® _'_‘-h- gr »
| (CRLEEE VS
s University of Chinese Academy of Sciences
Al gt S
BT FARIC
E R %3 %a BB SHREF R AERSEEN N THIEBHR
(- 22E Y
8- F R WiE 9 & Z5 Wik
T ER B E MRS S E B EARB A
FALRA: NI S
FRHEL: e 5 A
IR F ERERE LRSS E B EAB I

20194 6 A



Study on Wafer Warpage in Wafer Level Package and Plastic
Deformation of Nanotwinned Copper Used in Redistribution Layer

A dissertation submitted to
University of Chinese Academy of Sciences
in partial fulfillment of the requirement
for the degree of
Doctor of Philosophy
in Microelectronics and Solid-State Electronics
By

Cheng Gong

Supervisor: Professor Yang Heng

Professor Luo Le

Shanghai Institute of Microsystem and Information Technology
Chinese Academy of Sciences

June 2019



FEMNFERAF
MREF AR B R

ANBEFY: rEXZK AR TRAFNERIMF TS TR HTH T LI
TSR RR . RIEFTAN, BRXFOEERGSIHONAES, RSP EETHE
A ANBUERAR DA KRB S 1T IR FUBR « 3B ST I (7 78 AR5 STk
HIEC AN NFNSR AR, 37 SCrh AR 7 2Xbm B BB .

fFa24: 4?,{’4@

PEMNERASF
FAR IR A A=A

FNFEE T MR I FEE ST BB B RRFE A AR SR RE, Bl
ER AR EZEM R CHRIA, RFZISSRER, THERZEART A
DT R AN GRA R0 R BT BRI A A i 08 SCHY BB 2 I, T LUK AR E
ZRED B A R 6 F BLRAF . ICRA LRI,

W RIEBATF AL AR BT R G SR ASE .

e R0 I wmees. 10 (A

B #2007 6.3 B 20/f 6.3



=

"R

VEEESR, AATH B F 7= M BN B RN £ D R O Bk F a2, Seit ey
ARAERGENBAR T EE L RABR T HRERE. B EEFREN MR
AR BEREAR, ORIBRE ZORA. BRTHIZREREZEFIES
FL R R T Ok 4 I R ) % RDL (EAR)E), R BFAE)E . PTCREIZ
ELEME, FFEHEMALEER, HATLE AR & B ih % 3 5] 8
2R

AU R ERANEAREETZAYE, AT ROL FHMAGLE
TSR T ELRE P MEER RN 1. 48 5FRE T ZHMRERYK
A& TZ, BRI T UM EEH PR B A0 LR A R R i AT A

B, ASCH B FHRIRRHRE., B RHENRREBME AR T
el AR T R R, SRR T R R BRI SRR BEJE, BT B A
Gt FOd R R i b T 2R AR . BT RAL R SR ETEPES
BRI R ERERE, JFEMET PL MAHENHREEEX, HHERAE
ERRMAZESI NSRBI P 3 FEA. MmERRAES KRR
3 bR AR 2R 5 5 e A 3 v ¥R AR il SR AR R o R i BB K E B RAE
KA AN . ARY: RN RFMBRE, FALETINE
HH7E J5 Se b B RIF AR

BEJE, BRI T AR R AR MR AR, BTERKK ¥
HURAR | MARIRAR S L PR L RIS, $A10 20 ZE IR 400°C Z /G I I RL
NEBIRE 0 Mk, TG MBEHRT RS, BT maE MR R AR R
AULEC £ 5 SCH th 30, XA AR W fk B A 2R R 73 RO A2 R I R4 5t
IR LA RN MER N & E RO G R, #E T #mLEERER
H 5 R AR R 2 Y BRI RS 5B E IR .

AR SCRUE PR SR P oK 2R AR AR D AR bt AR 5l , O ELR
FA PO IR ki Bk VAR B s PR S =M R 2 T 4K @ . SRAT K
A R PUREE AR R AR D, B RIS BT E A R . K
W RIBRS AN 4 ms, BRI 96~396 ms, VE{E FRRES N 100 A/dm? B i &



V) - G g 3 3 3 o 5 9K 2 B AR EE A 4 2 B A BT AR LB

(ORE L2 BB R B s . SR R AL 7 e R B B A K AR AT I, AR e
Fﬁzﬁﬁiﬂmﬁkﬁ,%&uu)@%%%%,iaﬁﬂthﬁm wE
HIZN K2R SR

W BB SRR R R E AUIERA 5% =Fh 7 VA IR T H A 2
Eal A SEBE. Heh, B MEx A e R E RN, K
P 4904 255 5, 4 R PP 25 TR T 4 4 YRS 4% 1) PP AT 3 T DA AR R AE I 0L
TR oh B R A AA S, AT AR S BB Bl . R HIALE AR B (RAT R TE IR
SRR g R A RA, B B T AE IR BRI A, L E XSRS B I 1F A
—EEE, R E S =R AR B SRAMER N IA B AT L
MR R BN, ATAAREERHERARENERESY, 25T HEZHE
VAU B, TEFHEN, —30BHARSRE TR, ATREMEENE
g, FEEETSHE. EXEELE R MSEHTIMR G, HMHE
BAHZ A HEELES.

EIE ST [ Gt rh 3l i R BRI RGO T, RIVAAT B S SRS B IR
Fir ot i L 7 B R . SRR oK AR AR TR R R R i R AR M T TR
A AR S Bt . DA AR R AT B TR N TR AR h VA A, X Tk 5
RIGEMME A EHETZHETFEER L.

i@, B EEE, RERM, R, RE, PORERN

1I



Abstract

Abstract

In recent years, the miniaturization and versatility of electronic products are
increasingly demanded. Advanced packaging technology is an important way to reduce
the size of devices and developing rapidly. As a small-sized, low-cost packaging
technology, wafer level package (WLP) is more and more widely used. However,
redistribution layer (RDL), which includes multilayer materials such as copper and PI,
is required on silicon wafer, and the whole set needs to go through various thermal
processes. The internal stress and wafer warpage have aroused wide attention.

Based on the WLP process used in industry, this dissertation mainly focuses on the
microstructure evolution and stress change of the copper layer in RDL during the
thermal processes. In combination with the preparation process of nanotwinned copper,
which is compatible with the semiconductor process, several methods for effectively
reducing the warpage caused by the copper layer are proposed.

Firstly, this dissertation gives a background introduction to the evolution of
electronic package, the developing trend of WLP, and a review of relevant researches
on wafer warpage. Then the wafer warpage changing along with the fabrication process
is studied. Since the copper layer undergoes a complicated stress evolution during the
subsequent thermal processes, and Young's modulus of copper is larger than that of PI,
the wafer warpage introduced by copper layer of the same thickness is about two times
more than that of the PI. The warpage evolution of the copper layer during the first
thermal cycle is different from the warpage evolution in the subsequent thermal cycles.
The increment in wafer warpage is mainly generated during the first thermal process.
If the maximum heating temperature is unchanged, the wafer warpage introduced by
copper layer will remain stable in the subsequent thermal processes.

The mechanism of warpage evolution of copper layers is studied. Due to the
combined effects of various mechanisms such as grain growth, diffusion creep,
dislocation creep, etc., the internal stress of the copper layer at 400°C will decrease to
near 0 during the heating process. The increment of wafer warpage during the cooling
process is due to the CTE mismatch between copper and silicon substrate. Besides,
stress relaxation caused by various atomic diffusion and creep also occurs at this stage.
After analyzing the factors that affect the wafer warpage evolution, it is determined that

the warpage evolution of the copper layer during the thermal process is a static
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hysteresis phenomenon involving various diffusion and creep mechanisms.

The method to reduce the wafer warpage by adopting nanotwinned copper is
proposed in this dissertation. Three methods, i.e. rapid annealing method, pulse plating
method, and direct current plating method are adopted to prepare nanotwinned copper.
During the preparation of nanotwinned copper by pulse plating, the parameters of pulse
current have an important effect on the morphology of copper. When the on-time is 4
ms, off-time is 96 ~ 396 ms, and the peak current density is 100 ASD, the sample has
the highest density of twin lamellae. The quasi in-situ method is used to observe the
growth process of twin lamellae, and it is found that twin lamellae nucleate at the triple
junction of grain boundaries and expand along the (111) plane. A high density of
nanotwinned copper is formed by repeating this process.

At the end of this dissertation, three methods, i.e. nanotwinned copper, surface
passivation layer and low-temperature cooling are proposed to reduce the wafer
warpage. The microstructure of electroplated copper has a very important influence on
wafer warpage evolution. Nanotwinned copper and copper samples prepared in copper
methanesulfonate are effective in reducing the stress relaxation of the copper layer
during heating, and thereby reduce the wafer warpage. The passivation layer can also
reduce stress relaxation during heating. However, this inhibitory effect on surface
diffusion is effective during both heating and cooling, the effect of reducing the wafer
warpage at ambient temperature is therefore not obvious. Wafer warpage can be reduced
by cooling in liquid nitrogen. Since the copper layer undergoes elastic and plastic
deformation during cooling in liquid nitrogen, and a part of the plastic deformation will
be retained after heating back to ambient temperature, the wafer warpage is reduced
that way. This will contribute to the subsequent fabrication process. After reheating the
low-temperature treated sample, the warpage evolution curve will substantially
coincide with the warpage evolution curve before cooling.

After this systematic research on warpage in WLP, it is found that microstructure
of copper and thermal profile have an important influence on wafer warpage. Warpage
can be effectively reduced by tailoring the microstructure (e.g. nanotwinned copper)
and low-temperature cooling. These results are helpful for the in-depth understanding

of warpage evolution and the development of low warpage WLP process in the industry.

Keywords: Wafer level package, wafer warpage, thermal stress, creep, nanotwinned

copper.
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Figure 1.5 Different ways to realize STP"
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Fig 1.6 Structure diagram of typical SIP chips!®

(a) Apple A11 processor package structure, (b) Apple Watch S1 package structure, (c) Intel EMIB
package structure, applied to i7-8705G, (d) NVIDIA P100 computing card package structure, (€)

Samsung Exynos 9810 package structure
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Figure 1.7 Structure diagram of Fan-in WLP and Fan-out WLP!
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Figure 1.8 Typical flow chart of WLP process'®!
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3 Wiaxim 77705F PMIC: 132 WLCSP 0.35mm pilch | [3._Display PMIC: 56 WLCSP;
{4 1DT P53208 Wireless Charging 54 WLCSP, 4. Display PMIC: 104 WLCSP 0.35mm pitch |
. Shannon 735 Envelope tracker: 25 WLCSP]

6. Skyworks 77365 FEM: WB SiP 6. Murata WiFi / BT Module: FC SiP

7. Murata FEM. W8 SiP [7. Cirrus Audio Codec: 36 WLCSP,
8. Broadcom/Avago 9090 FEM: WB SiP 8 NXP? NFC: 64 WB CSP

[8. Maxim Audio Amplifier. WLCSP}
Components 0.5 to 1.2mm height 9. Heart Rate Sensor

Enoto sowrze PrsmartBinghamion Unwerst,  Skyworks and Murata with PVD based EMi Shield All PMIC and TRX using Fan-in WLCSP w/BSL
Components 1, 2, and 3 with underfill Component 1 with underfill

B 1.9 =E Galaxy S9 F3KFK WLCSP & 51

Figure 1.9 'WLCSP chips used in Samsung Galaxy S9!l
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Photos source: Prismark/Binghamton University
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Figure 1.10 Structure of Samsung Shannon 965 transceiver chip®!
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Figure 1.11 Typical flow chart of Chip-First (Die-down) process”!
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Figure 1.12 Typical flow chart of Chip-First (Die-up) process®!
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Figure 1.13 Typical flow chart of Chip-Last (RDL-First) process developed by Amkor!
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Figure 1.15 Different wafer warping patterns!!”!

(a) spherical, (b) cylindrical, (c) saddle, (d) complex shape.
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Figure 1.16 Measurement method for Bow in ASTM-F534 Standard!'¥
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Figure 1.17 Measurement method for Warp in ASTM-F1390 Standard!¥
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Figure 1.18 Schematic plot of the geometrical relationship of warpage and curvature
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Figure 1.19 Schematic diagram of atomic arrangement of twins*l
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Figure 1.20 Micromorphology of nanotwinned copper

(a) FIB image of DC plated film*), (b) EBSD image of pulse plated film®¢), (c) TEM
image of pulse plated film®”], (d) HRTEM image of pulse plated film*".
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Figure 1.21 Comparison of the strength and ductility of <111> textured nanotwinned

copper and nanograined copper without texture!>4.,

Relationship between (a) breaking strength, (b) elongation and twin lamellae thickness in

nanotwinned copper or grain size in nanograined copper.
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Figure 2.1 Structure of multi-beam optical sensor system
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The inset is the whole thermal profile, and the heating rate is about 0.66°C/min.
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The inset is the whole thermal profile, and the heating rate is about 5°C/min.
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Figure 3.1 Schematic plot of Cu film structure.

thermo cpuple  Cu chamber

| ‘\\Sﬂ“’“‘

prograrn

[ -
quartz1” N
heater—1 on;lcﬁﬂg_,
flet 5.
1

A 3.2 BXPEHrEE

Figure 3.2 Schematic plot of the oven
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Figure 3.3 Temperature profiles of different sets.
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Figure 3.4 FIB image of different sets with different treatment

FIB ion image of (a) as-plated, (b) and (b’) annealed at the rate of 20°C/min, (c) and (c’) annealed
at the rate of 10°C/min, (d) annealed at the rate of 2°C/min.
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Figure 3.5 TEM images of the sample annealed at the speed of 20°C/min.

(a) TBs originate from triple junctions of gain boundaries. (b) TEM bright field image of Cu grains
containing nanoscale twin boundaries. (c) HRTEM image with inset of the SAD pattern. Obvious

twins are detected.
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Figure 3.6 Distribution of grain size and twin thickness of different sets

Distribution of grain size for (a) as-plated, (b) CLRA, (c) normal annealed and (d) slow annealed
Cu film, and the distribution of twin thickness for (¢) CLRA and (f) normal annealed Cu film. A

larger ramp rate results in smaller grain growth but a higher density of nanotwins.
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Figure 3.7 The film stress during thermal cycling form RT to 375 °C or from RT to 300 °C
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Figure 3.8 The critical twin thickness vs. temperature range with the variation of #
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Figure 3.9 Pulse current waveform and parameter diagram

T—Pulse period; ¢, —Pulse width (on time); ¢, v —Pulse spacing (off time);

[+

J g —Average current; J,, —Peak current
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Table 3.1 Current density used in pulse electrodeposition

FEmom S Jon (ASD) ty(ms)  BKHSIE (Hz) Javg (ASD)
PED-1 100 1 200 80
PED-6 100 6 100 40
PED-21 100 21 40 16
PED-46 100 46 20 8
PED-96 100 96 10 4

PED-196 100 196 5 2

PED-396 100 396 2.5 1

PED-1196 100 1196 0.83 0.33
DCD-4 4 4
DCD-20 20 20

Ve ko BB A A kot S AT TR £ 4 4 mse

3.2.3 MRFERAMRRIE
3.2.3.1 BloREBiESIGETH

Tk AR RE L 9 SEM TSR 3.10 Fraw, B (a) ~ (h) 23 394 i PED-
| ~PED-1196 i SEM F51. MEIFRTI LB, oy 1RIE MK PED-1 A WEHIM
RS, L2 top=1 ms B, AB24F FIRYTAREY 80 ASD, (EICHFHOS A
T, MEXRMNLESERES. TE— 5 I Sk R WoT e a2 s, WEn
BB IR F SR E T, (B2 3283 1196 ms 25 (& 3.10 (h)), ###h PED-
1196 *1 R ILEIB SR S SU% B R A L ERE AL«
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(a) ~ (h) 4y5IEES PED-1 ~ PED-1196 i) SEM % .
Figure 3.10 SEM image of the pulse electroplated samples

(a)~(h) are the SEM image of PED-1 ~ PED-1196, respectively.
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Figure 3.11 Microstructure of PED-396

(a) FIB image of the surface and cross-section, (b) SEM image after electrolytic polishing, (c) Cross-
sectional TEM dark field image, with the inset of selected area electron diffraction (SADE) pattern,
and (d) Cross-sectional High-resolution TEM image of sample PED-396.
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Table 3.2 Surface morphology, twin density and film stress of these samples

PED-1 1.15 ToZE R 94.9
PED-6 1.17 7R 30% 85.6 84.3
PED-21 1.61 B Rk 45% 104.7 75.7
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PED-396 1.93 B BRIk 90% 116.2 48.1
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DCD-20 2.40 To2E -- 62.3
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Figure 3.12 Distribution of grain diameters and twin thicknesses of PED prepared samples

(a, ¢, e, g) The distribution of grain diameter of PED-6, PED-96, PED-396, and PED-1196. (b, d,
f, h) The distribution of twin thickness of PED-6, PED-96, PED-396, and PED-1196.
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Figure 3.13 SEM image of direct current electroplated samples DCD-4 and DCD-20
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Figure 3.14 Distributions of grain diameters of DCD-4 and DCD-20
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Figure 3.15 SEM images of in situ characterization

(a) Surface morphology of PED-96 after electrodeposition for 1 hour. (b ~ €) Surface morphology
of the same grain, but after another electrodeposition under the same condition for 2 minutes each.
Obvious terrace nucleation at the triple junction of GBs and terrace extending along the lateral flat

(111) plane is detected. Small grain E gradually coalesces into grain F.
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Figure 3.16 Schematic illustration of the nucleation and growth of nanotwinned copper
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Figure 3.17 FIB image of surface and cross-sectional morphology of DC plated Cu film
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Figure 3.18 Terrace-ledge-kink growth model
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Figure 3.19 Transition layer in DC electroplated nanotwinned copper!'?’!
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Figure 4.1 Schematic plot of set structure and detailed current waveform
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Figure 4.2 Histogram of the average grain diameter before and after the thermal process
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Figure 4.3 Microstructures of Set A ~ Set C before and after a thermal cycle

(a) SEM image of Set A. (b) SEM image of Set B. (c) FIB image of the cross-section of Set B, there
are many twin lamellae detected in the grain. (d) SEM image of Set C. (¢) Enlarged SEM image of
grain boundaries of Set C, and many nanograins can be seen. (fy~(h) are the SEM image of Set A ~

Set C after the thermal cycle, respectively.
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Figure 4.4 Wafer warpage evolution of Set A~C during the first and second thermal cycle
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Figure 4.5 Experimental and Fitting results during the first heating process of Set A ~Set C
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Table 4.1 Fitting result of Parameter » and Q of Set A ~ C during first cooling

n 0 (kJ/mol)
1.8 (<230°C) 33.8 (<230°C)
=T\
0.16 (>230°C) 5.7 (>230°C)
0.26 (<230°C) 28 (<230°C)
FEdh B
0.02 (>230°C) 2.3 (>230°C)
FEdh C 1.40 18.7
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Figure 4.13 Temperature profile of the thermal treatment

432 {REBELERIEREHRIT S

AHIZE-80°C AbTR A4 AN TE AL AE B 7E 1K 1B A0 32 50 5 (0 & B il A 7
BT, MERR (LN FEHMTABERRAERFETHENBEREE.
FRE SR AR (-196°C) AERIHE —EEBARKELE L FHE=. B

95



V5 F 29 2 5 560 1 5 i oK = A 2 1 2 BB 4 R LB AT

U 3 B 4B B 1 A b S AT R NP 414 BToR . HIAL BCGRTHAEALRE bl U7
AR B AR 7E 58 — RIS IR SR I AR FP AR T IR, AR JE R i v A BV SRR P
FHEEIRZ G, FAMRIE IR R O ER /. &2 MBR NS, T
AL JERE R I Z IR 0.205 m™ PEIREI-0.013 m (F5ZIR GRS # 7 HK
T, ERE 22), REHGEE S ERA A 0.213 mT FF{KE]-0.067 m’
o AR T AL LA R T AEALRE W 2 AU REAR T 94%A0 69%.

(a) 0.25

v T i T, ~ 1 M T N - T U
T e - ETRBERR 4 200
020 vl o~ P TNRERET )
| Sl BOREERT
= 4 150
0.15 1
€ 010- 1" %
Y K n-
P ] -, . =
H 0.05 - = 450 E
ﬁ e IR AN Rg;»vg b
& N X &)
0.00 S e 0 K
= ST N ey
J \\\ I o S :ﬁfﬁ{'
T _0.05 TR mesn o i ‘«\,‘"71- - -50
] / a2 Y PO A T
010 s mme 1 -100
-0.15 |
T T T T T T T — -150
0 50 100 150 200 250 300 350 400
mE(°C)
(b) 025
- REREAAER Tae g B E R - 200
0204 PEea, —e— E=RBEEF
“,;kﬁ':*@w ) BRERIT
\ e sy 150
0.15 4 K TN TRy
T o 1100 —~
gi/ 0.10 g
47 0.05 - 1° R
H el
B 0.00 0 @K
] "
m 2
0% -0.05 - 150
1 B - ‘\}i\ . ]
-0.10 4 W G v g e g B B
; PUPPPRRFPOTS S ot ? 4 1-100
BAETEE
-0.15 4 WU THNE
T T T T A -150
0 100 200 300 400
BE(C)

4.14  FhabIE IS4 R AR PEACRR 5 R i AR 4%

Figure 4.14 Wafer warpage evolution of unpassivated and passivated sets during the

thermal process

96



B4F BT E R T

FESE =ASBEFRINIATTHA, BIAE & (30 it 75 20l 2R 0 — B R OB AR T
WrEL, ERLEETT R IR R B AR, MR R R 100°C BN, #
PR BB LA RS S m R RN, KHJLTHAER CTE ALE
WRAHL A/ S HBIIR A WA ST SRR . HFRIRET, PR i A0 7
AL LT 58 R PVERE S, I BERE RS NRAER SRS, M hEE
fa S kA R,

b TeAA 2 R S AR T LR AR AR i 2, FTRARBULEA R B
%, BT REANES R FY B R FR S, SRR PR & P&
STELHEN . F=, SEWEARHZE, REHEE G NI LR 7] thE
K, MTAEREMBE RRERORET ER. =, WEAEERRIDALL
RERFEE = B IURREIR 2 o (8 iV AR i 2k 2k T BRI T RSP RS, B
H A T R AR, TTETCEL R R T A R AR IR

4.3.3 (RIBAIERTRYRE RIS

B 4 A 4% B A IR AL A0 U (058 st v A i % ) B 4 SRR I ST X e i R
ARG FT, 7T CLHENT PR e A HE R P R AR d R, B 415 T
BB R T — SR R T Ak B2 o 50 v R M A RO 14, B R K
BH 28 T RE MR R AR AT 28 2 PRIR B -80°C X IR M AR AR .

mE 4.15 FHRELR, HTREREHN, BERGLERERK, MR
FYBoRE WK, SRR, WEERORRERBRE, BERALREE
B2 AR RIBREIKE-196°C, MR FRITHERZIIRK . Fik, R
IR T 9 B AT B . BIRE R TER 21 B1-80°C ZEIK R BIE R, H
SR E ZAEWEBNIEL T X —BR. BRANE-80°C iLiET, #HMLZH
HIE A AL T M B . MR H — P RRR G, &R R AT
SVERI TR A B . MR AR B Y, ST ZE WEREHT THE, FFH.
PR, YA ERE— R EREENRE. dit, MAmALENR
LR F AR R E R /7, I BARATER R 5 NBC o I R Hh 15 DA RR ARG

BEE AR B S8 2 S5 B4k 4T 8 HOM iR AR 2 1], A — B R IRARIR AT A
Fia), PEIXERET IR, PRRE S ERAT LR A IR R AR T R IR, At
(R RL HI7E JE S NG A2 B I B R B T AR E . XA 2.3.3 A

97



Vi s 2% L R W 5 4K A A 2 B A LB AL

R AL AR L. I 415 AL @B PR, TR IR R YRR
FALAE IR # AR B E R, ToBALRE i RO R A RA St RE B LR I A i KR 22, [
BETCATARE B SR A BN, SR /N R BT R R R AR, R
R EEIRBMALEI AN SR, EEESEIRAET, Ha i ay
BEEA.

(@) o4

T T T T T T T N T * T T ]
| FEEER  ETRBEER
EAR ~e - BERBERR - 300
S e R RUB A RN HEE :‘fi-
0.3 4 \ ‘\\\/ SETEES RRREAANMNESER |
AN g T
N e . 4200
< 0.2 \ T g ©
£ A g, 1 o.
e : ‘ | S
H 4] 4100 R
& 2l
) i
"
& 00 SN T@ N 0
-0.1 1R R ARG 1 100
T T T T L] T 1 4 T T T T I
-200 -100 0 100 200 300 400
mIE(°C)
(b) 04 T T . ] N ¥ T T T L i i T 1
| ®REFEER 2 e S R EEER ”
S —e— EERIBREIET 7300
0.3 - RREEES RRUREA I E SR
Y BHRES 1
a 4 200
£ 0.2- E
Ly P
ﬁ N
4100 R
% 0.1 ‘Bj
:
DE 0.0 o
) .\I
-0.14 1 100
BB A *
T 4 T T T T T T T i T T T
-200 -100 0 100 200 300 400
mE(°C)

B 4.15 HRROTHLRRET PR R FER B A1 b B8 IR Hh 4%

Figure 4.15 Deduced wafer warpage evolution of unpassivated and passivated sets during

cooling in liquid nitrogen

98



45 PRACIRATSE R

4.4 EEPG

225 S5 P BR B4R A M FR LR AR AR R &% T =R RS MR AT 2R
SR 7 3 o I S vk 2 2 o 8 o st R AR B 2 A BB A IR B TR Y
R, RAMAITERS T HERRAMEWKERALET, SRR & 52 i
EASHIELN, BIMR T R 5 15 AR i R A B o SR PRI R R 1 e
i 25 2, 4 N R B AR AT VI 4% (K R ARAT 4R, AR R 51N AR i 3 PR AT
T 21%F1 35%. ANELAFF T REELx B i s, PRgERAN, BT
KEAALEN BTy 8O A 451 2 10 IR 11 AN F7E T FHERM R B F
AR 1R I E IR R 2 2 BRI R R KRR o 8 A AR 2= R TH )
% 50 nm TaN SH{LERO 57, HEBBEMNERT 6%ih. &fE, AERET
— PR ARE B ERBAARE TN R BB E, EMRRAAE. BT E
(RIEA IR, AHRENTRET T HBETE, SHREIEERZE, &
H—R5r AR TR B Tk, AT REiE PEARAT 20 2 A S IHLIE 7, AR PRI am
5 i

99






BS5E ENLLEE5RE

BsE E2NRESRE

SR, A3 TR S NI 2 DR B SR SRR, Seitiaest
ARAE RGN R M EE T RBRPER R . B S E N — R R
AR R, CABTIMKM ZMNA. BRTRIZHRERELHES
FEL B P ik o (R T o6 46 HARL & B A P %5 2 E MR B RDL, & £ %
T ZEFE. B, AR 3 R 70 i e B 45 [ R 18 KT

51 2XE&E

ALV R ERANESRBEETEANER, WA T RDL FHMRMLE
R T E R MR 2. 48 5 S T ZMFRENIKZE M
MG TE, BT LR R R AR AT 282 51N 5 5 15 B 77 T

B, WETFHENERIRE. B RHENKEEBNE FEERT R
Al B SET T AR, SR Tl SR ARRE. R, SRR
T A 2 R o (B 4 2 e el ) ) B R A1 £ e i AR LR BE T
SHET N EESWER, xR EEIEET T R ASCRhEEIR R
FR 42K 25 G ARV A4 AT S R S i, SR PRIBR KT ko B ARR
FIELYE B AR = Ry s R R 28 AR . BUE IRt =R R S il K 7TV
B4 BISRFI K2R S RIS E AR ARSI B T WA %2 5 AR E
Fr

BAEWMANE, AUTEELR:

D BTFRAREEE SN ESERES R RO EENRE, FHAME
BT Pl ki, HBAENHEREEFR, HILAREZHRAALESINNGE
SRR PL I 3 A5G . MARETESE — IR b A A ph 42 5 R 4R A0 3
(30 e AR B 2R AR AHIED, o R e A K R BRI B — O R AR Y
H B IHR AR B T AT R R B, AT LR 5 L 1 JR it
B RIFAE,

2) fEMGE RS, ZEMKK. §EIGEE. AERRSEL MYLERXRE
W, 4AAELREAEINIE] 400°C ZJEHIA RIS MARE 0 MHE . Ti7ERE/E KRR

101



1 e 5 L S K L 2 TR AL A

B, HTALEANENEN CTE RLRSSECH g m, XA H s
% R0 SORIE AR SR I R RA SRR . i TR RN FIEE T RO AR5t
AR, B inHIg B 300°C FHEE) 400°C, H (15 4R 70 )2 % h iHi ¢ /A
0.30 m™ PRIEZE 024 m's 45 AR AR (s Se st s AR I R RSP, A SCGAOA,
A £ R TE BB ER P RO AR 2 S R ORISR RN S 5 MBI R LR .

3) SR Bk A A R A K 2R AR OIS AR R, kb RIRS O R E SR
FERN. Lkt SN E 9 4 ms, WIFFERY 96~396 ms, WE(E FIRE KN 100
ASD B & BORE 2SR B o SR A MR SR 5 V0 A i B AR T AR AT
8, RIAERKEESRAZXMERZ, JHE Q1) IAKY R. 28RN
R FAZFY R TE AL T 2 BE R 9K 2 Rl

4) AR RO M X O v A AR EE N, SRR K 2R
SR 4 R R R T A T A ) % ) P A B 380 T DA R A 2R R AE I B AR R B9 R
FIRAh, AT 4 B 558 Bl IR 21% K0 35% . RITELE 7] IR &R 1L
AN R o R Ay kA, (BATALE TR B30 HIE A — B A T A kR iR
SRR, FbR AL N S i A PR R . IR A R R T
% 50 nm TaN £#i{L/E, MBI T 6%.

5) SRR 7T AR R R . TR EER A ERERE
i FEr, 25T MR BB R, EFREN, —HoEkRie
R Tk, MWTRRALZEREAME, FEEELEHE. EdBELH, X
SAL R BIRE S T B 0.205 m! PRIRZE-0.013 m? (A SRR EIE 07 kKL
TR, REAEERNZERET M 0213 m! FKEI-0.067m’ . AT I
WA T SEAAE 5L 1O B A BIRIR T 94%F 69%. 1%AbH 7 978 FUR /MR
¢ 23 AR T BB . T ERROHR IR AR (A S 4k S AT NI G, LR i AR
MR HZ AR EARES.

hY

52 BIETR
WRIBL AR, AXHEIF R asmT:

1) MBI THARLRIEN SE S By R AR R, AR T
AR B AN IR B RS . B ATAA SN R . B EIR AT, Xt
AR R RIBE 400°C TEFR A RO HE A HUIRRAT T B4 RITAT 22 [

102



H5E ENELS5RY

o 30 A 0 9 B B R A 02 O s M R R AL R S B B DR P, HLA
T ES A 42 IR i R+ 08 R

2) SRR EAE TEH& T Ok ERMA . BlEG Rk BRARSE, X
MR T 23T TR 00 AR R T SREAT 7 RAE, WE T & LRFF T
WM. B EEAIR T, R T SR &M TR R A KT R A
W, IR T XH7E Bk AR SR I S T 4K R R IR R A K TR IR MR, JFRT Y
T EM TR AREEARTES.

3) KRBT MR B R AR AR & T =M RS IR R
FEIER T 2 5 0 0 2 o 3R e A b R R AR A ik 2R 2 [R] Y
ER, RRARNSTEER T ERRBEMFAALESR, B77AE X 5 5
VEASEIBAN, BB T A O 5 5 v A B 2R A AR o SRR ke EL A 5 R
FiF 25 (5, 4 T R L TR R A A R 45 B LA AT 222, AR 2R 51N (07 it T 23531 B
1 21%F0 35%.

4) |7 —FAERE S ERERAALES AR ER KT, BMKE
W, BTFERRANERES, fALERHEERTHERER, BHKE
FREZE, &8 — WA EEA RS Tk, N Rets BT LR PRI R T,
th B P A S B

53 BRHE

Fird B ) & OGN OK 28 SR E A R R &P 2R RLIR, X SAERF
ﬁﬁiﬁﬁﬁﬂﬁﬁsﬁ%%ﬁ%ﬁ%ﬁ%%%?%%ﬁ%%ﬁ%ﬁ—ﬁ%ﬁﬁ'
Fi 2225 AR . RN BB T ER AR R AE R IR AL R R AR R, BR AN G
P T AL K A 22 2 U O B K 4 B R T X R 7 A A LRI A« 9K R
SR AP AR, ERTEERETERNA, KHNATREN R,
UBM %478, AIii—$ RERRBIOAFMEZMERE, F, #—SHagk
25 BRI H & B TCAEE . R AW R E R Pk & K ERE S
T EZ AR, BRSER S REHRERMOER KRR, B REEE
RS . LA, FRR TR b gk 2R R AR I BLIR r AT IR L R H
+AEE, TR R S A ATURA R SRR 2, BRI AR
%%%%ﬂﬁﬁﬁﬁ%ﬁ%&%%ﬁﬁ%%ﬁﬁﬁ&%ﬁﬁﬁﬁ%%@%ﬁ@

103



V) s A % S s 5 290K 7R A S A 2 2 B AR LB T

e ACHT K R TT %

104





