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Abstract: In this study, simulation method was developed to improve the accuracy of the warpage simulation based
on the equivalent anisotropic viscoelastic model. First, a package with copper traces and bumps was modeled to implement
anisotropic viscoelastic behavior. Then, equivalent anisotropic viscoelastic properties and thermal expansion coefficient
for the bump region were derived through the representative volume element model. A thermal cycle of 0 to 125 degrees
was applied to the package based on the derived mechanical properties, and the warpage according to the thermal cycle
was simulated. To verify the simulation results, the actual package was manufactured, and the warpage with respect to
the thermal cycle was measured through shadow moiré interferometer. As a result, by applying the equivalent anisotropic
viscoelastic model, it was possible to calculate the warpage of the package within 5 um error and predict the shape of

the warpage.

Keywords: Package, Warpage, Anisotropic viscoelastic property, Representative volume element model, Finite element

method

1. M =

ey

REEA] Abe] FE=2 i
o] Aol 87 H X
wol7] flg A7 N b
M S50 A = Qlsto]
293 2 vyHse F

7o ek AA 2 7]

[z

ool wheh, A4 T
ool M = 4
3] R =] 32 QA NE, A
71 A] 2]l A €]
5] AlE N A o]

A 29

s

1t
o 2

it

fCorresponding author
E-mail: kima@hanyang.ac.kr

© 2022, The Korean Microelectronics and Packaging Society

Z(Flip chip) FEfo] #71A] /W Algog2h Wz,
TSV(Through silicon via), A} ¥ 41 Z-(Redistribution layer)
T FE2E A&t v IS st Bot &
A AA =S Z7H07] 25D, 3D %9 A #7]A A
FEo| MEE L Yo ado| =] FA A gl ull,
AFo] A F Aol AAE = 7)Ao &5 F HAEE
7hehE B E3 T 83 94 g ggHor
7121 ¢] F& ASFstr] 8 3k s =0l ol

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License(http://creativecommons.org/
licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is

properly cited.

43



ARG E AL )l TESD

Atz o® AF NI Cle A BE&S flal 3 71A
o] FXE Teslet H, 4 25 S8 B2 E 78S
of 3|Ag YTt o) = Dk 29 F 7] oA
= Aol =AT, 78] A, R E o Bie 72
g OFe A5 E0] -‘Hﬂ Aol 28l sl g 4] o] gt
’d-& HolA| A Tt =¥ JH7]7<]E T35t ol FA A Y
91 2-=(Epoxy molding compound) 2 7]3H(Substrate)>
Aol met &9 ¢ks) g4de] Yehbe e AsS
Kol7lof], B3k FxoA @A st= o e =
3 HE T A= ME 84 7ol 875 Utk

= St olvkg Aetd vy
rstel & S me 71x] 8 a4 Z34

starzk shsinh. WA, o HeA As 7EE
712 718e] 2] A B Y EE A8 2l e

7ae) 34

N

8
g 9, EAF 2 2dg 7)Hte
=7} o]HkA HErd A 0
o), xﬂ o] A}slrp]nﬂi 7

(@)

» EMC

-~ RDL

» Bump
Cu trace
Substrate

_, RDL
Bump
> Cu trace

Fig. 1. (a) ZH3 9712 A8 7% € (b) tix%

AR QA 2y

tlo

1. Tensile 2. Shear

Axial Strain .
Strain

Fig. 2. o3 24| 7|A1%/97 &4 =& 9

wto]l 222} 9l s 7] 8k #] #2991 A3 (2022)

b)

o]
‘I"

3. Thermal expansion

f
o
o

)
v
e
o

I

0~12559] & F7]9 wh& 9 34L& Iy s on, 57t
oWl HEHY EA HE G W A AFE v
sttt HEH o2 8|4 de ué% el A= =2
obell ZHAAIE Foll AAl AM7A | B=E S
314 Azpo} wla sk,

2. AEYY

2.1. I§7|X] AlH meiz]

Fig. 1(a)oF 2ol Wi 2] viAd 2 W=7} EAfste &
23 Fe e H7A AES Akt sl e
HiA Bl g o] ol 7|3, detel= Al ol A
ow, 3} 713-g AAst= A Fo] F7kel v X
Tl H Foe oAEA AY HuesE 71 =
ATt A 7|2 2] 71E, HYH]E 5.4 mmo]H, o] =
Y Ao F7= 0.7 mm, F o F71+ 0.26 mm,
AufAZ2o] FA= 0.02 mm, 7] ] F7= 0.2 mme] Tl
<] = tetrahedron F732] w2 AGstA o, A W
ko 2= A 27 o]de] Q4 (Element)’t SR =S
Abol =& AA 33T

A F4e 2d" & wo=

> o

HA B4 2ES Sl

< Case 1 > < Case 2 >
.v |
.
LZ
< Case 3 >
13 Wz o 2yl

B :Load &B.C
I : Output

Temperature

Bump

EMC




0!

2 (Symmetric) 2712 2 &3kt 3 7]1#] S 2RI F
A sk 7)ate] e) WA AN TR A %, W
o] 735 A717F AaL o] gt AR Y & A9
W47t M EEH R ol AT ety 4 58
2 Slal o AH 2 olgatel Wx Yol muY
5]')\1\1;]'11) olw], AF Well o]FA U= H
ﬁé’z T 37 R i E T mEbA, o] & thE sk 370

é_q AARstgon, 7 FAe Fig. 1(b)e} 2o} =
E o RO ZAA/EA S E&5H7] S5t
F1g.29]- ol x,y, z W E Q1A Ad, & A 3§14
2 Qa3

l

= o]z

e L

224 FIof wE & siA

71 Aol 2= s S sk, 2 4 BAAT
zfol 2 Qlaf] ol E & o] 7lel A Al ", whehA, 4
£ 7384 34 E(Ansys mechanical 2019 R2, Ansys
Inc)E& &3l ;H71#e] & & E:“)ﬂ e s 7)Ao H A=
g &3tz st & &8 s4S SsiA AR &
=9 modulus, %‘ jﬁ%ﬂ]*}?% EdR=E /\}3 0}“1’/]- 10.12)

=(t/p;)

E(t) = E,+X]_\Ee (1)
t= A7}, E, = long-term modulus, E,+= Prony series 7
= relaxation timeS WEPATE A9, A 7kl whE
=3 A e N—&oﬂ}ﬂ ul = 6£ 3= AL Al 7bo] W
Q¥ A, g 257t oS
4 Asol MEA EAsh= 7& < o83, & 71
S gste] 7k AEg Fdgth? o, 29 A7k
01] 2 #A S YER = shift factore= 572 2] Williams-
Landel-Ferry (WLF) 2] 2.2 3 €t}

W
(o209} b

P>

lo ™ ©
(.

logay = —"=—05 @

BRI

0 2000 4000 6000 8000
Time (s)

10000

Fig. 3. 4 o] W& 3 4L 913 (a) D 771 2 (b) 7=

& 9ol uhE & sy 71y e 45

factord] ar= 371 74 322 xdE F St}

A(T)
T AT ©
olF 7M. g, 2 E A7 g Wstel H, 38 s}
A3 dolg 01]/\19] modulus T7HES A3t A7k
E modulus F4-E E&3t alF S 4 18 5
8 B]418 3] ¥ 3te] Prony series A4~ E&©| 73,
ojuj o] &%, A|7+e] FAE B34 WLF AT E&0] 7}

Satth ol EA] A9 A9 = B 7|32 Prony series 7l
T % WLF A& F7H 22 A &3ate] A7k & 4
B AsS EAR WIS A hY gk, 712 W <]
713 ] A g oHER Q1) o HEHd AsS
el o] $224] 49] 4BD 744 3 E = FHHETLO

A11(0)
Az (1)
Ag1 (1)
B11 (%)
B,1 (1)
Be1(t)

A, (8)
Az ()
Ag2 (1)
B2 (%)
By, (1)
Bez ()

Ay6(0)
Aze(t)
Ags(t)
Bi6(t)
By6(t)
Bee (1)

B11(¢)
B,1 (1)
B ()
Dy11(8)
Dy1 (1)
De1(8)

Bi,(1)
By, (1)
B, (t)
Dy, (8)
Dy, (1)
De,(8)

Bi6(t)
By6(1)
Beg(t)
Dy6(8)
Dy6(1)
Deg(t)

4)

ABD(t) =

[4], [B], [D] &S Z}7} in-plane stiffness, stretching—
bending coupling Z22] 3L bending stiffness 3 €2 L EFA
o} ol AeA AT YL 918 T MAe A ®
dgsiglon, Wzel 3¢ 4 Ae ANL 95 W

7} EZFE 30 E mlol Sk olPA Ak

248 =& (Fig. 2). o], *ﬂ.ﬂit e 48 7}
vz A7k wE Jed A%5S Yeh= WLF A5

2 Prony series Al ol G 3FS Fx] )09 wleba
WLF A5~ 9 Prony series A5~ 71°22] Al59} L3}
ot 7P skt

9 22S 71e7] Slekal, Fig. 3(a)2 o] A4 97]4

A 3] 7H7he- 0ol A 1255 W 919 & 7] 8 whs
Aoz 7}kslHt) A d F7) A A 1mALE)
AR T8 7 EE e

?15ke] Fig. 3(b)e} 7ol Al
TRom, & 2702 = A frictionless support

(b)

Earth gravity
(-9.81 m/s?)

A Frictionless

support

¥/ (Symmetric)

Frictionless

support

(Symmetric)

Fixed
support

A, &4,

J. Microelectron. Packag. Soc. Vol. 29, No. 3 (2022)



46 FAEESRL Y
24& FoH, A 71EF st IA AT o]0 Hed A5 o] a4 Well F - o= N =AU+
H*i 2dS 719 2dF uhel wet Case 13 Case 2 S A &= AUt
T8, Case 19] 7 -F-oll= 71835 shte] 534 ol et EA 1y -5 mE A A4E H
xqew 540 HEoUL, Case 29 A5oNE 71BF WAL W, o] PY WV BYLS TelshA) % Case
o 2 WA, MEsL Foke v E o AR B4 19 A9, B @ol -1.53~128 ume] W= Ao wale)
& AN, A219] Aol G2 F o AN A Qe ske BT (Fig d@). A o124 A
watRon, 3 FX = 7R O] FAF Fo] thH] HE A B4 ILH T Case 29] B9, B Fho] 2.48~6.20 um
7o) o] AE ANe] F2ATh HFHOZ, Bl o WIAE Case 1349] Hol7} 2 2L FAF 5 9k I
A A A S AFsH] flete] Al=s okl b o FF B Case 19] A F-ole 54 o] 1A
HAE B3l 4A 7149 P =S FHHATY GUA, Case 29) F3olE 20k Fehe] Fogo] Fs
gk S AT 5 AU (Fig. 4(b)).
3.4y o & HY E A 9] Zo|x BRIsE 4= Q01| Case 19] Ho
WY Eo] Case 21 TF =7 UeEbE-S g2l sttt (Fig. 4(c)).
g F7)o W2 ¥ &4 A= Fig 49F 2o 713e WHH 5 Caseoll A 9] AREAQl 82 A AT A
shtel S O BYOE A8 Case 1 9 3% FUY F ArhFig. 4(0). Case 2914 & $o] 72
Aol & F7lo wht JA gastaom, o A wiAd H Mz 24 REEAT, Case 19X = TE
B £48 A8 Case 29 A5 &G F7100 whebA 0 i B W ETF I E R kol F S o] Y- Holl H5
3ol Ao SIS (Fig 4@, 4. ol U HOE AL A L glom, ol 2 o) WYE
Rl M FxE0] ol dFS F7] "otk & = 3 2pe|7F dAste A ST 5 vk (Fig. 4(d), ().
7l e WHE U 38 A Fig 40Dt ZOM,  ols Zo] WHYE W L Tl M, WE P 5o )
AlZkel] kA HEE 2 SO dEAe AL AT F gES o FshE gl F8.38 A Eol7] wEel olw
T AT} o= IR E o] FIL U= ol FA] *éf‘é Avte A S 2y {Fol mE 3 A AHE AFske] 8
S uiwe Hey BYOE A% 3 gt A MR 4 APNL BT Bask Ak
() (c) ()
180
—»—Casc | | —=— Case 1 oy —s—Casc |
6'—.—C‘asc2 /\ EOOIO _._(‘as:z é’ 160 —o—CZsc'_’
EP '\_/\ - Eooosf = :‘:E i
2 i T —e-
E:D /\ / § 0.006 | i - g 100 .-::'/.
g2r B n » sof f -
§ V* gnuotm- — gﬂ sol.
M = —2
0 \//x// 2 0.002 § 40
< < 20
2 . . . . 0.000 . . . . 0 . . ‘ .
0 2000 4000 6000 8000 10000 0 2000 4000 G000 8000 10000 0 2000 4000 6000 8000 10000
Time (s) Time (s) Time (s)
(b) (d) (d)
6.1152e-6 0.005654 1.1805e8
54156e-6 0.0050268 1.0498e8
E 47159-6 ' E 0.0043996 9.1907¢7
4.0163e-6 0.0037724 7.8834e7
3.3167e-6 0.0031452 6.5761e7
26171e-6 0.0025181 5.2687¢7
1.9175e-6 0.0018909 3.9614¢7
1.217%-6 0.0012637 26541e7
5.1831e-7 0.00063653 1.3468e7
-1.813e-7 9.349%4e-6 3.9427e5
<Case 1> <Case 1> <Casel>
6.1152e-6 0.005654 1.1805e8
5.4156e-6 0.0050268 1.0498e8
E 4.715%-6 E 0.0043996 9.1907e7
4.0163e-6 0.0037724 7.8834e7
3.3167e-6 0.0031452 657617
26171e-6 0.0025181 5.2687e7
1.9175¢-6 0.0018909 3.9614e7
1.2179%-6 0.0012637 2.6541€7
5.1831e-7 0.00063653 1.3468¢e7
-1.813e-7 9.34%e-6 3.9427e5
<Case2>
Fig. 4. 544 & B B4 (Case2) A&l tp2 & F71¥ 314 A3k € F718 3, (b) 8 D4, (o)
Rl F71 9, () 89 BE.

wlo]| A2 2} 9 9| 7] 4 815 %] #2991 A3 (2022)



7o Hed =d 7k 4 o) wE g sy 7y A 47
Simulation .
Experiment
Case 1 Case 2

6115206
5415666

Max. <
Warpage
1.28 um 6.20 um 11.85 um
-
Min. < '
Warpage »
-1.53 um 2.48 um 6.30 um

Fig. 5. ¥ a4 A3 2 =9 2o 2HAE 59 o 34 4
sy el A2 98 A=
.y

g 571 E<t AW7IA7E Az 2 7--(Max.

A2 & 7Z-9(Min. Warpage)oll A ¢] ¥ 2 2§ 7S
ottt Robdl AR SAT d71A 9] # w2

e

o N
™
(e}
L
5
%
®
o
fu
N\
ol
ia,
2
o
o>
aQ
o
&
(W]
lo,
i
<
2

44 B

£ AP 57b ol Ay welo] 488 4
4 718 estel B s4le] BEEe AAaskdch
o4 A AT TEE 98 A71A 7o) 72 )
A EE A By Seom ME gge oA &
%9 99 V1) E 2R vagsie 2 mdo] o
@57k ol Aed B4 2 d BRASE mEa
o 0-125%9] & F7)0] W2 7179 F sh4e A
A A, ol AEd o] A8HA) it muoA
& o] As s 93 d Wy Rl $A AN
o). §re o]y e mdle] el Hw 2nlel Yo
9 o] WAelw, @ WA Fe] AriH oz vl A
AT S A3e] AEE 98] AmS Hole A
AT B3 & 7716 e A A1) H HEE 24
ShlaL, ol e B9 g S wl, S m oluh el
oAz H AR 2 94 A5 Ak 2L HAS
ok S e BAE 3RS e 39 i)

SEEREFEREC HEE R TR TR
ou), 1 o} w714 W e wiA 8 Y Sl
o 58, W E LEE Fo) 4714 ¥ 7] o
9 BHY 5 Ae Ao BuEr,

2Atel 2

This work was supported by Korea Institute of Energy
Technology Evaluation and Planning(KETEP) grant funded
by the Korea government(MOTIE)(20202020800360, Inno-
vative Energy Remodeling Total Technologies(M&V, Design,
Package Solutions, and Testing & Verifications Technologies)
for the Aging Public Buildings). This research was also
supported by a National Research Foundation of Korea
(NRF) grant funded by the Korean Government (MEST)
(2021M2E6A1084690).

References

1. Y. Wang, X. Dai, G. Liu, Y. Wu, Y. Li, and S. Jones, “Status
and Trend of Power Semiconductor Module Packaging for
Electric Vehicles”, Modeling and Simulation for Electric
Vehicle Applications, M. A. Fakhfakh, InTech, 2016, https://
www.intechopen.com/chapters/51578

2.J. U. Knickerbocker, P. S. Andry, E. Colgan, B. Dang, T.
Dickson, X. Gu, C. Haymes, C. Jahnes, Y. Liu, J. Maria, R.
J. Polastre, C. K. Tsang, L. Turlapati, B. C. Webb, L. Wiggins,
and S. L. Wright, “2.5 D and 3D technology challenges and
test vehicle demonstrations”, 2012 IEEE 62nd Electronic
Components and Technology Conference, IEEE, 12906710
(2012).

3.J. Lau, P. Tzeng, C. Lee, C. Zhan, M. Li, J. Cline, K. Saito,

J. Microelectron. Packag. Soc. Vol. 29, No. 3 (2022)



48

10.

2%

Y. Hsin, P. Chang, Y. Chang, J. Chen, S. Chen, C. Wu, H.
Chang, C. Chien, C. Lin, T. Ku, R. Lo, and M. Kao, “Redis-
tribution layers (RDLs) for 2.5 D/3D IC integration”, Inter-
national Symposium on Microelectronics, 2013(1), 000434—
000441 (2013).

. C. O’Mahony, O. Olszewski, R. Hill, R. Houlihan, C. Ryan,

K. Rodgers, C. Kelleher, R. Duane, and M. Hill, “Reliability
assessment of MEMS switches for space applications: labo-
ratory and launch testing”, Journal of Micromechanics and
Microengineering, 24(12), 125009 (2014).

. P. B. Hassell, “Advanced warpage characterization: location

and type of displacement can be equally as important as mag-
nitude”, The Proceedings of Pan Pacific Microelectronics
Symposium Conference (2001).

. B. J. Aleck, “Thermal stresses in a rectangular plate clamped

along an edge”, 16(2), 118-122 (1949).

. M. Lee and I. Jasiuk, “Asymptotic expansions for the thermal

stresses in bonded semi-infinite bimaterial strips”, Journal of
Electronic Packaging, 113(2), 173-177 (1991).

. Y. Q. Wang, K. H. Low, F. X. Che, H. L. J. Pang, and S. P.

Yeo, “Modeling and simulation of printed circuit board drop
test”, Proceedings of the 5th Electronics Packaging Technol-
ogy Conference (EPTC 2003), IEEE, 7914998 (2003).

.J. Wu, R. R. Zhang, S. Radons, X. Long, and K. K. Stevens,

“Vibration analysis of medical devices with a calibrated FEA
model”, Computers & Structures, 80(12), 1081-1086 (2002).
D. -H. Kim, S. -J. Joo, D. -O. Kwak, and H. -S. Kim, “Aniso-
tropic viscoelastic shell modeling technique of copper pat-
terns/photoimageable solder resist composite for warpage

ool Z 2 AR & 971485 A] 4298 A|35 (2022)

o~
T

718}

11.

12.

13.

14.

15.

16.

73

simulation of multi-layer printed circuit boards”, Journal of
Micromechanics and Microengineering, 5(10), 105016 (2015).
C. T. Sun and R. S. Vaidya, “Prediction of composite prop-
erties from a representative volume element”, Composites
Science and Technology, 56(2), 171-179 (1996).

S. -J. Joo, B. Park, D. -H. Kim, D. -O. Kwak, I. -S. Song,
J. Park, and H. -S. Kim, “Investigation of multilayer printed
circuit board (PCB) film warpage using viscoelastic proper-
ties measured by a vibration test”, Journal of Micromechanics
and Microengineering, 25(3), 035021 (2015).

E. Catsiff and A. V. Tobolsky, “Stress-relaxation of polyisobu-
tylene in the transition region (1, 2)”, Journal of Colloid Sci-
ence, 10(4), 375-392 (1955).

K. Kwok and S. Pellegrino, “Micromechanical modeling of
deployment and shape recovery of thin-walled viscoelastic
composite space structures”, 53rd AIAA/ASME/ASCE/AHS/
ASC Structures, Structural Dynamics and Materials Confer-
ence (2012).

P. B. Lin, C. -T. Ko, W. -T. Ho, C. -H. Kuo, K. -W. Chen,
Y. -H. Chen, and T. -J. Tseng, “A comprehensive study on
stress and warpage by design, simulation and fabrication of
RDL-first panel level fan-out technology for advanced pack-
age”, 2017 IEEE 67th Electronic Components and Technol-
ogy Conference (ECTC), IEEE, 17083079 (2017).

H. Ding, R. E. Powell, C. R. Hanna, and I. C. Ume, “Warpage
measurement comparison using shadow moiré and projection
moiré methods”, IEEE Transactions on Components and
Packaging Technologies, 25(4), 714-721 (2002).



