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Abstract: With the continuous advancement of integrated circuit technology, advanced manufacturing and packaging have greatly
enhanced chip performance and integration density. However, large-scale structures, high-density interconnects, and multi-chip stacking
also intensify reliability issues such as warpage, raising the risk of failure. To improve the stability and yield of semiconductor processes,
accurate warpage measurement and analysis have become essential for process control. This paper provides a systematic review of the
definition, measurement methods, and recent progress related to warpage in semiconductor packaging. The concept of warpage and the
corresponding measurement standards are first clarified based on domestic and international specifications. Major measurement
techniques—including contact methods, laser scanning, shadow moiré, interferometry, fringe projection, and digital image correlation—
are then introduced and compared in terms of their principles, advantages, and limitations. Literature statistics indicate that shadow
moiré is the most widely used method, while digital image correlation is rapidly growing due to its capability for strain and coefficient of
thermal expansion measurement and strong scalability; fringe projection is also increasingly adopted for its high flexibility. Finally, this

paper summarizes the current status of commercial warpage-measurement systems in terms of accuracy, field of view, and measurement
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principles, and outlines potential improvement directions for domestic instruments. This review aims to support the selection of warpage-

measurement methods and the optimization of semiconductor processes, promoting the development of measurement technologies and the

broader industry.

Keywords : semiconductor; manufacturing; advanced packaging; warpage; measurement
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Fig. 1 The definitions of bow and warp under the standards
SEMI M59, GB/T 6619-2009, and GB/T 6620-2009
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Table 1 The warp-related definitions adopted by Akrometrix
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The structure of the shadow
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R T ARBL T B A1 B G AR G 5 v 1 00 0 2
SREHBE TS AR R Ay e 2 $od il
WA, B TR 2 5 i S 7E S T 23 A RN
5 G5 14 7 B 10 25 (5B 4 T By 1k X LA (A e vl S A 0 o
FEhl ., [RIEE, Ay R R I E ) 5 5K P it O AR 1)
FROBEARAERT Lt — 2D N XA 1 5 T
Zeh i R T TR EMERE
2.7 BEAEMIESRE

25 TR ©ORT 45 2 D 5 i ) B A
KR Gl S B AR 7 H AT TR REMieik, ARy
PAEZS A5 PR 0% AT 38 AR i RS D R 52 5
IMRELR G A ARA SRR, Hit, A T FE e

WL L HAE BERE A5, O 5 S i e 5 N f ik 2
RSO PR BT VEE T T IR SRS A 2 B,

BT TR B s A7 AR S S A R AR A5
TE—EREE LR, e S iR A 75 S 2 e A A
BRI s A BE At b SR PO AR G 7 T b
FEI AR B RN T TR B RO A BURTE S 3R
SAEMRT WL ALE " R SURIE S RO R
FEIAAE T W R I B B Ah, BbSh, BE
B A 2 Ak, B S AL ZE A (computed
tomography , CT) """ DL & S 2% A + )2 B AL A% (optical
coherence tomography, OCT) """ B[R 5y (1 Ay 355 368 iy 0] 5 o
TEAWHEE

F2 MHMEAHEXEE

Table 2 Comparison of warpage measurement methods

W5k Qe Wip R S A7 MG SR AR
E/NARES 2] SRR [ BRI HaE IR K EH
bR B R JEEE| e ARURERAT AEH HfEH RE PN A&

LA 2 %A g Y5 RF PN 40 PN ]

Wot ks Z 8 SRS =X E| ] Wi R~ i o R T R s H
R Y21 JeEE| W BEAAR MK o I o o

BRI/ AER A 7] i Pk o ST LN /I A&

LIR7I) vez:: (x2S 2% Wi liaN g ULE7IE T /N A&

(SR AV 2SN TIL 2 £ [ Sl iR i JeHi R % H

FUBY TR £ = AR PN L PN B

B B AR A LR B AR £ 5] NN K L K W

AR 157 568 a5 2 R A 1 g £ LR 3 A
Prafe Sl i i B v, HOFAR S, SO AR IR A A
it i AN W B S S50 R0 17 7 Ak 5 8 2 5ol oty DU ) BF 32 1 6

W) R RS G T AL R 55 e, (R SE k2
PARZ RN 2GR TSN AN R B R
A R i [ A S B EA B RO B RC L



513

e S AT i e 2 e )t 7k O -9 -

SR E AR AL, il e s AL o R e, HHOE
BRI FE A ()72 0 30 R 4 T A AR
1) Jeibt, RIJC7 Bk 2K ak T 5. 245 14 LA DR 35 0 50 30 A 45 15
2) 437 SCHTEHESCET 18 FO PR S A R 5 3 ) SR
SR sh AT, DU 56 KR RE S R I e

LA A5 5007k 0 Je B A i 1 IR A 5+
WA RO T A8 b 5 52 VR 5 T S R A s
AR ART ST AR RGBT AR T3, TISE
il T T A AR ; B A S i Py R TR NS XL
T L PR AR LR BT T 1 23t Ta R . B S Rk B
SRECAR B HC T3z T I 6, (R HORS B 5 52
SIS L R 1 2, 2l 298 B 5 43 R DL e,
Rt R HE A RT3 ] S B g FH o A A R R Bk
EBRIR A TCAR A, SO TR S Y B S AR 5
ARG 2, 05 =R B A VR R A, [FE T
S T2 B2, B 5 B IR 25 F b — 45 4 T HpE RE G A
5 T LA R,

A Z T, B0 G R 5 1 8 AR08 0 £ v 22 30 1

b JEE N I AT ] 20 AR ION AR K AR B, AR B
VA RV FH T RS R A 1 v A 2 7R b 00, 64 S 9
BRI U (A R S RIS LR
I AR ALY R RE 15, SEA ) 71 2 7 e X o
RS KL GFR

3 AHNENRES

3.1 MHENESENA

Bl 2 R T 2000 & R, BRI L e 3 7 A
DACAE | T 24 iR A o T 0 O 2 B R
TEEA W KIS % B L, Bl LA — E R 2 Sk
IR SER T e B, A T IR BN B Y, A SCTE #ois 15
rh R A G I Y 450 F a8 SC, Herdrrh sris e 150
T, BESCIE ST 300 fiet , BF ]S BE R 2000 ~2024 4, B TP
OYVESCARTEAN A 2RI 1 5 2%, SR < Sl ) o S5
R IA | PRI A P i o H A S 505 43 BH B 1 B0 Ty vk
B 136 FiB 30, 45077k I I A B) i) & R i il an 81 10

PR AL U ZE R R IR B R SO IS  s
N RN T N e
B fuhid: o
e N aeEm | 4%
ik NS I B O O e 3K
2%
xR R e |
G- "
B4 I | 0%
P 3652
2000 2005 2024
(a) B TR)- R Bt 34
(a) Time-frequency trend
LY (8.33%)
( - . HOBY (11%) Bk (14%)
B BB R (2.78%) Befili: (16.7%) ~
B EHGARR (18%) /
BIRLF/R (22.2%) [ WOk (17%)
BWoBH: (22.2%)
/
\ //,/
Tk 27.8%) < 4 BIRSLR (26%) Tk (14%)

(b) 20004 20144¥5%75}9§ it
(b) Proportion of each method from 2000 to 2014

() 20154E-20244E 8- J7 ¥ 15
(c) Proportion of each method from 2015 to 2024

K 10 & J7iE N s

Fig. 10 Application trends of various method

MEL 10 AT LA A Sl B0 S i 5 1E B A 1 1]
PR AL s A JRE | 30 4F A RH DG I8 SCEURE 2 4525l 2000 ~
2014 4F Y 3 45, BFISEBE/RIETE 21 e N r s e,
—H T EEEEWN AL, BeAh, B R TR
Wb Jy R AT b= A T B 22 5, N A
2000~2014 £ 2. 78% KK BiE H4EM) 18% ., S54L

5 /zE’@U\ 2000 4F 2 2014 4E 1 8. 33%48 K Z T 4R
1%, X— %5 a7 ek B 28 T 25 R 48l
HH%HAWT&TTQO
3.2 EWMUEZETL

FREHT SO A, FH #2850 52 36 9 0 34 45 3%
RIS BT AT L T 5K E B A 10 LB S 55 R A Bk



- 10 - LSRR R e o

40 &

BT BMGAR OC 45 v B B O P AR 4 Ak 07 vk DA ARk Y
ShASHGI  [R A, p T T AR e A B
A F L TP L 2 A, O 3 A
[ERI&taEScgiultiy RSV -3/

[l MR BE M REFE AR IL Nk 3 Fis . 1
YN A, B O )2 Y S Akrometrix 24 Rl 5
Insidix A F], XY TIX L/ F AL H R, 7307 5 1 5 K
Ui T, A AR A B AT G
Pk AR AP, SR T (O AR ) 54
Jodtst e PRI R R I | e 3 A R L R O 1)
PRI RHE AT IO LA A (o, A T AR Bt

5 BT RMBAR SC PRI B % 2 B 0 I8 48 5 A5t 2 )
RGO AR BRI E Ik A e T i
1] i B PCB LAKGE SR ) BT, 11 A Ay [
BRIFRASCHEFE S B O & i Al 283 KA R
e 2 E A Tk SR IAT 31— € T, IR A T 4%
AT GG ATRIE X i B PO b 4G, 1
YRV TTE T A 2R AL R SE R, (R BF i AE OY FL
K T TR A A S R i S e, SCBL T
1Y R i Y R S AN, ELAS T O R,
b, TR A 8 B g L T B, A XA B
FTH B IRl 2 Rk,

®3 HAMENEFHUALIZETLE

Table 3 Comparison of commercial thermal warpage measurement equipment

AT 1525 i MR F/mm & PN Jn# gy X E T
FHRZBK 400x700 1.5 wm/3%
Akrometrix KRB 192x240 8 um/3% o _ -55~280
o 5 PR LIRS
T RS AH K 75%75 1~2 pm
Insidix FBCBUY (W) 400%700 <1 pm/2% PO Bk 2T 1 G -65~400
N 250%250 <0.5 pm/1% -65~400
TEL RELBIL (FRILEES)) 400x400 <1.0 }Lm/lﬂ; 65 ~400
A ” N U © Dot e B fet 00~
e AL 1 ,*.%@X* ks [
B EUGAE G CHBLEES) 600600 .5 /2% Bk LT AN 65320
400400
et iRV 500%500 0.8~2.5 pm 22 IH ~300
AL T TN
600%600 11‘35';:& T{JlL
IR Dz AEAE AT A (i a5 5 ) 400%400 <0.5 pm/1% BRI i ~500

M B IETRRTE , B R SRR T R b, B2
AL 5 0 A [ A1 i, ELAEA BE SR AR R B 5, B A F
FE R E AR R AR, T E N B AR A
5N, LT e T il o 553 , 0 O A AR AR T SR
IHTRE AN —E R

WA FEMPARE A BT b 2 2RI AE —E 22
5o B TR SRAFAE RAE ), 25 R R 2
FEAEIEEEE A A A B O 5 TR B T T A A
18 (HAE RS S r T B A S, e T 07 sURERS 5
B e 0 TR R AE Pl T R e S A o A AN
oy, B bR R A AR 22 , AR Sl S PR I X
L5 B O 2 S, ZANAR ST BRI T — b AR Ak 2
IAT- B 7 DR D 45 SRR P A [ e, 7 T R S
IS Z IS T —E mdreb . R FE N B A R A
B AT A B — i R R — O 2

4 & 8
ARSCFRGe i T Sedlh B B AR o A i B 5

SC IR SN R TR AR S AR 1 v B
B A 2R 2. SD/3D Fe AR LR Tz N G

i TRt i o™ S, 0 5 ) e A5 4 B R RE R S MERE
DRLEE, B 0 2 AR A A i A5 D o T B2 T2
BEREE,

SR, AL I D vk T A A k= | O I
NG AVE S R 2P Eive 2r VNS SR EE TIPS
TR A JENREOR A B AR S SR BR , HEE I B AR
KSR AN B 4 Ak 00 o 75 5 4R A e 1, (5L
TE R BASIAEE N R AR  BOGI RS B, (H R R
R it R VT HE— A AR T s BT SR R AT A (H
FORG RE 32 BRTOEHI 40 90 il 1 W OR S0R JE 5
2R BAESLZRIAIAET T 5 52 T AR BB AR KA Al
PR LI P R B 5 5 KO G AR DG D AR He ik
KL L i BE J7 AP 2 B R TR IR & e

B B 4 EAR I AN W 25 R R i K 14
KR Al 55 22 4 B2 A2 & i 07 ) i, AGE B
H f S AR IR A TR o (R IR i 28 of s 1) AU 5
BITRA DU 5 95 AR ZOR W R 7, ik S8 i B
AT BT, 41 {1 B i A5 HEORS A 0 A e U7 . SRR
oK I B (4 A Ay £ R LU LA T W B
56, B DU H AR AT 58 BB B A 1) Az 7 A6 T B4 55
AU, AR R AR G AR A e S B, O ek 2 i



513

e S AT i B 2 v SRR TN £ 7 3k R 11 -

AR ASEBTCAAR I, © R AR5 -5 I ) T Ty
Ml HU, S 7R T S 25 R B e 1 | B AREREE T4y
SR, IG5 R G AE A R BRI R AR E Tk AT
P, O SCHEI BT HAr . A, KT RE SHLas 2 >
AREYTIA REHE S RE AL AR S0 A7 7 vk 1 R e A
ACREAS HE— 2D 5 o T o B2, A B2 T B Ak B R
R B Bl K -, Ay 508 ) e AR 118 oK ok & e B 4 5
A R BRI R T R

25 B A BB il I i D7 R AR 2 T A B R A ]
H i H 2, 2520 B B AR B AN W21 37 55 D0 Ak o S i 2
T MR T 1 3R ROk B B BRI
T BRI D | PR I R B TIORS o R R, D
THER e R AR SE M HE Sl S ATl 52 B8 i K K- Y
HOR G S M T+ 4 A o SR H AR DR, [al i, 42 T
I R AR A 1 [ A K 8 1 — 2D 1 5 7l
SRR E PRI A 7, B 0 B 2 S R ATl B4 BN A JR)
SIS 2338
&2 30k
[ 1] BEWS, REW, Wk, % SE SR ARREAR K

wAE (1], ATERME, 2022, 1(3): 115-129.

YAO P, SONG CH M, HU Y, et al. Future technical
development approach for high computing power chips [J].
Science and Technology Foresight, 2022, 1 (3):.
115-129.

3, Bk, @, S BIRDGRI BRI R ].
HOGH AR, 2019, 43(1); 30-37.
HE L W, LUO L, MENG G, et al.

(2]

Recent progress of

novel  photolithography [ J]. |Laser

Technology, 2019, 43(1) . 30-37.
ZHUS Q, YUT, XU T,

technologies

et al.

[3] Intelligent computing;
challenges, and future [ J]. ArXiv
preprint arXiv:2211. 11281, 2023.

N, AR, RAEIR, 45 IR
BT 5 R s [1].
652-659.

SUN L, LI M, WU H Q,

microelectronics in post Moore era [ J].

The latest advances,

A AR A4 R L TR T
R ERL 4 2020, 34(5) .

[4]

et al. Frontiers and trends of
Bulletin of
National Natural Science Foundation of China, 2020,
34(5) : 652-659.

SCHALLER R R. Moore’s law; Past, present and future[ J ].
IEEE Spectrum, 1997, 34(6) . 52-9.

sk, R, KT, 4. 2.5D Chiplet BAEZ5H 1Y
PR (], G RE R %M, 2023, 36(7):
1024-1031.

ZHANG ZH, QIAO X Y, LONG X J, et al. Research on

[5]

[6]

thermal stress of 2. 5D chiplet packaging structure [ J].

(7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Chinese Journal of Sensors and Actuators, 2023, 36(7) :
1024-1031.

LAU J H. Chiplet Design and Heterogeneous Integration
Packaging [ M]. Berlin; Springer, 2023.

LAU J H. State of the art of lead-free solder joint
reliability [ J].
143(2) . 020803.
WRRRR , BT B, 2%
WE LRI [T ]
141-147.

CHEN K Q, CHEN X D, WU L,

positioning and

Journal of Electronic Packaging, 2021,

A RS T AR 2B 288 R kG
ML O A R 2021, 44 (116)

et al. Precise
inspection of large-size panel-level
[J].
Technology, 2021,44(16) :141-147.

FAN X J, VARIA B, HAN Q. Design and optimization of
thermo-mechanical reliability in wafer level packaging [J].
Microelectronics Reliability, 2010, 50(4) : 536-546.
T, EAMUE, 2. R ALER 7,%)@ PREAALIE [1].
LT 5E4, 2020, 20(8) : 1

JI'Y, WANGCHQ, LI'Y. Development, challenges and
opportunities of fan-out packaging [J].
Packaging, 2020, 20(8) :

ARPY, AN, AR er 3D B RS ik
JE [1]. WA THIR, 2010, 47(7) : 443-450.
DENG D, WU F SH, ZHOU L Z, et al. 3D package and

packaged  chips Electronic ~ Measurement

Electronics and

its latest research [ J]. Micronanoelectronic Technology,
2010, 47(7) . 443-450.
LANCASTER A, KESWANI M. Integrated circuit
packaging review with an emphasis on 3D packaging [ J].
Integration, 2018, 60, 204-12.

E A5 B IARERRAR N oA 5 e (D]
JUM AR TR, 2021.

KUANG Z L. Analysis and improvement on thermal
stress warpage of fan-out panel level package [ D].

Guangzhou ; Guangdong University of Technology, 2021.
s, R, skiR, 2. RIEBLE A/ DBC HAk F &

EH RN S OE (1] BT T 28R, 2019,
40(4) . 187-91.
XIANG Y Y, ZHOU ZH, ZHANG J, et al. Study on

thermal stress field of self-propagating interconnection of
large area chip/DBC substrate [ J]. Electronics Process
Technology, 2019, 40(4) . 187-191.

ZHOU Y, XU L, LIU S. Optimization for warpage and
residual stress due to reflow process in IGBT modules
based on pre-warped substrate [ J]. Microelectronic
Engineering, 2015, 136. 63-70.

SRR, SRR B AR T 2 i Ao ST



<12 - G R - C I T 55 40 4
SEMERFSE [D]. )M AERSEE TR, 2022. 2023(5) : 107-112.
HU W L. Studies of the process warpage behavior and reliability HUANG SH D, WANG G F, SHEN Y C, et al. A study
of fan-out packaging for integrated circuit chips [ D ]. on matching of Si;N, substrate for SiC module based on
Guangzhou ; South China University of Technology, 2022. stress difference improvement [ J]. Electric Drive for
(18] akfE, AL, =%, 5%, 3T YOLOvS-EA-FPNs [1:th A Locomotives, 2023(5) : 107-112.
SRFEARI 5T [ 1], B 58 i, 2023, [26] HAN B. Thermal stresses in  microelectronics
37(5) :36-45. subassemblies;  Quantitative  characterization  using
ZHANG H, CHENG CH, YUAN B. Research on chip photomechanics methods [ J ]. Journal of Thermal
defect detection method based on YOLOv5-EA-FPNs [ J]. Stresses, 2003, 26(6) : 583-613.
Journal of Electronic Measurement and Instrumentation, [27] k¥R, EMSRE, EaE, 2. Fe B 5 R e )5
2023, 37(5) ; 36-45. B Rs@m s [J]. BF 5%, 2021, 21(4).
[19] S, AV, HHEA, % — TG EE XS 27-31.
Rl AR marsT [J]. mTFS5HEE, 2017, 17(1) . ZHANG ZH Y, XIA P CH, WANG CH Q, et al.
15-18. Research of wafer warpage in wafer-level fan-out
GUO W, WANG X L, XIE J Y, et al. A predictive packaging [ J]. Electronics & Packaging, 2021, 21(4) .
model for thermal-mechanical warpage of micro-electronic 27-31.
packages[ J]. Electronics & Package, 2017, 17(1); [28] JIANG Y, CHEN Y, HU F, et al. Solution to optimize
15-18. warpage performance for 2. 5D fanout packaging [ C ].
[20] TEimeade, R EE, R E, S5 (815 150 4k 5 il e sk 2023 24th International Conference on Electronic
SR LT]. W77 AT S S R R ER, 2020, Packaging Technology (ICEPT) , 2023 1-4.
38(2): 61-65. [29] ¥&tfe, W, 2unfk, . 0 BRI B AR
GAO N'Y, CHEN X X, TONG L Y, et al. The warpage BB ENMBEIERE [J]. 71530, 2005, 35(3) .
failure analysis of {flip-chip plastic package [ J]. 345-352.
Electronic Product Reliability and Environmental Testing, PAN B, XIE HM, XU B Q, et al. Development of sub-
2020, 38(2): 61-65. pixel displacements registration algorithms in digital
[21] B, WK, WL, 3T DIC (2 2 B il 52 image correlation [ J ]. Advances in Mechanics, 2005,
ke Ay HAESE [J]. JioFse i, 2023, 55(9): 35(3): 345-352.
1900-1909. [30] SUTTON M A, ORTEU J J, SCHREIER H. Image
GE Y M, SHEN F, KE L L, et al. Experimental and Correlation for Shape, Motion and Deformation Measurements :
simulation research on thermal warping of multi-layer Basic Concepts, Theory and Applications [ M ]. Berlin;
plates based on DIC[ J]. Chinese Journal of Theoretical Springer, 2009.
and Applied Mechanics, 2023, 55(9) : 1900-1909. [31] CHIU T C, YEH E Y. Warpage simulation for the
[22] CHENG T, LUO X, HUANG S, et al. Thermal analysis reconstituted wafer used in fan-out wafer level packaging [ J].
and optimization of multiple LED packaging based on a Microelectronics Reliability, 2018, 80. 14-23.
general analytical solution [ J]. International Journal of [32] LV S, KEMAO Q. Modeling the measurement precision
Thermal Sciences, 2010, 49(1); 196-201. of fringe projection profilometry [ J]. Light Science &
[23] EZAWA H, TOGASAKI T, MIGITA T, et al. Process Applications, 2023, 12(1) . 257.
integration of fine pitch Cu redistribution wiring and SnCu [33] Z=fCH, k&, B, 25 35T R 000 B 10 45 #4 O
micro-bumping for power efficient LSI devices with high- FEA AR FZ R MWL 55 7 12 [ 1] AL AR A 4l
bandwidth stacked DRAM [ J ]. Microelectronic 2023,44(8) : 63-73.
Engineering, 2013, 103. 22-32. LIMY, ZHANG M L, LYU H Y, et al. Research on
[24] BAO S, LI W, HE Y, et al. On the optimization of the pixel accurate mapping method of structured light
molding warpage for wafer-level glass interposer fringe projection based on virtual field of vision [J].
packaging [ J]. Journal of Materials Science: Materials Chinese Journal of Scientific Instrument, 2023,44 (8) .
in Electronics, 2023, 34(12) :1061. 63-73.
[25] #itAR, Eg, pRkms, %5, FETR 2885 1) Sic [34] CHENZ, LIY, XU G, et al. Warpage characterization

B BACRE R AR D RCMEDF ST [T]. PLAE AL 3h,

of a large size fan-out panel subjected to inhomogeneous



513

e S AT i B 2 v SRR 0 8 7 3k T <13 -

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]
[45]

[46]

[47]

heating by a digital fringe projection system [ J].
Microelectronics Reliability, 2022, 139(4) .114818.
LAU J H, LI M, YANG L, et al

measurements and characterizations of fan-out wafer-level

Warpage

packaging with large chips and multiple redistributed
LIl
Packaging
8(10): 1729-37.

PHANSALKAR S P, KIM C, HAN B. Effect of critical

properties  of epoxy molding compound on warpage

IEEE Transactions on Components,

2018,

layers

and Manufacturing  Technology,

prediction; A critical review [ J]. Microelectronics
Reliability, 2022, 130( 1) :114480.

PAN J, CURRY R, HUBBLE N, et al. Comparing
techniques for temperature-dependent

measurement [ J]. Plus, 2007, 10; 1980-1985.
DING H, POWELL R E, HANNA C R, et al. Warpage

warpage

measurement  comparison using shadow Moire and

projection Moire methods [ J]. IEEE Transactions on
Components and Packaging Technologies, 2002, 25(4) :
714-721.

THOMAS J. Projection moiré vs. shadow Moiré for
warpage measurement and failure analysis of advanced
packages [ C ]. SMTA International, 2011 13 (1):
835-837.

LOH W K, KULTERMAN R, FU H, et al. Recent trends
of package warpage and measurement metrologies [ C ].
Proceedings of the 2016 International Conference on
Electronics Packaging (ICEP). IEEE, 2016.

KANG S, UME I C. Techniques for measuring warpage
of chip packages, PWBs, and PWB assemblies [ J].
IEEE Transactions
Manufacturing Technology, 2013, 3(9) . 1533-1544.

SUN G, ZHANG S. A review on warpage measurement

on Components, Packaging and

metrologies for advanced electronic packaging [ J].
Microelectronics Reliability, 2024, 160.115456.

SEMI M59. Terminology for silicon technology [S]. 2005.
SEMI MF534. Test method for bow of silicon wafers [S]. 2006.
SEMI MF657. Test method for measuring warp and total
thickness variation on silicon wafers by noncontact
scanning [ S]. 2005.

GB/T 6619-2009. &k A &M MIA % [S]. 2009:.
GB/T 6619-2009. Standard method for measuring bow of
silicon slices [ S]. 2009.

GB/T 6620-2009. fif F 7l i J& F 42 fish 0 3L J5
LS. 2009.

GB/T 6620-2009. Standard method for measuring warp of

silicon slices by noncontacting technique [ S]. 2009.

[48]
[49]

[50]

[51]

[52]

[53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

IPC-TM-650. Test methods manuals [ S]. 2018.
ED-7306. Measurement methods of package warpage at
elevated temperature and
warpage [ S]. 2007.

IEC 60191-6-19. Measurement methods of the package

the maximum permissible

warpage at elevated temperature and the maximum
permissible warpage [ S]. 2010.

JESD22-B112B. Package warpage measurement of surface-
mount integrated circuitsat elevated temperature[ S]. 2009.
JESD22-B112C. Package warpage measurement of surface-
mount integrated circuitsat elevated temperature[ S]. 2023.
AKROMETRIX. Technology overview [ R]. 2021.
AKROMETRIX. Testing applications [ R]. 2015.
HUBBLE N. Improvements in decision making criteria for
[J]. iMAPS

Presentations,

Packaging

( DPC ):

Device

2016

thermal warpage
Conference
001455-001497.
HUBBLE N, YOUNG J, HARTNETT K. Surface mount
signed warpage case study; New methods for characterizing
3D shapes through reflow temperatures [ C]. Proceedings of
IPC APEX, 2017.

LAU J H, LI M, TIAN D, et al. Warpage and thermal
characterization of fan-out wafer-level packaging [ J].
IEEE Transactions Packaging and
Manufacturing Technology, 2017, 7(10) . 1729-1738.
TIAN Z, ZHANG G, HUANG Y,
mechanics model and asymmetric residual stress analysis
during 3-D  NAND manufacturing [ J ]. IEEE
Transactions on Electron Devices, 2024, 72 (1):
193-198.

FISCHER J. Handbook of Molded Part Shrinkage and
Warpage [ M]. Newyork; William Andrew, 2012.

LIU L, ZHANG C, HU P,

on Components,

et al. Process

et al. Influences of
hygrothermal conditions and structure parameters on
moisture  diffusion behavior in a system-in-package
module by moisture-thermal-mechanical-coupled finite
element modeling [ J]. Soldering & Surface Mount
Technology, 2025, 37(2) . 117-126.

XIRE, W, PiEd, 5. MEMS #5Ff Cavity-SOI
Hil S S T2 (1], R SRS,
2022, 41(3) . 58-6l.

LIU F M, YANG J, LIANG D CH, et al. Wafer bonding
process research in manufacturing of Cavity-SOI for
MEMS  device [T].
Microsystem Technologies, 2022, 41(3) ; 58-61.
EH, KRBT, 2. b B R AR 1Y A )
AT [1]. W55, 2024, 24(1) : 5-9.

application Transducer and



- 14 - G R - C I T 55 40 4
YAN WW, ZHU Z L, LI J M, et al. Research on thermal [72] CHE F X, YAMAMOTO K, RAO V S, et al. Panel
stress warping of glass substrates for packaging [ J ]. warpage of fan-out panel-level packaging using RDL-first
Electronics & Packaging, 2024, 24(1) . 5-9. technology [ J ]. IEEE Transactions on Components,

[63] HRfH, SP@RA, W%, 5. HAR IR M B s % b Packaging and Manufacturing Technology, 2020, 10(2):
BIEER [J]. TSR, 2013, 34(3) ¢ 221-225. 304-313.

SHAO W, GUO J J, CHANG T, et al. Accurately [73] CHE F X, YAMAMOTO K, RAO V S. Panel warpage
following measuring technique for warpage of substrate and die shift simulation and characterization of fan-out
glass [J]. Acta Metrologica Sinica, 2013, 34(3); 221- panel-level packaging [ C]. 2020 IEEE 70th Electronic
225. Components and  Technology  Conference, 2020
[64] MOSER M, PRADHAN M, ALOMARI M, et al. 2097-2104.
PECVD SiNx passivation with more than 8 MV/cm [74] LEE H J, PARK S M, PARK S J. Minimization of
breakdown strength for GaN-on-Si  wafer stress warpage for wafer level package using response surface
management [ J ]. Power Electronic Devices and method [ J ]. International Journal of Precision
Components, 2023, 4.100032. Engineering and Manufacturing, 2016, 17 (9 ).

[65] FENG W, SHIMAMOTO H, KAWAGOE T, et al. 1201-1207.

Wafer-to-wafer bonding fabrication process-induced wafer [75] ZHEN H, WEI Z, XIAO G, et al. Numerical simulation
warpage [ J ]. IEEE Transactions on Semiconductor on the warpage of reconstructed wafer during
Manufacturing, 2023, 36(3) ; 398-403. encapsulation process [ C]. International Symposium on

[66] FENG W, SHIMAMOTO H, KAWAGOE T, et al. Study Microelectronics, 2021, 112-118.
of wafer warpage reduction by dicing street [ J]. Japanese [76] KIM Y K, PARK I S, CHOI J. Warpage mechanism
Journal of Applied Physics, 2022, 61(S]J) : SJ1001. analyses of strip panel type PBGA chip packaging [J].

[67] ZHAOJ, CHEN Z, QIN F, et al. Development of high Microelectronics Reliability, 2010, 50(3) ; 398-406.
performance 2. 5D packaging using glass interposer with [77] wINHE, XUREHE, SKNI, 48, LTCC R r e 7458 BT
through glass vias [ J]. Journal of Materials Science: 7% [J]. BToet S5k, 2014, 33(5) . 80-83.
Materials in Electronics, 2023, 34(25) :1790. YUE SH Q, LIU ZH H, ZHANG G, et al. Study on floor

[68] JRRER, B4, afRE%, &, LTCC FMIbpe Vi F flatness of LTCC cavities [ J]. Electronic Components
TAWE [J]. T2, 2011, 41(5) ; 770-774. and Materials, 2014, 33(5) . 80-83.

ZHOU J L, XIA J SH, ZOU J AN, et al. Study on co- [78] FOWLER M, MASSEY J P, BRAUN T, et al
fire process for surface finish of LTCC substrate [ J]. Investigation and methods using various release and
Microelectronics, 2011, 41(5) : 770-774. thermoplastic bonding materials to reduce die shift and

[69] XigHe. TFT-LCD P3RS HAR AP RE Skl [1]. 3% wafer warpage for eWLB chip-first processes [ C]. 2019
B, 2009, 36(1): 22-24. IEEE 69th Electronic Components and Technology
LIU H Y. Performance and test of glass substrate for Conference, 2019.

TFT-LCD [J]. Glass, 2009, 36(1) . 22-24. [79] CHENG G, XU G, GAI W, et al. Reduce the wafer

[70] ok, WhHRAe, dokik, S5 FAY IC B R SEGHE h 4y warpage introduced by Cu in RDL through adjusting the
r5uetl [J]. BmFoctE 548, 2018, 37(9) . cooling temperatures [ C]. 2018 IEEE 68th Electronic
79-83. Components and  Technology  Conference, 2018
ZHANG B, XIE T H, CUI Y T, et al. Design 669-674.
parameters optimization for thin IC package substrate [80] CHENG G, LUO L, XU G, et al. Effects of
warpage [ J]. Electronic Components and Materials, microstructure of copper used in redistribution layer on
2018, 37(9) : 79-83. wafer warpage evolution during the thermal process [ J].

[71] AR, M, B DR, B ol T A9 (1], Journal of Materials Science: Materials in Electronics,
B Tk & &, 2020, 49(1) ; 36-40,49. 2019, 30(12); 11136-11144.

YI ZH B, CONG R, CHANG Q Q. Study on the thinning [81] ZHU C. Experimental and theoretical investigation of

technology of ultra-thin wafer [ J].
Electronic Products Manufacturing, 2020, 49 (1) . 36-
40,49,

Equipment for

bifurcated wafer warpage evolution in the wafer level
packaging processes [ J]. Journal of Materials Science:

Materials in Electronics, 2020, 31(19) . 16531-16538.



513

e S AT i B 2 v SRR 0 8 7 3k T 15 -

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

(92]

CHENG G, GAI W, XU G, et al. Study of the wafer
warpage

temperatures [ C ].

evolution by cooling to extremely low
18th International Conference on
Electronic IEEE, 2017,
597-600.

KIM S E, KIM S. Wafer level Cu-Cu direct bonding for

Packaging  Technology.

3D integration [ J]. Microelectronic Engineering, 2015,
137 158-163.

ZHU C, LI H, XU G, et al. A novel mechanical diced
trench structure for warpage reduction in wafer level
packaging process [ J]. Microelectronics Reliability,
2015, 55(2) . 418-23.

W, T ok, WK, 4R BGA Ml CCGA B AR
SRR [T]. TS, 2012, 12(10) -
10-13.

YANG Y B, DING R ZH, MING X F, et al. The
discussion on the measurement of BGA and CCGA
geometrical size [ J]. Electronics & Packaging, 2012,
12(10) : 10-13.

CHENG F, CHEN T, YU Q, et al. A double-sided
surface scanning platform for sapphire substrate quality
assessment [ J ]. 2023, 84.
191-201.

GUAN J, ZHAO Y. Dual-wafer intergrinding thinning by

bipolar-discharge EDM with a capacity-coupled pulse

Precision Engineering,

capacitance  and

[J1.

generator considering large gap

minimization of discharge energy Results in
Engineering, 2022, 15.:100526.

XU X, HUANG J, YU H, et al. Elimination of stress
LDMOS

2015,

induced dislocation in deep Poly Sinker

technology [ J]. Microelectronics Reliability,
55(3-4) . 486-491.

LEE C C, LIOU Y Y, CHANG C P, et al. Estimated
approach development and experimental validation of
residual stress-induced warpage under the SiNx PECVD
coating process [ J]. Surface and Coatings Technology,
2022, 434 (3) :128225.

HUANG D S, TU W B, ZHANG X M, et al. Using Taguchi
method to obtain the optimal design of heat dissipation
mechanism for electronic component packaging [ J ].
Microelectronics Reliability, 2016, 65. 131-141.

LIU C, LIU X, XU Z, et al. Mirror-based flexible one-
step calibration method of light-sectioning system for
surface topography [ J ]. Applied Optics, 2018,
57(20) : 5583-5590.

NAKAZAWA T, SAMARA A. Three-dimensional inline

inspection for substrate warpage and ball grid array

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

coplanarity using stereo vision [ J]. Applied Optics,
2014, 53(14) : 3101-3109.

DONG Z, SUN X, LIU W, et al. Measurement of free-
form curved surfaces using laser triangulation [ J].
Sensors (Basel), 2018, 18(10) :3527.

CHASON E. Resolution and sensitivity of stress
measurements with the k-Space multi-beam optical sensor
(MOS) system [Z]. Sandia National Laboratories, 2005.
KATO M, YOSHIDA A, ICHIMURA M, et al. Excess
carrier lifetime and strain distributions in a 3C-SiC wafer
grown on an undulant Si substrate [ J]. Physica Status
Solidi A, 2013, 210(9) . 1719-1725.
OSTER G, WASSERMAN M, ZWERLING C.
Theoretical interpretation of moiré patterns [ J]. Josa,

1964, 54(2) . 169-75.
CREATH K, WYANT J. Moiré and fringe projection

techniques [ J]. Optical Shop Testing, 1992, 2.
653-85.
SONG S, ZHU F, ZHANG W, et al. Warpage

measurement of various substrates based on white light
shadow Moiré technology [ C]. Proceedings of the 2011
6th International Microsystems, Packaging, Assembly
and Circuits Technology Conference. IEEE, 2011.

LIU S, ZHU J, ZOU D, et al. Study of delaminated
plastic packages by high temperature Moiré and finite
element method [ J]. TIEEE Transactions on Components,
Packaging, Part A,
1997, 20(4) : 505-512.

SUM, CAO L, LIN T, et al. Warpage simulation and

and Manufacturing Technology .

experimental verification for 320 mm X 320 mm panel
level fan-out packaging based on die-first process [ J].
Microelectronics Reliability, 2018, 83, 29-38.
B, HRLIR, 2580, . IC BTN ER Y &
BESHIEMS [1]. BT LEHEAR, 2014, 35(4)
187-189,233.

HOU ZH ZH, SHAO Y CH, LI M Y,

Development

et al.

& manufacture research of coreless

substrate for IC packages [ J]. Electronics Process
Technology, 2014, 35(4) . 187-189,233.

TWedk, f/NET, SEM. PBGA S35 (1 k558 fh A TP
PESHAE [J]. )R Tl K244, 2020, 37(2)
94-101.

WANG X F, HE X Q, YAO B. Simulation and
verification of warpage deformation of PBGA package
reflow soldering [ J]. Journal of Guangdong University
of Technology, 2020, 37(2) : 94-101.

IR, FBAEHE, BB, 5. BT RERON RS



- 16 - G R - C I T 55 40 4
REVERIISY [J]. FRRRASHAL, 2024, 30(5); 18- and experimental study on wafer warpage of embedded
21,31. interconnect bridge in organic interposer [ C]. 2024
SHI Y N, ZHENG H X, LYU Y, et al. The study 25th International Conference on Electronic Packaging
about hall sensor chip performance improved with Technology, 2024 . 1-6.
additional silica gel layer [ J]. Sensor World, 2024, [112] POWELL R E, UME I C. Simultaneous measurement of
30(5): 18-21,31. PWB and chip package warpage using the projection
[104] HEBE55, il , Sl 4. BIRE T 2% SMT #% Moiré technique and automatic image segmentation] C].
PEPGEM P [J]. B 5E2E 2024, 24(5) . Proceedings of the 56th Electronic Components and
41-45. Technology Conference. IEEE,2006.
LYU X L, YANG D, BI M H, et al. Effect of reflow [113] TAN W, UME I C. Warpage measurement of board
soldering process on thermal warpage of SMT devices [J]. assemblies using projection Moiré system with improved
Electronics & Packaging, 2024, 24(5) . 41-45. automatic image segmentation algorithm [ J]. IEEE
[105] 20k, 22572, BRMS, 5%, J&T FCBGA 2% 0 H Transactions on Advanced Packaging, 2008, 31(3):
RA BLIE BRI B 58 (1], W5 B8, 2024, 447-453.
24(2) . 61-67. [114] KB BETRFL0OEMN 3RS M i R 50t
LI X X, LI SH W, CHEN P, et al. Study on organic 7% [D]. I PR, 2012,
substrate warpage based on FCBGA packaging SONG SH. Study of warpage measurement system for
application [ J ]. FElectronics & Packaging, 2024, packaging substrate based on shadow Moire method [ D].
24(2) . 61-67. Wuhan; Huazhong  University of Science and
[106] H5, B, B, 5. ETEEENRN B8 Technology, 2012.
HTZEBR (1], o E 4 i, 2024, 33(7): [115] skasefd, fLprdr, BOEEMS, 55 300 mm & 558 i
81-86. RGN B I AL A SRR []. ek TR,
JIY, YANG K, CHEN P, et al. Research on plastic 2024, 32(15) . 2418-2428.
packaging technology for large-size chips based on flip- ZHANG Y B, KONG X X, ZHAO SZ P, et al. Vertical
chip bonding [ J]. China Integrated Circuit, 2024, clamping deformation analysis and validation of 300 mm
33(7): 81-86. wafer warpage detection [ J]. Optics and Precision
[107] SONG T, SHAO G, WANG Z, et al. An optimization Engineering, 2024, 32(15) . 2418-2428.
method of package warpage simulation based on [116] F&g, fa £ M, EZRE, . BUBE T ¥ 45 80 Kaiser-
parameter calibration [ C]. 2022 23rd International Hamming B O ok []]. B TFIES
Conference on Electronic Packaging Technology, 2022 NG == 2022,36(3) . 166-174.
1-4. WANG HF, HEZH C, LI Y M, et al. Faster Fourier
[108] SALAHOUELHADJ A, GONZALEZ M, VANSTREELS filtering based on Kaiser-Hamming window forfringe of
K, et al. Analysis of warpage of a flip-chip BGA electronic speckle pattern interferometry [ J]. Journal of
package under thermal loading: Finite element Electronic Measurement and Instrumentation, 2022,
modelling  and  experimental ~ validation [ J ]. 36(3) . 166-174.
Microelectronic Engineering, 2023, 271-272:111947. [117] MUk, SHHA. T Zemike 2T A A & W A5 F
[109] TSAIM Y, HUANG P S, HUANG C Y, et al. An IRE AN fEGE [ )], BT 5 AR 24 4], 2023, 37
investigation into warpages, stresses and keep-out zone (11):197-204.
in 3D through-silicon-via DRAM packages [ J]. LAI X, JIA Y J. Adaptive wrapped Kalman phase
Microelectronics ~ Reliability, 2014, 54 ( 12 ). unwrapping algorithm based on Zernike polynomial [ J].
2898-2904. Journal of Electronic Measurement and Instrumentation
[110] KWON K, LEE Y, KIM J, et al. Compression molding 2023,37(11) : 197-204.
encapsulants for wafer-level embedded active devices: [118] HARENDT C, KOSTELNIK J, KUGLER A, et al.
Wafer warpage control by epoxy molding compounds[ C]. Hybrid systems in foil ( HySiF ) exploiting ultra-thin
2017 IEEE 67th Electronic Components and Technology flexible chips [J]. Solid-State Electronics, 2015, 113
Conference, 2017. 101-108.
[111] CHENJ, YIN C, MENG D, et al. Numerical modeling [119] ZHANG K, ZHOU W, LI T, et al. Improvement of



513

e S AT i B 2 v SRR 0 8 7 3k T <17 -

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

warpage and leakage for 3D NAND flash memory [ J].
Materials Science in Semiconductor Processing, 2024,
176:108294.

LI J, GONG F, YANG G. Study on warpage and filling
behavior of glass in non-isothermal hot embossing [ J].
Ceramics International, 2023, 49(11) . 19012-19024.
BORZA D N, NISTEA I T. Experimental investigation
by speckle interferometry of solder joint failure under
thermomechanical ~load aggravated by  boundary
conditions at board level [ J]. Journal of Electronic
Packaging, 2012, 134(4) .041007.

JANG K W, PARK ] H, LEE S B, et al. A study on
(T/7C)
conductive film ( ACF) flip chip assembly for thin chip-
on-board ( COB) packages [ J].
Reliability, 2012, 52(6) . 1174-1181.

YANG SY, KWON W S, LEE S B. Chip warpage model

thermal cycling reliability of anisotropic

Microelectronics

for reliability prediction of delamination failures [ J].
Microelectronics Reliability, 2012, 52(4) . 718-724.
JANG J W, SUK K L, PAIK K W, et al. Measurement
and analysis for residual warpage of chip-on-flex ( COF)
( CIF ) [J]. IEEE
Components,  Packaging  and
Manufacturing Technology, 2012, 2(5) ; 834-840.
HAN B, GUO Y, LIM C,

and chip-in-flex packages

Transactions  on
et al. Verification of
numerical models used in microelectronics packaging
design by interferometric displacement measurement
methods [ J]. Journal of Electronic Packaging, 1996,
118(3): 157-163.

MARKS M R, HASSAN 7Z,
Characterization methods for ultrathin wafer and die
[J].
Components, Packaging and Manufacturing Technology,
2014, 4(12) . 2042-2057.

OKUDUR O O, GONZALEZ M, VAN DEN BOSCH G,

CHEONG K Y.

review IEEE Transactions on

quality: A

et al. Scaling-friendly approaches to minimize the
magnitude and asymmetry of wafer warpage during 3-D
NAND fabrication [ J].
2023, 145.114996.

HSIEH M L, YEH S K, LEE J H, et al. CMOS-MEMS

Microelectronics Reliability,

capacitive tactile sensor with vertically integrated

sensing electrode array for sensitivity enhancement [ J].

Sensors and  Actuators A  Physical, 2021,
317.112350.
VERMA K, HAN B. Warpage measurement of

by far

Proceedings of the

infrared  Fizeau

ASME

microelectronics  devices

interferometry [ C ].

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

International Mechanical Engineering Congress and

Exposition. American  Society of = Mechanical
Engineers, 1998.

VERMA K, HAN B. Warpage measurement on
dielectric rough surfaces of microelectronics devices by
far infrared Fizeau interferometry [ J]. Journal of
Electronic Packaging, 2000, 122(3) . 227-232.

VERMA K, COLUMBUS D, HAN B. Development of
real time/variable sensitivity warpage measurement
technique and its application to plastic ball grid array
[ J]. IEEE Transactions
Packaging Manufacturing, 1999, 22(1) . 63-70.

TOH S L., CHAU F S, ONG S H. Use of optical technique
[ C].

Proceedings of the Second International Conference on

package on Electronics

for inspection of warpage of IC packages

Experimental Mechanics, 2001.

UDUPA G, NGOI B K A, GOH H C F, et al. Defect
detection in unpolished Si wafers by digital shearography [ J].
Measurement Science and Technology, 2004, 15(1):
35-43.
KEMAO Q.

Two-dimensional ~windowed Fourier

transform for fringe pattern analysis: Principles,
applications and implementations [ J ].
Lasers in Engineering, 2007, 45(2) . 304-317.
LANGENBECK P.
interferometer [ J ].
1425-1426.
MALACARA D. Twyman-Green interferometer [ Z ].
Optical Shop Testing, 2007 46-96.

BUNNAGEL R, OEHRING H A, STEINER K. Fizeau

Optics and

Multipass
Applied Optics, 1967, 6 (8):

Twyman-Green

interferometer for measuring the flatness of optical
surfaces [ J]. Applied Optics, 1968, 7(2) : 331-335.

KAJAVA T, LAURANTO H, SALOMAA R. Fizeau
interferometer in spectral measurements [ J]. JOSA B,
1993, 10(11) : 1980-1989.

HUNG Y, HO H. Shearography: An optical

measurement technique and applications [ J]. Materials
Science and Engineering: R: Reports, 2005, 49(3) .
61-87.

GOLIM O, VUORINEN V, WERNICKE T, et al. Low-
temperature wafer-level bonding with Cu-Sn-In solid
liquid interdiffusion for microsystem packaging [ J].
Microelectronic Engineering, 2024, 286.112140.

YIN Z, DU Y, SHE P, et al.
phase-shifting algorithm for fringe projection [ J].
Optics Express, 2021, 29(9) . 13141-13152.

VAN DIJK M, HUBER S, STEGMAIER A, et al.

Generalized 2-step



- 18 -

LSRR R e o

40 &

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

Experimental and simulative study of warpage behavior
for fan-out wafer-level packaging [ J]. Microelectronics
Reliability, 2022, 135.114585.

HsL.LCK O, VERNHES P, GAMBA B, et al. Multiscale
warpage behaviour in a fan-out panel during thermal
[T]. 2022,
138.114641.

BAGETTI JERONIMO M, SCHINDELE J, STRAUB
H, et al. On the influence of lid materials for flip-chip
ball  grid package RE
Microelectronics Reliability, 2023, 140.114869.
KANG S, UME I C. Dynamic digital fringe projection
technique for measuring the warpage of unpainted PBGA

cycles Microelectronics  Reliability,

array applications

packages and boards [ J]. The International Journal of
Advanced Manufacturing Technology, 2018, 96(9-12) .
3235-3249.

CALABRETTA M, SITTA A, OLIVERI S M, et al. An

approach  to  manufacture

thick
metallization [ J]. International Journal on Interactive
Design and Manufacturing ( IJIDeM ), 2020, 15(1):
117-119.

NG C S, ASUNDI A K. Warpage measurement of thin

experimental-numeric

semiconductor ~ wafer  using copper  front

wafers by reflectometry [ J]. Physics Procedia, 2011,
19. 9-20.

PAN B. Recent progress in digital image correlation [J].
Experimental mechanics, 2011, 51, 1223-1235.

YIN Z, REN X, LI C, et al. Coded speckle target:
Design, analysis and applications [ J].
Lasers in Engineering, 2024, 181:108434.
YIN Z, YUAN F, TONG Z, et al. Stereo digital image
[J].
2024,

Optics and

correlation using binocular super-resolution

Measurement ~ Science  and

36(1): 015042
ZENG B, GAO Y, XIONG C, et al.

Technology,

A full-field
warpage characterization measurement method coupled
with [J].
Reliability, 2023, 149.115237.

BAEK J H, PARK D W, OH G H, et al. Effect of cure

infrared  information Microelectronics

shrinkage of epoxy molding compound on warpage
Materials

2022,

behavior of semiconductor package [ J].
Science  in  Semiconductor
148.106758.

KIM J, SONG M, GU C Y,

predictability  of

Processing,

et al. Enhancing
thermal applying
temperature-dependent Poisson’ s ratio of epoxy molding

compound [ J]. Polymer Testing, 2023, 125.108140.

warpage by

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

SUZUKI K, SANADA Y, UCHIBORI S, et al. Investigation
of the warpage modeling technique for thick multi-chip
module encapsulated by compression molding [ C ].
Proceedings of the 2017 International Conference on
Electronics Packaging. IEEE, 2017.

UMH]J, JUYM, LEED W, et al. Reduced warpage
in  semiconductor packages: Optimizing post-cure
temperature profile considering cure shrinkage and
viscoelasticity of epoxy molding compound [ J].
Materials & Design, 2024, 245.113265.

KWAK J B. Completely in situ and non-contact warpage
assessment using 3D DIC with virtual patterning method [ J].
The International Journal of Advanced Manufacturing
Technology, 2018, 100(9-12) . 2803-2811.

GAO Y, CHEN Y, YU Z, et al. Correction of thermal
airflow  distortion in

warpage measurements  of

microelectronic packaging structures via deep learning-

based digital image correlation [ J ]. Microsyst
Nanoeng, 2024, 10(1). 118.
YIN Z, CHEN Y, SHE P, et al. Modeling the

measurement precision of a multi-camera system [ J].
Optics Letters, 2025, 50(21) . 6489-6492.

LECOMPTE D, SMITS A, BOSSUYT S, et al. Quality
speckle patterns for digital

assessment  of image

correlation [ J]. Optics and lasers in Engineering,
2006, 44(11): 1132-1145.

LAU J H, LI M, YANG L, et al. Warpage
measurements and characterizations of fan-out wafer-
level packaging with
[J1
Components, Packaging and Manufacturing Technology ,

2018, 8(10) : 1729-1737.
SUN W, WANG L, ZHU N, et al. Characterization of

large chips and multiple

redistributed layers IEEE Transactions on

packaging warpage, residual stress and their effects on
the mechanical reliability of IGBT power modules [ J].
Engineering Failure Analysis, 2023, 152.107517.
CASON M, ESTRADA R. Application of x-ray microct
for non-destructive failure analysis and package
construction characterization [ C]. Proceedings of the
18th IEEE International Symposium on the Physical and
Failure Analysis ( IPFA ).
IEEE, 2011.

TERAMOTO A, MURAKOSHI T, TSUZAKA M, et al.

Automated solder inspection technique for BGA-mounted

of Integrated Circuits

substrates by means of oblique computed tomography [J].
TIEEE
Manufacturing, 2007, 30(4) ; 285-292.

Transactions  on  Electronics ~ Packaging



513

[164]

[165]

[166]

[167]

LAU S H, GUL S, GELB J, et al. Decoupling sub-
micron resolution and speed from sample size in 3D X-
ray imaging [ C]. 2022 IEEE International Symposium
on the Physical and Failure Analysis of Integrated
Circuits, 2022, 1-6.

BOSE A, VIJAYARAGHAVAN R K, COWLEY A, et
al. Nondestructive Monitoring of Die Warpage in
Encapsulated Chip Packages [ J]. IEEE Transactions
on  Components,
Technology, 2016, 6(4) : 653-662.

CHEN Y, LIN N, LAI P. Three-dimensional X-Ray

Packaging and  Manufacturing

laminography as a tool for detection and characterization
of package on package (PoP) defects| C]. Proceedings
of the 2014 10th International Conference on Reliability,
Maintainability and Safety (ICRMS). IEEE, 2014.

SAFIA B, PIERRE V, NICOLAS C, et al. Addressing

sub-micron thermal warpage: Industrial application on

2 R K 2B v A et 7y 1 5 o - 19 -
semiconductor devices [ C]. 2023 IEEE 73rd Electronic
Components and Technology Conference, 2023.
169-174.

fEE T/
FHER(GEFER),2020 4 F 55 5t #
TR AR 22 i, 2025 4F T 7R K 2%
TN KA, PO SO T AR YR, 3
‘(}/)x FIRST 7 18] A Bl el T 2 T 5 S

PAL
Yin Zhuoyi ( Corresponding author) received his B. Sc.

E-mail : yinzhuoyi@ njust. edu. cn

degree from Nanjing University of Science and Technology in
2020, and Ph. D. degree from Southeast University in 2025.
Now he is a lecturer at Nanjing University of Science and

Technology. ~ His  main  research  interests include

microelectronic  packaging  reliability and  experimental

mechanics.



