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* T MAMSR U LT (A B ATIOf BIEZIA FH7F Z3te1 Qo Z3t Ao thEsth| RY E?

.81 .81 8
— .61 .61 6
£=
=
=
2 44 4 .
=
o
.24 .24 .24
<:|-40% <:|-5u%
.0 . 0 .0 .0
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
NOx (g/kWh) NOx + HC (g/kWh) NOx + HC (g/kWh) NOx (g/kWh) NOx (g/kWh)
Tier 1/Stage | Tier 2/Stagelll Tier 3/Stage lll A Interim Tier 4/Stagelll B Final Tier 4/Stage IV
1996 - 1999 2001 -2004 2006-2008 2008-2013 2012 -2015
LEGEND: [ 37 - 55 kW (50 - 74 hp) I 56-74 kW (75-99hp) I 75-129 kW (100~ 173 hp) 130-560 kW (174 - 750 hp)

| 221, 0= Rl b= 2 i E7tA 1A 3R S8 1] |
- (0O|=) Tier 4 THHIE Soff 8kW O|2F A AITILE] 900kW =2t CHE AZIZ7EX| NMHC, NMHC+NOx, NOx, PM, CO,

SmokeOi| Chal| 1A| L4~ Lol M B E-F S 25| w8l &

o 2l ﬂ | Tler 5 HIE S5l 343 Tier 4 CHH| NOx, PM 50~90% =7 MZ, DA| L 4=0 Az

06 | =ttt gzl
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[ 1. Tier 4 2548 CI AT REiZS S E AXIX] [2] |
e sxtiaz | NMHC  NMHC#NOx  NOx PM co Smoke
(kW) (g/kWh) | (g/kWh) | (g/kWh) | (g/kWh) | (g/kWh) %)

P<8 2008+ - 75 - 0.40 8.0
8<P<19 2008+ - 75 - 0.40 6.6
19<P<37 2013+ - 4.7 - 0.03 5.5
37<P<56 2013+ . 47 . 0.03 5.0
56<P<75 2014+ 0.19 - 0.40 0.02 5.0

75<P<130 2014+ 0.19 - 0.40 0.02 5.0 20/15/50
130<P<225 2014+ 0.19 - 0.40 0.02 3.5
225<P<450 2014+ 0.19 - 0.40 0.02 3.5
450<P<560 2014+ 0.19 - 0.40 0.02 35
560<P<900 | 2015+ 0.19 - 35 0.04 3.5
900<P 2015+ 0.19 - 35 0.04 3.5

Percent Reduction Beyond Tier 4 Final
Standards

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

BENOx Percent Reductions

®PM Percent Reductions

Horsepower Bin

| 32! 2. Tier 5 7#AI2| Tier 4 CHH| NOx 2 PM 71 X2 744 [3] |
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- (7&) Stage V T1HIE Sl AT F4| I HE FENE S=0]| (24 CO, HC, NOx, PM, PNS B3| 8| &
| £ 2. Stage V &4 X M8 e S0 E RS SE AR [4] |
. o . co HC NOx PM PN

sleimel  m8HE HnEY | AniEA

el H e B (@wWh) | (@/kWh) | (g/kWh) | (g/kWh) | (#/kWh)
NSE_]‘" 0<P<8 o 8.00 HC+NOx<7.50 0.40 -
N;E_}" g=P<19 cl 6.60 HC+NOx<7.50 0.40 -
N;CE_';' 19<P<37 Cl 5.00 HC+NOx=4.70 0015 | 1107
NRE-v- Other non-

W | roadmobile | 37sP<5s of 5.00 HC+NOx<4.70 0015 | 1x10%

" " | machinery
Ngjf_’g" 56<P<130 | Al 5.00 0.19 040 | 0015 | 1x10”
NéF;CE_'Z' 130<P=<560 | All 3.50 019 040 | 0015 | 1x10%
N;CE_';" 540<P Al 350 | 019 | 350 | 0045 -
NR?:_V_ 0<P<19 805 HC+NOx<50 - -
NR?Q'V' 0<P<19 603 HC+NOx<72 - -
TE/\S,;_\Q: Equipment 0<P<19 610 HC+NOx<10 - -
—————  with S|
TE/?,I\QL Slengines | p<p<19 610 HC+NOx<8.00 - :
NRZSa'V' 19<P<30 610 HC+N0x<8.00 - .
';ﬁ/sv‘é 19<P<54 440 HC+NOx<2.70 - :
08 | BiEtielIEE Rl
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27 ZH| o & e8|
o T M 714 HIETR] 10% |4, COz BB Z2| 38% OJA40] 244 201M 24, QRIS BHlo
AP o|=8iE 2% B2 29 ol

- (88 Fossil Free
- (&

| 221 3. =29||0] 2& 22| Zero Emission Construction site [6] |
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Powertrain technologies behave differently under high loads.

Efficiency variations (lines on graph are illustrative)

i 100
............................................... BEV?

FCEV' after initial peak at low load with declining
efficiency; however, oversizing of fuel cell and
hybridization allow use of most efficient load

Tank-to-wheel
efficiencies e
in relation to IS weremenenn..  H2-ICE
e Tt : FCEV
e "7 Diesel ICE
H2-ICE? and diesel ICE with increasing
) efficiency as load increases:
i downsizing therefore popular for ICE
0 4 Load,? > 100

% of maximum system output

| 2215 SHE F5to| HE &2 £4 9]

* QT2 B I |E4E 7IE, XAC] SR HIEZ] T |A-fLARTX| TT[A0f I3 LT &E FZHO
YHEO| AN CHF YA L2 VIR S8 7Hs

T4 oz BAMAL LY StETL 220U T 9 THE RES52 E5E 7|

- (LH748)
REM|CH S ChE| B ~2aHA LT d =2 7ts
- (BHQ) w4 ATI2 CHE XMC S0 BISH S48 ER AFS-0] M 7|& AT &Y 7[HtE A8 +
tod, T[4 SO RJ0| A E|7[7HX] Bt & [FHIESES MY &

= o e

| 24 SHYEE 7|ZZRATI OB 7Y 7HA L S AR HIEH| L [7]]
(& HAEH EX)

&H8Xt43 1,000,000km/217k 100,000km =2, 12 2| 7|& &

= 37 HHE{2] T2 URWX| s
T 7H4 80,000EUR x 8.6t X756 x 2,68
ZaRHIE 822,000EUR x1.7tH x 2.3t = 1
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(BIAXIZ)

HHZ |2 5L
=3 :331kW / 6,800RPM

7|& 7HEEIQIE 7|k ofntst gfaf e

HHZ|2F - 1.6L
7| THERIQIE! 7| AR

24 DI AT

Yuchai

Bi71ZF: 5,11

7|z 2Rz 7|t ot

JCB

HiZ |2 4.8L
=2 70kW

7|2 2R 7|9t ot

OfzxCt

72 1.3
E3 1 80kW

7| THRINE 7|t o1 op
$4-7H21 01B91E AF

BMW

8712 6L
£ 191kW / 5,700RPM
7|7 FHERINE 7|9t Aot
S4-71421 0| 5IR AT

72 6.8
=3 175kW / 4,000RPM

7| JHSRINE 7t 177
SA-THERI-OENR MR ATl

—
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. “EPA(United States Environmental Protection Agency)/Regulations for Emissions from Vehicles and Engines”,
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USER EXPERIENCE DESIGN
Life

Behavior

Motivation

Interface
Engagement

Wellbeing

Spheres

of Experience Outcomes

| 324 SF CAtl 7=

HHES 2oF
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Autonomy
Competence
Relatedness

Mediators
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* AT AR MR FT 7T SM0| QB B £XIB 2Zsto] Ht 7Tl FHA 4 202 21
AEHAE BRI, &6 B} IS A LEoio), HFHOR HAAKSl LN BN At
TE 452 50l U |8 sretam@M, A7 SIEA AF Sof % Tusstof o, Z0l4| DxIg H
oiCiE A%} 2 715 B 714 JHo| Bog
- oICime AT FolEo| A2l HUE 9l BAHOR ABSHE AHZM, AL TR0 W2t ofg2] Hoj

e-LE

Pre-assembly A5 E(no-flow underfill(NUF), nonconductive paste(NCP), nonconductive film

(NCF))2t 0{dl 22| Z0j| At 5= Post-assembly A Z (capillary underfill(CUF), molded underfil(MUF))2

3

I-_J

e _ i— ""“"“"

_ —
(a) Mass Reflow of G4 or G2 Bumpn (GI.IF}

HH o HH CUF

[ WLLLLL
o ¥ o E‘ vy ¥ v W ‘
— I R

(b) TCB with Low-Force of C2 Bumps (CUF)
FFF

NCP HH HH T —
il TR " AEEER

(c) TCB with High-Force of C2 Bumps (NCP)

NCF - HH S5 HH
S

(d) TCB with High-Force of C2 Bumps (NCF)

| 321 1. Flip Chip Assembly : (a), (b) Post-assembly 21C{Z 2! (c), (d) Pre-assembly A Z 2| 37 Of|A] |

- 1/0 &710] [at, Cu 20| £ HZ 7|2 v T A, "éloil &M=l C2(Cu-pillar with solder cap) 2! C4(Controlled-
collapse chip connection) HZ7} H2| 0|&%|1 IO, 0[2{s = et O0j0|3 2 M= E Clolof 2st7| Tof

oG2S X 85H= 740] Pre-assembly SIG 2, =24 ?-Oﬂ X 235H= 240| Post-assembly A2

-1 F, CUF= Ytholl 8% £|xo| (i Aoz, 7[gholLt & 5t £2 &% Hoj| LISO[L HE HAe2
FUE O A7 2A Ao 2 FED XRRIE-T[E At0|e] S7tE M2 T, 3k STl 2lsh A1
2YE= LAY

- CUF& Mass reflowE s=85t= Low-bonding Force®| TCB(Thermocompression bonding) 38 Z&

ofd =20l A8
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* HE o7 Yo iR 20| 2R H 7 IeS 222 1Y

H3lE sl POP(package on package), TSV(through silicon
via), WLP(wafer level package) 52 S 7ieste {20, 1/0 CounterE S2|7| s HZ= 37|72t

I
ZfOFX| 12, || ZHA0] FOFKl= FAH0 AS

J

Wafer Bumping — Bump Sizes and Pitches

*Two curves are drawn on this slide describing the trends of:
+Estimated mass vs. interconnecttechnology

*Estimated price of individual flip chip assembly (chip-to-chip) vs. interconnect

200 9 technology
Price per individual
1009 flip chip placement
(personal estimate)
108
1%

150 -200 pm pitch
————s

100 pm pitch
2030wy 15.20
30-60 itch o

AP S5 ad pmpltch

5 um
10 um pitch

Standard flip chip bump

Fine-pitch bump

Solder microbump  Cu pillar bump SLID Indium bump (lift-off}

| 2242, 42 37 U WX 242 st |

s O0— — [

- Za & o7 |X|Q| M T|X|= BN 100~1504m2] 512 | X|0f| A 404m CHO| Fine Pitch2 ®&t =
(X Yole Development, “Flip-Chip technology & Market trends report” 2! “Status of the Advanced Packaging Industry 2020”)

- 22 & 1|X| AIFE &% 28nm O[3t CMOS IC, XMAIcH DDR B|22], 3D IC/2.5D QIE{ER So| 42 £7ha Ht
7 X A 71 =2 0iE Y

- E8 A AIE2 AGT 9.3%% MHESH0], 2024 F0]= 542 B2 AR S YMEH Zio2 MY

26 | =it IEEI Rl
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sssilsimmsssibasa
B
50um 2.5D interposal w/ TSV
60um
e o8
Nrwwry oy SETLIIRE
oo FC-FBGA w/ Cu Pillar FC-FBGA w/ Cu Pillar FCBGA w/ Memory PKG  Large body FCBGA-HS > 50mm
um
130um
P — - -
e emTa e
FC-FBGA W/ Cu Pillar FCBGA w/ MCM (SiP) w/ Cu pillar RFC-FBGA(Hybrid 55) » 22mm Dual Side SIP
E
3 | 140um
S
£
00 ous Ub b GGUeoUoLbY
a FC-FBGA(Hybrid SD) FC-POP(LDP) FC-FBGA w/ Cu Pillar WISIP
RFC-FBGA
(eMUF Sidewall Molded)
200um
'96’%5‘ Mttt o
| — | W RWBGA FC-FBGA (Stacked SiP) WLBGA (FOMCM)
UoUUPoVYL" (Sidewall Molded)
FCQFN FC-FBGA-HS(eMUF)
Production/Available Y2019 Y2020/21~
(EX: AITHEA)
| 2203, 28 2wl 2o |
The 3rd =N Global Flip Chip Technologies Market Size and Forecast, 2015 -
Revolution
- 3D ] 2024 (USS$ Billion)
Integration
T'hle!d mlm-gm-a
e —h
i e
z == Leads) = T’
= The 1st m
£ Revolution Wl
§ THMT—-SMT SO Mts qeation
g £ (Peripheral using TSVs
50 50 Leads)
R STACKED
§ g CHIP BGA
R
2015 2016 2017 2020 2022 2023 2024
1970 1980 1990 2000 2010 2020 5
Source: Variant Market Research
Year ———
|22 4. EhHu7|d EHE A 22 EE T 7K AE 72 |
* E8 T Ii7|XIS] DEASH 0 el BHER| Fof O|MSHe! 2IE{7{HIM T 1| X|(interconnection bump pitch)ofl
8T 4= U= Z0|M| LIX|(<50m) & nMS Ay AHE AX| I SX 3H 7|1& JHL0| 27 &
- £3], CUF 2IC{Zie Qa4 Q2I50/2%, 98 S0 212 4 9l LSS, Loy So| 2asiope 52
EME0|L, 0|2 MZ trade-off 27|0f| 7| HiE0]|, O|E ;HEQ & U= YEE 7|= 70| S50, 2Aet
SlaS 0|83t0] 1t 7|2 ALO|9| S8 E2HE o 2 & Yofst7| hE 0| S540| L4=3H{0F &
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2 JEDEC AI214 X212 BHEAIL %8 2750, 7|8 X9le| HCiEert o £2 270

= bl
= =] —
7| Mgt E45 2R stLf, =7 |= RMZ2 042 017]0f 2 DIX[X]| Roti = Y

£
N
o
lu]
Q
in)
HJH

* UME HZE 7|E slel oEE DH—C-’- 30, Q| FYX| ofste] 20102 XE5|= & ofof w2t =3 &
ACE 22| FR, selHZS H F0| M HEZ 7L} R&D A MEE A7t EIREE|R 204, XS 77HA|
= A

=
S fh 2 7 | Hof HEE E'I—*.OI el gle dEY

* Z0|H TIX|S QICIE AXY7} 7HX0F B SHORE, Fakel7| Holls HEJH WD S5 40| FoILt B AIZS
THEAIZ|T B3 A2 FABE 4 2/0{0F 5L, Zak AJZH0| 0L} 5101, ZBHE S0 HHst R2HOlREet 52
4% 4 9 LHANS 749 BRI M2l Breist 4 2lojof &t

* 531, ICIT AXfe] W S LS Sl 27| Baio] £ BLHeIH, 0f2(3t 27| B2IS oACiT f
DETIA | £l FETHObR7| 2] 018 sHZ57| 918 71 A0l B2 0f2fst 7142 vlsto @ 6t mAlzls,
D FHZC60wto)2] DIHTIXIS LI 7122 Si7) Namicsit(RE)E IR U U= eiroto] 7|2
BR3H1 Yl UFY
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ISSUE3 QICiE A% 7|& S8
* Namicsit (P &)= FLE OfL2} ZoME 28 8 AGE A IR 22 Sotastd J2l, At
7|E2RH ALTS st XA AL AE S| HF X0l FXAe 4l 2HA S8 T FY. CHYst et ZE3A,
FE|M0IREE 2= MEZSS 7HY5t0] O|M|I|X| & 0[N LX| IS8 HE S S50t Y20, FH HIE,
O ICE & S 22! & mi7|X[of CHe Cibst Q710f CiSote FH(st 20l e HRstn /U2
i’::’r:g:tr Characteristics v'[s;:ss']ty [;!g] Mg%gg}styof CEF‘::);;Q
UB443-14 Low viscosity; for tight spaces 10 135 |es 2
UB410-73C ;ﬁ;';ghf'sg:ife bumps 50 88 115 31
UB410-73CF3 ;g;"t’i;’;‘f'sg:c'gi”a’ andiFE;free/bumpsi|s3 88 88 31
u8410-99 For low-K, Pb-free bumps 50 100 1 29
U8410-302 zi;'gg’_’f'jveec‘;ﬁ"':; 55 95 12 2
u8410-377 Low viscosity; for tight spaces 15 128 8.6 30
UB439-1 For low K and large ICs 60 70 8 36
U8439-105 For low K, large ICs and tight spaces 55 70 85 34
(&X : Namics 2H|0|X])
| 339 ZE 7K AHE HEZ |
* Showa Denkoiit (Z2)= 7|E ACE AIZ Me& 391E BEFotH Hitachi(P=2)E 2lot0] AHE MES 7HY
S AHEYH L 0|Z 2 M7t HEE 0|88 EM MO E HIE S = D|M|I|X[E Oﬂ% |A AHE ATHE 7HE S5t
Aen, E& H-BGAO| HE 7Hst A4 Etelo| AME MES 7iZSto] Lo S
* Masterbondiit(0|=)= =2 7|4 2= BHEHE MSots MET LA™ 0| ZA|1A AN S JHE it
AL EE Z3SHE floh 20| 5K 2o, d20ilM FHg 2 +HE 7t FZ0| 80[517| HjZ ol thE
43t Hest0to|3 2 MAMEX| o7 ol Mol 22| AFZE 1 /S
* Panosoniciit(Z&)= @8 SE 1 £457t 7tstt ACE AX 7HES Salf, Fine Pitch 2 Narrow GapOi
Chol 48 712 B354t 3 BAIE 0122 WS TS 2 BRE
No Bleed
(X : Panasonic SH0|X])
[ 3810 AHE Ao 53, S=2 Y E2|= 012 |
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| x=1

=22

CSP(Chip scale package), Wafer-level CSP, BGA, LGA & ol
ZI5t04, Narrow Gap01| Ng

Coefficient Of
Thermal Expansion,

Glass Transition

Product Key Attributes Viscosity c:;ﬁ:irteion Reklft?l":ty CTE (ppm/°C) Temperature, T,
Q)
Below T, Above Tg
LOCTITE + For capillary flow on flip chip applications with excellent reliability 15 min. at
= i S : 4,700cPat | 165°C (heat
ECCOBOND + Suitable for application that require high thermal cycling o Hok kodok 3 101 133
10 rpm sink or hot
FP4526 performance plate)
LocTITE g . S p .
ECCOBOND . FO!'ﬂIP chip on ﬂ_ex applications with a 25 ym gap 3,500 cP at 7 m|r:. at Sy 46 150 145
FP4s30 « Material color will change from blue to green when cured 20 rpm 160°C
LOCTITE o
[ECCOBOND « For flip chip on flex applications with a 25 pm gap jlo-000ice Uy m\r:. L e e ek 28 104 161
at 20 rpm 160°C
FP4531
+ For use with very fine area array devices with 25 um geometries
LOCTITE where transparent processing is critical A
ECCOBOND + Uniform and void-free encapsulant underfll 1:;(150:1 "f e gé’}c‘“ ek ddk 27 85 135
EN72A « minimizes induced stress at the solder joint to improve thermal P!
cycling performance
SOt « For high volume assembly operations requiring a very fast flowing
ECCOBOND underfill that fu\l;f curgs in a single reﬂ!Jw cycle, but is stahlle 4,000 cP 10 min. at P 35 51 125
E1216M enough to be easily shipped and used in large volume cartridges at 20 rpm 130°C
« Formulated to eliminate anhydride-type curing agents
« Rapid curing, fast flowing, liquid epoxy designed for packaged
LOCTITE integrated circuits such as CSPs and BGAs 5,000 - D
= « Can penetrate gaps as small as 25 pm 12,000 cP Fie ek KK 35 110 130
« When fully cured, it minimizes induced stress at the solder joint to at20s™
improve thermal cycling performance
(EX : Henkel ZH|0|X])
v I
| 221 11. Henkel2| A& AHE HE |
L Al sto = O jrik=) o =0 S Me 3§ St o =133
* Panacoliit(5¥)= #2717t &R E OZAIA AHES 0|52 2 HetAA QY Y S &Es= HFS HLsHo]
e} _l S= sH <O o [=Q=] S (o]
ol Y. ZM 2 S50l s FE AHE 2 UV Zof| ol 13K = 7HEAtE| £20| ZEt=(0f /X[7F 1 ¥ED,
x o1745 =1 YN S m| = S & 2 X SleE A Ol
2Rt o 2 BF3t S A Zetk|THA A EL| S2|E OFR S F a3t 4 UF
= |— o5} o4 T1ESo =133 o E5l =2 X =1
* Lordit(0|=)= CoolTherm Al2|=2 HHE Ctet Fat2|8 MEZXSS /MLt A2, 55| 28 & HES
o|5t o HF=| i = = i [ = v =
?let anhydride-free @ = O ZA A AAEES 7HLSH0] EOi S s AHE 2x= 7S S0l 22| 22|17t
[} o olsh ; o= M = A k| iz =13 [e] k=3
o0 RS MTHo| ZUeh S 260CL| 2|2E2R 2 E AL TS AR 2 &0 8 AHHE NET HLE0] S
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No.2
(ZX: Lord £H|0|X])

| 22! 12. CoolTherm YC{Z | 0|0|X] |

* Global Industry Analysts, Inc. 2|ZEO| h2H M M7 AEE AR 20214 S $311.7M(2F 3,700 )
TR0 M 203010 = 6.9%2| BT SHER $568.3M(2f 6,780 J) 2ol AL E AIF S HHg Aoz ML
(EX : Underfill Materials - Global Market Trajectory & Analytics 2021, GIA)

Global Market for Underfill Materials
Market forecast to grow at CAGR of 6.9%

USD 568.3 Million

UsD 311.7 Million

.\..

2021 2030
(ZX : Underfill Materials-Global Market Trajectory& Analytics 2021, GIA)

| 322 13. 22 AHE MY A2 |

Korea Evaluation Institute of Industrial Technology | 33



KEIT PD issue Report

PD ISSUE REPORT JUNE 2022 VOL 22-6

* 27HE ACE AE 2= 2021E 7|E2 2 ThPH$65.18M), S($60.95M), 0]=($46.54M), EU($42.02M),
2=($29.90M), 5H=1($32.81M), 7|EHN$34.30M) =2 2 AT 27t A= Qlon], H|Z Etof THE AGE AJF

KESCUF7I B2 4% E 7t =5

(£X : Underfill Materials-Global Market Trajectory& Analytics 2021, GIA& Global Underfill Market 2018, Zion Market

Research Analysis)

7(4

6.24%

52.74%

M capillary Underfill (CUF) B Molded Underfill (MUF) M Non-conductive Paste (NCP)

M Non-Conductive Film (NCF) M Others

—_

| 23 14 AL ELUO| HE MZL AT HRE |

.IH'I
|'|_|O
OH
Ho
re
~
ol
o
rm

* 22 OICIE RIZARE 9172 B4 U AR HRBE of2f (12 1512 ZOi, Henkelit(
OISR EIRE 8.45%), Namicsitol 2 2171 302 Ol AR R 8 47198 HA131T 218

Consumption 201: 2 2015 y. 2 2018(E)
Henkel 38.56 41.33 44 30 47.48 49.56 53.12
Mamics Corporation 21.00 22.49 24.09 25.80 27.64 2961
Hitachi Chemical 17.26 18.10 17.41 17.42 18.66 20.00
Shin-Etsu Chemical 32.19 34.51 37.00 39.30 41.75 4476
Bondline Electronic 2.16 232 2.48 2.63 2.82 3.02
IAIM Metals & Alloys 18.46 19.64 20.91 22.25 23.68 25.20
Zymet, Inc. 1.38 1.48 1.59 1.70 1.82 1.96
PANACOL-ELOSOL 0.67 0.71 0.77 0.82 0.88 0.95
Masterbond 571 6.13 6.58 7.06 1.58 8.13
Others 320.08 339.41 362.24 386.86 413.94 441.96

Total 457.46 486.13 517.36 551.32 588.32 628.69

(ZX : Zion Market Research Analysis, 2018)
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Consumption Share 2013 2014 2015 2016 2017 2018(E)
Henkel 8.43% 8.50% 8.56% 8.61% 8.42% 8.45%
MNamics Corporation 4.59% 4.63% 4.66% 4.68% 4.70% 4.71%
Hitachi Chemical 3.77% 3.72% 3.37% 3.16% 3.17% 3.18%
Shin-Etsu Chemical 7.04% 7.10% 7.15% 7.13% 7.10% 7.12%
Bondline Electronic 0.47% 0.48% 0.48% 0.48% 0.48% 0.48%
AIM Metals & Alloys 4.03% 4.04% 4.04% 4.04% 4.02% 4.01%
Zymet, Inc. 0.30% 0.30% 0.31% 0.31% 0.31% 0.31%
PANACOL-ELOSOL 0.15% 0.15% 0.15% 0.15% 0.15% 0.15%
Masterbond 1.25% 1.26% 1.27% 1.28% 1.29% 1.29%
Others 69.97% 69.82% 70.02% 70.17% 70.36% 70.30%
Total 100.00% 100.00% 100.00% 100.00% 100.00% | 100.00%
| 22116, =2 AEE HEYA 2 AE ERE |
4 A U A V4

* 7|E Heh AHE axh
HO|AE YEf= I

2l & BheR| o] Y IR Ao =& &
"HHEH| grade®| A1 O|M22 M= 7[&(504m 0|5t L|X|
XH=X|, H7HH| 7|&” L 0|2 7|Bte 2 & "L S3st M= 7|= Y O|MmE 571 38 7

= 50w O|5te| UL mX|7 HEE 0ofIFo|nd, ofof| Chat
ALO|= CHE &), “O|M| THE wettingS 2IBH 4157 O ZA|A
7

=" 39| M 70l

S oo

o]
Hu
0
00 rfo
<2
o
Mo

2E U 7|=S2 100m WQ| #F0| 0 M I|X|E EPIC R Yoz HEIt =2
A7| WZ0fl, 504m O3 =0|M| T X| B | 17 P8O == XHE 27t

7k 7+40] OAM3HE| 0 ZO0tEof
Nifsije]
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J Z0[M| I|X| Btex| 7| 2E ACE A 2 S 7|& L2 ChR[F o2 BA|Ql ACE AXjo| ZAt5t0] 7]0{8 4
Q1 HHEX| mi7| R 20F #0F OfL|2t TLHE HEA|, DHM A (thermal interface material) S0 M & £ Ql7|
20 271 X0 M MAH g0l =R

- 2= Namicsiit= Z0|A| Z|X| AHE AIH2| 80%E S24HH &

o Ui2l2 8Es 7| W20 7|& e R 4SS Soff A% 7|s 2

OtE RYUCJE[, 7he 3 SOl AH8El= AlA” BH=A|:= 504 0[5}2]
Of, ZO|M| TIX| 8 AHE 2x2| 02 + H AHHA L=t F

’ x1L_d

* AT, HEUR 710| B2 S5l St ATO| FHSE AU ME 2 Tf- B4 HR HEYI 75 TR
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1. Yole Development, “Flip-Chip technology & Market trends report” (October 2015)
2.Yole Development, “Status of the Advanced Packaging Industry 2020”

3. https://www.circuitinsight.com/programs/54967.html, “Status and outlooks of flip chip technology”, John H.
Lau

4.Yole Development, “Flip-Chip Market & Technology Trends” (September 2013)
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* U X 7IAH A HXIE TIIH o|HX| 2 HetsiF = WMo, Hoz HI|H o |XIE Z|IAX oUX|=
Hetsts Ak 7hs e 0213 £40]| 7|ghato] HE|, SEV|, 230t 9| 27|7|, & 28, AnH, 24tE MM S Chfst
ORIl M 2 M7 BRI US

RF Components Physical Sensors Rugged Sensors Medical Devices

Multi-standard Low Power User interface: Logging while
Cost Effective RFIC - Accelerometer 7 drilling 300°C
+ 32 kHz MEMS oscillator

* MHz ~ GHz MEMS
oscillator

* RF MEMS Filter

+ RF MEMS Duplexer

+ Tunable Capacitor /
Impedance Tuner

* RF MEMS Switches

+ High-Q MEMS Inductor

Checker Mode

- Gyroscope

* Magnetometer

« Microphone

« Pressure Sensor

+ Energy Harvester

= Micromirror Array/
Seanning Mirror for

Pico-projecter

Telemetry Villus Sampling (CVS)
- NEM switch * In-vivo i :;:?e at needle tip

s sampina
Ultrasound needle fcr

+ <lmm
+ Scm penetration depth
+ Flexible Neural probe

kIR MIAIS T BFF AT 7| HIE0| UojE of 77| 20| 2P| H20] 012 S85H01 Cryet o
RREE LRSI

Compressed
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* M7| XtSAF ACH7F BBlo =2 21510 piezoelectric micromachined ultrasonic transducers(pMUTs) Z12|10
piezoelectric microphone S2| &M SMMS0| 22 21 JUZ. 0] BIER| ST 7|=2 YT 2 Qlsf X
AxHe| Hars M| 2501 T HIMol| 2&5t2 = A7t ZUs| TR 1 S, E5| MM, 2Hs}, 45 LisEYE

EFA517| 218H micro electro mechanical system(MEMS) 7|&0] 7|gtst MM 7HE0] 0§ S 23HE

4

Piezo MEMS - KHz to MHz timing res/ ultrasonic,
Energy harvesters, & GHz filters/duplexers..

Physical MEMS — 9DOF inertial, pressure,
ERERoY Scanning Micro-mirror / y-phone & Speaker

Harvester

= Medical/BioMEMS - Imaging, neural probe, guide-
wire, smart pill, microfluidics, nanowire sensors..

AW

{R sensor OptoMEMS - Environmental and gas sensing..

Rugged — Pressure, density, viscosity,
hydrocarbon, telemetry, NEMS smtchfmemory

iﬁil

Lamb-wave 6 MHz 2.4GHz FBAR Hydrophone Mid-IR Chemical ~ Microphone Z-axis Gyro

resonator WE mode resonator filter sensor
| 33 3. H4{2| MEMS 7|2 288 L HER |
<1980'> <1990'>

Si bulk etching By KOH Piezo resistor Sacrificial layer Accelerometer

I
Pressure sensprs :
i
1
1
I
1

Analog Devices ADXLS0

Source: mems-exchange.org

Source: SMI
___.._________________J._____________‘_______-
<2000'> , <2010">
DEEP RIE : New Mics, Accel, Gyros, Resonator,
Genera on devices  Gyros Avago FBAR I WLB with hermetic seal Combo sensors

Thin film AIN (piezoslectric) » - -: xn[:":me I
! st
rrrrev—

Source: Invensense

Future ? Low-cost, Multi-function, CMOS
Compatible, Flexible Emerging Sensor Tech?

| 22! 4. AMFitgerald, 2017, MEMS Sensor Industry Group Executive Congress |
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* 2| A= YT EL! e ad zirconate titanate(PZT)E& F4dst1 Qe H0 AU
ORI S STz ol He4o| CHFEUD AN E4, MEMS 31| Hetd, Lietd

= T
S 4 Q1= gluminum nitride(AIN) A/ AxHol| CHEt 2tAlo| Z71et

2 2™ x=2l PZT, Zn0oj| H|5t0 piezoelectric constant ¥ dielectric constants ZX[2H 2& &
A 2FYX0|0 complementary metal oxide semiconductor(CM0S) 381t S8t =M
48 £35] F0{%l stress HH0A Y™ H 52 AINO| PZTO| H|5t0] L4=517| 20| REM[CH MM S & 2O0FLE
flexible MA 20F0f| H&0| 7Hsgt

Chermical formula AN
Molar mass 40,9882 g/mol
Density 3.260 gfem 3
Melting point 2,200 *C (3,990 *F; 2,470 K)
Boiling point 2,517 *C (4,563 °F; 2,790 K)
Band gap 6.015 eV
Electron mobility ~300 em 2 /(V's)
Thermal conductivity 285 W/(mK)
Refractive index 1.9-22
Crystal structure Wurtzite
Coordination geometry Tetrahedral

Property PZT LiNbO, AIN Zn0
Piezoelectric constant (C/m?) ey = —6.5 ey =023 e;=-058 e;=-057
ey =233 ey =133 ey = 1.55 e33=1.32
Piezoelectric coefficient (pm/V) dy; = —120 dyy=—-74 dy; =-20 dyy=—5.0
d;; = —170 d3; =39 dy3 =359
ds; = 60-130
Electromechanical coupling coefficient & 0.57-0.69 55 0.24 0.33
Elastic modulus (GPa) 68 203 308 201
Hardness (GPa) 8.0 - 17 50
Resistivity (Q cm) 1x 10° 2 x 10" 1 x 10" 1 x 107
Thermal expansion o (/°C) 2 x 107° 15x107° 43 x10°° 6.5 % 107°
Acoustic velocity (m/s) 3,900 3,980 10,127 5,700
Dielectric loss angle tan 3 (10° Vim) 0.01-0.03 - 0.003 0.01-0.1

| 221 6. AINZHZ|Z 2 Ax2| E4 | [2] |
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* AINS| piezoelectric S &atA|7[2E A7 AIKE|0 gt CHEXQI Hote 2 ExE8 Vst 20| US
- £3] scandium(Sc)2 F7t5t0 piezoelectric E4& BHefAlZ! Sc-AIN A% = MEMS/nano £0F2] Eiak HiM
MzzM 4282
- AlMof| HE THsE 2™ EM0| LIEfLHE Sc-AIN 2Hats d&AF 7= A2 i HCER. H7| XSkt S2
7t& 5t 20 M QI 50| 7H535ET micro-nano deviceOl| & 7Hs5t04, E3 CMOSQPQI Y sds
HEE IF RUS NSt 2 3tst= 210] 2Hd|Y
()
TS ..
= o5~ (pm/V)[6] | ]
;; —e—d,, (PCIN) [7]
Thiswork |
.g 20l Y5 This worl : 1
©
b=
g 15¢ :
o
£ 10} :
[&] [
L |
g sf P
© '
a |
O 1 "
0 10 20 30 40 50
Sc concentration (at%)
| 32! 7. Sc gh2hofl 2 AINS| piezoelectric 4 &4t [3] |
- Sc-AlN gfato| &N E42 &850 pMUT 82| MIME MEe Z<, ot WA w2t Ch3at 20| CHefst
RO MY EEOR B IS0 &3

Emitted ultrasound wave Bi iz
ezoelectric layer
/7~ Membrane vibration \, L

Top electrode

Incoming ultrasound wave

y
\\?Membra ne vibration

B cotom Jectoce  H
Transmission Recsivin
Current PMUT Focus Areas o
Gesture Recognition Medical BMI Fingerprint Acoustic
Sonography v Identification
Rangin =
gos =) i
= = -
— M—
<200 KHz <500 KHz 3 MHz 15 MHz >200 MHz

Airborne Transmission Testing (- kHz PMUT)

B_F

'Working range

Liquid Testing in Oil (~MHz PMUT)

8 ZOF|
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- [2kM Sc-AIN2 MEMS 27T MIME 9Iah RIMICH 2t R 2 M 2 2HAS 2o 1 9lond 0[of WHE M| 2t=29
o117 &hdls| XIsl Zof Qe

NASA TRL Scale

Major Players
1200 4 Source : NASA K3C
Dominate the high
Annual volume markets: The Long Tail —
uso s ot The other 400+ MEMS TRLY _
= companies who could System Test
600 / ¢ create new markets with TRL 8 System
emerging technology — § . Dwalopmam
200 m”
1004 =5
y =0 Technology
Company ranking Demonstration
by annual sales =
Technology
K Development
Emerglng Technology R e RS
FBAR- and SAW-based sensors Basic Technology

Near-zero power or event-driven sensors
Piezoelectric devices

" Research of Basic
= CMOS+ sensors

Technology

Novel piezoelectric materials
Paper sensors

= Base material : AIN and a(dopant) + AIN thin film !!

| 32! 9. RFMICH AIN 2. AMFitgerald, 2017, MEMS Sensor Industry Group Executive Congress |
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So

2. AIN &%

i =Lhel 7ls S

=f

77 52| 7| sk
* LA AT 7|2 FHH[S|Atet A7 e 7| 2tnto] S 5101 E&fe| E4S LIEIL = Biatg 47| @[5 ¢t
HEES
Thin-film piezoelectric ecosystem: the major players*
(Source: Piezoelectric Devices: From Bulk to Thin-Film 2019, Yole Développement, June 2019)
Materials Equipment Fabless / IDM*%
umicore ai% m B XAAR Dimath )’
= || ULVAC iy EPSON
evatec || T e
ah =Eiso|mates @ Bosc“ \"/ KONICA MINOLTA
: @APPLIED PHILIPS vesper =
MITSUBISHI e ) wsounD Kv7
AMITSLIISHE MATERIALS SCRE\I Is -!m"!! . nlxe'q Qugrmnied.
audiny E oS
e R G glElﬂlgl‘aE
YOUTEC SENSING. i
— & BOSCH
@ sioanrounomes
casiion Qorvo
picesun <
ULVAC PRODUCTS s = <XFAE f¥srcaDcoM
AN list of o *# [ntegrated Device Manufacturers
| J2110. 22 X 2ok JHe H| sk [4] |
* AN A 4 grars ehg5t pMUT 7(8t 221t X2 A, 207 MEMS microphone S2| XE37t ElEl &
InverSenseAt= GlobalFoundarie2t §2{5H01 AIN 7|8t pMUTE 7H2f510{ 0|2 S &%t =30t X8 215
SEHSYHEE ]
- VesperAt= AIN 7|2 2tat2 0| 8510 7HEHEl cantilever 22| 2% MEMS microphoneS 26t
- &T&™ MEMS microphonedfM& ZElE5t= CHO[O{ZROIAM T7|ASTF M= i, 7| E0] E2] AL8EH
HHE2 MEMS microphonedi A= S2I0[= CHO[|O{ 1} B Z2|0| E AtO|2] 7+ #5tol| H|zlot= T7|MIST}
MME. Tl 42 WE0|EQ ofo{o] gi7| W= ol ECt L2 M2[dar ANghs B3et Jrgaidel
4 Hx|, 8 &7| St a2 o 2 20| 00|22 S0{7L CIo|o{ = 1 BiZ2|0| EVt HEtE & side
Loz = QUZ. EEHCI0|0{ 20| W E 2| 0| E0i| H2tEX| ZHEHE CHO|o{ I3t BZ 2|0 E ALO|Q] ¢ 2RE
olef A= FI4 SHO| HatE Ao 4 9IS
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- 5 A 9IS TR R st FHSYA N Ho| NS STt o LRt S5ls st SHY o
WHE|S HOr2 RXHO| 527 AXIFH0] AAHS HPE WAS EYH 4 90D ADIE AT S
X2 HE TN f2la

New piezoelectric MEMS are disrupting the traditional EREE——— i

capacitive microphone approach. This could have huge implications
for noise-canceling technology.

For now, capacitive technology is widely used in the mobile phone
market but the preferred high-end technology remains ECMs.

muﬂm:

Features r * E ;,.::::,:.m“wm ‘

*  Small size: 3.76mm x 2.65mm x 0.96mm package Incoming Sound iiconing Sound

* Ultra-low noise, bottom-port

* Low part-to-part variation

* High dynamic range

* Durable piezoelectric MEMS construction

* Drop-in replacement for existing capacitive MEMS
microphones

A4

vesper

Vesper is now selling parts on Digikey and other online

5 3 Courtesy of Vesper MEMS
distributors.

| 32! 11. VesperAt2| AIN 7|8t microphone |

M

[ 3221 12. VesperAte| AIN 7|8t microphone H|E 3 LHE 71X |
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= Univ. of California, Davis2| Horsley w82 20173 2|2 7|EH0f| AIN 2 PZT 21942 0| 83510 I 1=
TAES WA HE 2 HZE CMOS 3|2 7[2t 0] 2F5H0] 13 cavityE @4 3 2P 7(Ee| 48
CMP 3™ 2 97| 510 membrane2 &A5ts O Z pMUT C|HIO|AE HZHE 0|F 110x562] 02{|0|2
2ot 220t MM E JHE 4]

WsilaN Wme [ so, A Mce
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%05 s 3
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30 um Botiom bigeliode

Boitom glectiode

>

| 22l 13. Jiang, Xiaoyue, et al. “Monolithic ultrasound fingerprint sensor.”
Microsystems & nanoengineering 3.1 (2017): 1-8. |

- &5t Horsley W+E12 2019E 36% Sc= AINOI| =250 10cm 2|0l M 105-dB SPLS| =2 &3 ¢33t 2m
7{2|0lM 30-dB &4 E4S LIEI = pMUT CIHIO|AS 71t R [7]

Membrane size (@)

Top electrode p'f:‘.g I

W) Microphone @) PMUT = PMUT
@ D)) Rx
———| { Amplifir
Distance R /filter istance

Oscilloscope

Function
Generator

e

Oscilloscope

)

3 3
2 >
F4 =
5 g
@ > .
x g
3or5pum e b
— R= 106m
5 - R=300m
g, 3
° >
°
g E
z 0 fomswirn] i ———— =
& ‘ g fupats
§'2 t”- ; .
& E
,, e ..
oy to
0.0 05 10 15 20 1.0 15 20 25 30 35

Time (ms) Time (ms)

| 22! 14. Kusano, Yuri, et al. “High-SPL air-coupled piezoelectric micromachined
ultrasonic transducers based on 36% ScAIN thin-film.”

IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control 66.9 (2019): 1488-1496. |
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- Horsley m=+El2 202118 Sc-AIN #2HS 083101 time-of-flight(ToF) A2| ZX| S&S gt pMUT AIME

top electrode bottom electrode

A

elastic layer

i[ OWalltarget |
| OPole target |

1.0E+4 |

1.0E43

Intensity (LSBs)

1.0E42 =
0 1000 2000 3000 4000 5000 6000

Measured range (mm)

| 32! 15. Horsley, David A., et al.
“Piezoelectric Micromachined Ultrasonic Transducers for Range-Finding Applications.”
2021 5th IEEE Electron Devices Technology & Manufacturing Conference(EDTM). IEEE, 2021. |

- Northeastern Univ.2| Rinaldi 2482 underwater acoustic networking S /8t AIN pMUT receiverE

N S e [9)]

= Tank test Rxsignal
3 SNR~=21dB
20
g‘ d/c acoustic delay: 1}
< 1 . 176 ms(2.6m)

0'5 OTx burst
S Pool test Rx signal
= SNR~=11dB
o
20
a -
c d/c acoustic delay:
< 8 X

05 1.4 ms (2.1m)

0 0.5 1 15
Time (ms)

| 32l 16. Herrera, Bernard, et al. “Miniaturized PMUT-based receiver for
underwater acoustic networking.” Journal of Microelectromechanical Systems 29.5 (2020): 832-838. |
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f Florida2l Sheplak w<=&=2 2012 AIN H2HS 0125101 -39uV/Pall Z'=E 2= microphoneS 7HE
I.

g —86- —— Measurement
2 - - Theory
° —88 ettt
8 —90-
o
Z 02+
5
§ 4] T T T !
0 5 10 15 20
180 ~2mzzmmm s
E h\
= -
£ 165
2
= 150+
£ Measurement
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Frequency [kHz]

| 32! 17. Williams, Matthew D, et al.
“An AIN MEMS piezoelectric microphone for aeroacoustic applications.”
Journal of Microelectromechanical Systems 21.2 (2012): 270-283. |

R4 M2t2) PZT AR 7|8to] 22T EMHARN % EST FH| 7|22 ARl +F2 BR5H AOLE, AT MM
S8S 9T AIN A A7 U SUE 7142 A7 U 30N 7|E A7E 28t 27| T2 HBIHE 913t
F7H AT LS St Nt o Shvt s

Top Electrode

Bottom Electrode ROIC(Ti/Au)

ROIC(Ti/Au)

ASIC Chip

MEMS Transducer

Inside View

(a) (k)

| 32 18. HTIF, etal. “MEMS 2= X OHO|Z2EQ)

E M7 EA|” HMEEIX] 27.4 (2018): 269-274. |
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3. AIN A% AJE ®g Y 4

* AN AE A7t HE8E 4 = smart sensor, MEMS A2 L A& 2= 20201 6,449 @, 2025F

= =,

15,2389 20| & A2 2 0f| 4504, &= 5H7H2020~2025'F) A1E SZEE2 e CAGR2 18.8% +=Z2 2 TYE.
SEY AF 2= 20209 921 210l A 2025 218.59 EHE{0l| 0|2 A2 = 0l & &
600.0 40,000 37,098

5000 35,000

30,000
400.0

25,000
300.0 20,000

2185 15,238

2000 15,000

10,000

921 6,449

1000 — o I’ so00 - 3337
mom m N B N 0 B B |

2016 2017 2018 2019 2020 2025(e)  2030(e) 2016 2017 2018 2019 2020 2025(e)  2030(e)

[ 322119. () 22E(Y ), () = &) AF #2121

=2 A 2= 20183 2389 £2{0f|A] 20241 4852 H2{0]| 0|2 A2 = Of| AE[0] MIHT 12.6%2]
ATIMME| AT FRE0| X2 4T 28tS 0|88 MEMS B2 T MIMel Y=o o 2

02
I'_._
rx

1= o o

2018 - 2024 piezoelectric-based device market: thin-film vs. bulk

R LETTE L SARSR
( _) Total market ~

. Bulk piezoelectric devices /

o
{0 Thin-Film piezoelectric devices

$42.3B \

CAGR :12.2%

2014-3018"

$23.8B
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* Apple®| iPhone, Amazon2| EchoOfl= 0]0] Cf2| MEMS & microphonel| EIAHE|D Qo0 Hh, ghxl o
ENTH 2H| EMO = Qlaf 7| =2 HHE-S MEMS microphone2 S2Z{5HA| thxIst 1S

* UM 7|22 S4EE 20(0{ AIN ALY AXH& 0]0] &E3t El microphone OFL|2F pMUT, micro-speaker, 213=01[0|E{
2SS 25t 248 HE RO XEE Ao MY E

Piezo MEMS time to market: 2018-2025

(Source: Status of the MEMS Industry 2019, Yole Développement, June 2018)

;-||...l |...s-.|| ! —

| 8] l Micropumps

—

Start time of thin film

technology availability for PMUT,_, Gesturs
commercial products recognition PMUT for Ultrasound
probe
Autofocus
gyroscope BAW Filters V PMUT for fingerprint
T Micmpﬁonesﬁ
Inkjet printheads Microspeakers
2005 2010 2015 2020 2025
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