA 38 L AT A 30 AT e il L PN # 1Y)
&), HisfL 5 H LU %A H LA
BRYEES, AR AR B =, hTE
LS EFLEIUIRAR s i A5 5 7 Y 22
5, FEHTEHEAS MRSy L HERT
LAY IR,

TGV e HiE ALY E 7 ) U F 8% BFT H A,
3 Ao B — 0 R0 A 45 AT 7 A BFT AL SE
K, Dow 45 NP2 — YR HE 1o FH B — 4170 o] 551
(FEALAHHE DY % 5 (nitroblue tetrazolium chloride,
NTBC) S b PO fif§ 3 PO &0 4 5 (tetranitroblue tetra-
zolium chloride, TNBT) ) X il fLiEAT4H 72, -4 HH
T — Tl 5 T 4o 580 6 W B #6447 HE (adsorp-
tion/consumption/diffusion, ACD) @ FLIEFEHLFE .
IR0 ) SO A i 52 %o Ik e BB P s, 1 ) e
FERREE AL OB L O 2 B e, 2 L
IR o0 AT, fe 2300 L T 2% A B DA
DENFLH R s, 7 AR AL LR SE TR
MYIE S, PR AR S (L T | PR 2 A I
TS, Yl AL IR US| AL A A
XPRREE FL, 7 K Y SR AR A bot-
tom-up 7, AT bottom-up HZFPIFFHLIE,
KT BFT 58 7 A9 HLEE 32 202 53060570 A0 5
ACD HLHE,

AR B TGV URTE EL AW i, e 4%
B X R Bk K . Dimitrov BRASZH 7 = IR B L
TGV B THM T L Z Y, 8 b fif R —
ISR TNBT 78 3 h WSEEE T B4R 50 pm, IR 58
Fboh 6:1 B9 TGV 11 56 5% Jofif i JH 78129 i — 20 3
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1

XX
C l D

7 BFT 7y 2R BRI, (2R AT
Figure 7 Schematic of BFT filling process®. Reproduced with permission of Ref. 9, copyright 2015. (color on line)

Jnmaz TNBT LAK CI AW, /N 3 5,
AIRAFE 12.5 h INSEERELAR 50 wm, TRSEHA 10:1
1 TGV HYTCERFA I FE S 1 i — 204 vl AL
RS R [R] AT G T B T A
A& 8 FroRtel B el R X TGV #E47 Hiil
M, SR TEAS USR] Ay Y L 1 0 2 9 P 35
TORR — 2 LR A, S 5 (P DU e 21595 i ) g

1. Ethanol
pre-wet.

2. Pre-fill
holes with
additive-free
Cu?
solution.

3. Parallel flow over surface,
stagnant inside holes.

4. Delay period

Allow additive to diffuse
into holes, adsorb near
entrances.

5. Constant current
stage(s)

6. Constant voltage:
hold V of prior CC stage.

0, B

M5 VRAL DU (thiazolyl blue tetrazolium bromide,
MTT)AVE R IR, 7618 o i A o A
X TGV ST AR, 38 5 X R ek T
25, ATLAFE 1 h f 4 h NSEBRHAR SE EE A 5:1 T 10:1
) TGV M52 #3H 58, H'5 TNBT NTBC AL, i,
AR (MTT:NTBC:TNBT=1:8:14) . HEZ T &
FIFRARRFIXT A A%, Tolb A A P R R, ANad Y 3

8 P Jn il FLIFEE R L 5 BT P BN R, (RO IAT)

Figure 8 Schematic of all the steps involved in the improved via filling process®™”. Reproduced with permission of Ref. 30, copyright

2017, J. Electrochem. Soc.. (color on line)
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ik T ) 95 VBT AR /R 1) Cu® VR (1.5 mol - L) 3z
KT R B (0.9 mol - L), v DA v i B HEL 5
AR, T ELA W] LIS g v b Cu mpsd £L
PR IR S 7, X TR SE LR TGV AL 7
R S SR OC T R R A B v A T
TGV S RIE AR D, FLAR I py e 5 3
FEHLHAE )7 T AR AT . Chang 25 A PI4ESE4 TS
TGV P TRTE L, 7 B — B3 5] NBT 1
AT T EHAR 10 pm, WRFEH 12:1 19 TGV 15
BIHTE
2.1.3 Conformal 3 35l

Conformal I 75 J2& 3 i 5 I 551 (9 £ F fifi 15
TGV L TR 85 FL A I L K R T A 37T
FRECRA Y — g 7 X, M TREMELS
i fL, conformal TSR T BEA AL FRAY AT,
HBRGE LAWK, TR a5 B B s &
seam HRIEG, WA 9 Fi7n, conformal A& X BV
TR ESL R R ) =, T A B RRLE
A, ARAS [ T seam SEFEAVIE L, DLV
TEAL B, M EE 45w 5 DL IR i A r A G, —
Beit ), il AL/ LR EHL B E FL A 4
4, G EGR 7E FLRS A2 2 4 a8 g DOAR , il R0 7
FL AN R 1T B AR AT AL, 41 ] 4 AR AR R S
MALNE)E AT B, X IELS VIEA
AR, S E AL oL P AR B L 3 SRS TR I
PSRRI B LGS A, BiE T A R A
KA R, A L T ELE FLAY BFT HLBEAR
3, conformal B HL B A% =X B ok 551 9 FH DA R
TGV FLIERYJREPE, AT LUSEIET R o e BT 38 £ L
e RS 7

Conformal SEFEHLIE AT DATRT S A0 BR A  AEHE
PERIFR I TR S B AL PN A U

Conformal Seam

B 9 Conformal SH 7t FEH (1) seam B[

Figure 9 Seam defects in the conformal filling process

JEE DX A PO, 0 ) R0 R B A L 1 BE % 5 v
AT 38 32 Ak LT % B 3 e S B AR, 3
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B EESG RN 8k TS 0] B p R A A L Y
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conformal [ HLEEIE FEHLH

BB B, E A XHT TGV WA 2 S a5 Al
XD LM AEE R R E B AR 5 HOR
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Ty T T — SRR SR B R T —Fh i
BT TGV Hmmy ik, % TGV #fLE T &
A SPS WA BRI — Bt ], SRIGFE S A4
il 7055 R S A B T A TR IS, R
A2 A i X TR e R HP S R A LA
PMLERIEAT THRSY . el LAY BUZ i A, s L
ORI IR T SPS, Hal fLH AR T AR
A, M TGV BRI 88 W LUS ,PEG L K&
JGB 21 SetE e L3R 1 DA KL 1H A4 ] 4 35T
L, T8 AL R ASZ 520, 52 T SPS el fL
PSR A, o T S B LAY S B OBk R 7,
B 10(A) 07, 76 1 ASD [ HLIR T, Lg% 2.25
h AT LSEEFLAR 50 pm, IR FE L 3:1 A9 V IEE FLAY
SR N T R AR 1.5 ASD, Kk
I conformal AYITFERCRYLHIGS | 76 J5 223 s
2: B void BRFE, 40l& 10(B) . (C) s ; N 1 ik —
AP m B R RS R, K SPS HEEMA
R T T B0 SR 40 ) R0 - SR = s R A
TRZR, IR S 2 E— 25 R e 40 ) 7] A0 SF- 551 78
o LA XS I B VE R, (RIS L ARG R A7 X
R A TR, FE =R I EEH T, TGV il
FLATLATE 1.5 ASD HL I %5 B2 T HL4E 1.5 h 1551 58
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B 10 RELZ T TGV AL TR
Figure 10 Effect of different processes on TGV filling™
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Figure 11 Two types of current waveforms in pulse reverse (PR): (A) Periodic pulse reverse (PPR) current®; (B) 3-step PPR cur-

rent?”. Figures reproduced with permissions of: A, Ref. 36, copyright 2010, Korean J. Met. Mater.; B, Ref. 37, copyright 2011, Micro-

electron. Reliab.
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Figure 12 Effect of different processes on TGV electroplating filling

B 13 AFERETT: (A) SRR (B) SRS =0, (M4 EA)
Figure 13 Different electroplating methods: (A) Double anode plating method; (B) Single anode plating method. (color on line)
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Figure 14 Different types of blind via: (A) Blind via with large
opening; (B) Blind via with small opening and high aspect ra

tio. (color on line)
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Figure 15 Abnormal filling of through via electroplating: VOID
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Figure 16 Bridge effect of TGV filling. (color on line)

B 17 TGV il LIS 20 B ALIALBOR A (A) IEHIH
FLECR s (B) LI 52 W AR

Figure 17 Blind via filling effect in the second step of
through via filling: (A) Normal filling effect; (B) Abnormal via
filling effect
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B 18 TGV il fLELFLE R
Figure 18 Schematic of TGV filling
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Figure 19 Insoluble anode with mesh-like structure
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Figure 20 Inner-sphere electron transfer mechanism during copper electrodeposition®. Reproduced with permission of Ref. 53,

copyright 2009, J. Electrochem. Soc. (color on line)
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Figure 21 Adsorption behavior of PEG- Cu'- Cl on copper sur-
faceP®, Reproduced with permission of Ref. 56, copyright 2006,

J. Electrochem. Soc. (color on line)
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Figure 22 Molecular structures of common leveler: (A) JGB;
(B) DB
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Figure 23 Molecular structures of novel leveler: (A) DPP!®);
(B) Basic Red 121!, Figures reproduced with permissions of:
A, Ref. 65, copyright 2017, ACS Appl. Mater. Inter.; B, Ref.
66, copyright 2019, Electrochem. Commun.
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Figure 24 Electroplating filling performance of different elec-

troplating solution life: (A) Early stage of solution life; (B) Late

stage of solution life. (color on line)
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Figure 25 WLCSP package: (A) Top view; (B) Side view!™.
Reproduced with permission of Ref. 72, copyright 2017,
ECTC. (color on line)
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Figure 26 77 GHz chip based on eGFO package!™. Repro-
duced with permission of Ref. 74, copyright 2020, ECTC. (col-

or on line)
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Figure 27 MEMS accelerometer based on TGV interposer™.

Reproduced with permission of Ref. 76, copyright 2016, ICEPT

. (color on line)
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Figure 28 Multi-chip module packaging based on glass sub-
strate!™!. Reproduced with permission of Ref. 78, copyright
2019, ECTC. (color on line)
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Figure 29 Single glass interposer with TGVs®. Reproduced

with permission of Ref. 8, copyright 2010, ECTC. (color on line)
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Development Status of Copper Electroplating Filling Technology in
Through Glass Via for 3D Interconnections

Zhi-Jing Ji', Hui-Qin Ling', Pei-Lin Wu?, Rui-Yi Yu*, Da-Quan Yu*', Ming Li"
(1. School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China;
2. Xiamen Sky Semiconductor Co., Lid., Xiamen 361026, China; 3. School of Electronic Science and
Engineering, Xiamen University, Xiamen 361104, China)

Abstract: with the slow development of Moore's Law, the high density and miniaturization of microelectronic devices put for-
ward higher requirements for advanced packaging technology. As a key technology in 2.5D/3D packaging, interposer technology
has been extensively studied. According to different interposer materials, it is mainly divided into organic interposer, silicon inter-
poser and glass interposer. Compared with the through silicon via (TSV) interconnection, the through glass via (TGV) interposer
has received extensive attention in the 2.5D/3D advanced packaging field for its advantages of excellent high-frequency electrical
characteristics, simple process, low cost, and adjustable coefficient of thermal expansion (CTE). However, the thermal conductivity
of glass (about 1 W-m™-K") is much lower than that of silicon (about 150 W+-m™-K"), thus, the glass interposer has serious heat
dissipation problems. In order to obtain a high-quality TGV interposer, not only an efficient and low-cost via preparation process,
but also a defect-free filling process is required. The challenges faced by glass interposer is mainly concentrated in these two aspects.
This review firstly introduces the preparation process of TGV, such as ultra-sonic drilling (USD), ultra-sonic high speed drilling
(USHD), wet etching, deep reactive ion etching (DRIE), photosensitive glass, laser etching, laser induced deep etching (LIDE), etc.
Then it summarizes the defect-free filling of TGV, and outlines several filling mechanisms and some current filling processes of
TGV, such as bottom-up filling mechanisms, butterfly filling mechanisms and conformal filling mechanisms. Among the filling
mechanisms of the above three filling methods, the filling method of bottom-up is the most studied one, and many scholars have
given relevant explanations. Currently, the main ones that are commonly used are the diffusion-consumption mechanism, curvature
enhanced adsorbate coverage mechanism (CEAC), convection dependent adsorption mechanism (CDA), and S-shaped negative dif-
ferential resistance theory. In the process of TGV filling, the type and concentration of base bath, additives and electroplating pro-
cess will affect the filling status of TGV. At present, the constant current plating mode is most commonly used in the process of
TGV filling. Then the research progress of TGV electroplating additives is introduced, including the action mechanism of typical
additives and the current research status of some new additives. Through glass via technology can be filled with the synergistic ac-
tion of accelerators, suppressors and levelers. Finally, the practical application of TGV is briefly reviewed, for example, glass inter-
poser is used in 3D integrated passive device (IPD), embedded glass fan-out technology (eGFO), integrated antenna packaging, mi-
cro-electro-mechanical system (MEMS), multi-chip module packaging, as well as the applications in the field of optical integration

technology.

Key words: interposer; through glass via ; filling mechanisms; filling process; additives
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