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Diode era Diode-dominating era Transistor-dominating era

Bipolar: power
conversion

All in co-existence with Si technalogy

Unipolar: power
conversion

and market devel

o108
2000 2010 2015 2020 2025 2030 R
Portable motor drive and
medical equipment
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m Semi-in_sulating

Hajet A

Power Electronics

Sicy/SiC

Oproel'ecrromcs RF Electronics

GaN/SiC LED RF transistors GaN/SIC

(Semi-Insulating)

Rectifiers Switches

_.MESFET_ |
GaN/siC_|!

Unipolar
transistors

Bipolar
transistors

Bipolar
diodes

Schottky
diodes

5G: 3.56~282| DFot==(Y2|0|Em}) i ALE
> ngedol mE ofux] &4 U HsEst
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6. On Board Charger
A. PFC
- MOSFET 650V/63A : dea

1. Low Voltage DC-DC Converter
- MOSFET 650V/60A : dea
- Diode 200V/100A : dea

- IGBT 650V/200A
- Diode 650V/200A : 6ea |
Ba) o LAy B nverter
b — -#Eﬁsowsm : Bea
.\I ey -
< x i

3858
e

B. Inverter, Motor Generator

12ea PHEV or EV
2. Inverter/Motor Generator 5. Bidirectional HDC 3. Water Pump Inverter .
A. Boost Converter - IGBT 650V/200A : 6ea - |GBT 1200V/S0A : 6ea -
- IGBT 650V/200A : 4ea - Diode 650V/200A : 6ea - Diode 1200V/50A: 6ea | = 64~887H HEIT Y AR ]
- Diode 650V/200A : 4ea
A5 9T A B 4B BAL

P DT AU (>600V) HALUTH7 HBEE T Al
S 6" SIiC wafer : 22.2%(647}) ~33.3%(887})/0] 4 2(0]9] HHY ALY Hutc | S5 <L)

- IGBT 650V/200A :12ea
- Diode 650V/200A : 12ea
> Yut H7|A} 3504 6" SiC wafer 104 £+ 9
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sl Yole Development() '16.06
® . 2 11,460

12000 | _a Yano Research(Y) 16,01
10,000
(T 29) CAGR 41%
8,000
6,030
6000 - S
4000 -
2000
2015 2016 2017 2018 2019 2020
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conversion
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protection

Diode era Di
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All in co-existence with Si technology
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.3 ------------------------ ’: Unipolar:
£ H conversion
=
' ; Diode
" 1.0 .
2000 2010 2015 2020 12005} 2030

SiC THEAM wafer A|ZHF 2 Y (risT A4 B

- 254 HMH XSk £2 : ~1.29H(FF)
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- M7|&F 1S 67 sic 7| 288 ~1/5 Of
- 2548 HI|XHE 67 Sic 7|® 2 : ~60024F (FF)
- 2248 6" 7|T SHILO 4 : $447 S ~502HRA/00 (‘21 HIH 1002 /0H)
- 254 HI|XHE 6" SiC waferAl® : ~3ZH (W] ZE ~4Z )
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11/16 World Top 4£% #2750 RIST

SiC THAX wafer 2K AT (2) - sic MauteH MEYU7I2E M
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fer 22X H| 0| 35~42% (‘174 421X| 7|F)

SIiC MOSFET Comparison
51,600 $3.5
e 534
§1,200
$3.3
$1,000
$3.2
SA00
$3.1
$600
5 $3.0
00
Raw wafer
5200 represents the
largest component
50 $2.8
Crea Planar Rohm Planar Rohm Trench Of the total cost.
W Raw wafer = Equipment Cost = Clean Room Cost Labor Cost
W Consumable Cost = Yicld losses === MOSFET Component Cast

<18, % 47
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SiC T2 wafer 28 A% (3) - sic MU AH wafer ﬁ

H 7| Xp(EV/HEV)

g 97 sic HEMEH AT 57 Y

1O
Electric Vehicle Adoption is a SiC Power Electronics
High Volume Opportunity PowsRAMERICA
140 ("18-’5—%) $18,000
16B
120 L8 $16,000
B $14,000 »
£100 £
7 $12,000 2
g 80 $10,000 %
H
% B0 $8,000 &
3z > 2
% //,/ $6,000 ©
n 638 $4,000
$2,000
0 S0
2017 2022 2027 2032
B Total Vehicles  mmmElectric Vehicles =SiC Opportunity
*Source: horgan Stanley and Cres Esimates Courtesy CREE Wolfspeed
g V. Velags

H7|AH2 sic HHEIZH| A|E: ~18Z2 8
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SiC MEdt= X LYt - Value Chain

SiC THZ’8 Wafer > SiC HEHEIEH > HMEHRE > SEXE

Challenges at multiple levels of the SiC device manufacturing flow

Difficult to slice hard SiC material

PVT: Costly and time-consuming boule growth process
Difficult to polisk

Difficult to obrain a boule with low defect density

; : & | ~ W Wafer slicing.
Bulk SiC growth e | & pollshing

Sublimation

SiC boule SIC wafer

HT-CVD
LPE;VLS o= _
o rlLJﬁ!FIC p’occsslng Issue:
Diss-on-Wkier difficult to integrate SiC in
Si fab
Back-end Challenginf, costly epitaxy
level 0
Back-grinding
Dicing,

Difficult to dice/wafer

Die shaping
thinning

; . P - Discrete devices Power

: . . Back-end Inverter/stack Applications
% ool level |

iy Binning, pick-and-place L
Bare-dia packaging, housing
=" Power module
Avare Higher power density. higher temperature, higher frequency=» Difficult to package
AL} RISTI 228 RISTI World Top ¥ £% ¥ £¥7>% RIST

SiC THZE flolzf 7H S (22)

6" SiC wafer A| & £ 713} + 8” SiC wafer £ 7| A| =TI (23~) Of &

SICWAFER DEVELOPMENT TIMELINE

1995 2005 2015 2022
N 'Y ) M) ' )
-0 9, 9, @, \9, \9, \ o
1990 2000 2020
"
o O ° B
s '\\ v IR T %
7 —x
. Wolfspeed . IVI
' ~ -
‘. CREE . ~ e
K‘ Wons;eed has been the leading SiC wafm\
supplier. As of 2022, Wolfspeed hasbeen | - =~ =
working on qualifying its 8" wafers with e o
their 8" process line. sl_c_i‘_:"l_jl ’

+  Il-VI demonstrated 8" SiCin 2015 and now | - ~ = e T
is working on capacity expansion.

+  Asof 2022, more 8" SiC wafer samples are \
available from wafer suppliers or IDMs -
(with internal development), including

SiCrystal (ROHM company), SK siltron [ \\.‘ _/
css, GTAT (onsemi) and SK siltron css onsemi |\_:_
STMicroelectronics Silicon Carbide G_ e l]:: Y
AB. / r— ’ I 4
& , e curmersen V‘/ I
STMicroelectronics Silicon Carbide AB. =

Power SC 1021 | Prodect Beochure | weew.yole ir| £3023

AL R} PISTI 228 RIST/ World Top €% ¥£27>:% RIST
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=22 SiC THEd wafer 7HE/AIAHN| S

SiC wafer H| =

M= HHAK2E ~207Hit, but 0|=2| S5

223 @7, 220/= 10017 0[22] sic TF27E H0IE LHEIEH7t US. ;;

MAP OF SiC PLAYERS, INCLUDING R&D PLAYERS

Capital, setting up a factory for
n Fujian, China
+

wafer instead of

The company is

selling furnace. "- :
3% llvl ADVANCID MATIRIALS
; ; Pine Braok, N|_ "
i L

Stopped SiC wafer
activities, still have SiC
powder business

an’,fspeed

Durham, NC

?
TANSELIL L
BtEm

ECETCH+muinmum:n

No.2 Research bnstituee

| Newly identified in 2018|

ALLRL PISTI 12Y1 RIST/
SiC THA™ M%

IS SE/ YN

b
M
L
'i*t
tqb
g

| PVT(Physical Vapor Transport) 3780| 7} 2t Q3.

TECHNOLOGY

PVT is the
conventional
method and

has been
adopted by
the majority
of players.

READINESS FOR SiC PRODUCTION

'. PVT (Seeded Sublimation) !
Players:Wolfspeed, lI-VI, DOW, TankeBlue, SICC, GT.... I

HT-CVD
Players: Norstel

M-PVT (Modified)
CF-PVT (Continuous Feed)
H-PVT (Halide)

Technology Maturity

Liquid Phase Growth
Player: Toyota

Current

Technology Readiness for SiC Substrate Production
Source: GT Advanced, Yole

7#>r% RIST

W (1) ,j

ALBR RISTI 32 RIST!

World Top 4% 8% 7> RIST
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Sic T2 SEYH (2)

(= M= =

i

=29 SiC wafer MEHH|E2 PVT(Physical Vapor Transport) 378 % &

Hat - Vapor Liquid
Sublimation (PVT) HT CVD P Solidification
(VLS)

Typical i 200 to 400 pm / hour ~ 300+ 50 ym / hour 500 pm / hour 100 pym / hour
growth rate 1 1 um/hour (mm/h expected)
]
Growth 1 5700t2500°C 1  2200°C 1350°C 1460 t01,800°C 1.100°C
temperature | .
1
Polytypes 1
obumined 4H & 6H : 4H & 6H 3c 4H & 6H 3c
1
. I
I Wolfspeed (US)
| SiCrystal (D)
: 1LVI (US) Ve
\ Dow Corning (US) Lo
1 Showa Denko (J) v S_howa Denko ()) Sumitomo Metal
1 Danzs () ! Norstel (SW) SiC Systems (US) Industries () .
Main players TankeBl N I DENSO NowvaSiC (F) Merged with CRHEA (F)
! SR ) . 0 Anvil Semiconductors Nippon Steel)
1 Nitride Crystals (Ru) 1 (UK) Toyota (J)
1 SICC (CN) : Airwater (J)
! POSCO (Kr) : b
: Denso (]) 1 g
1 Norstel (SW) ]
' I
' |
' ]
' I
1 |
\ 1
ALBEL RISTI 228 RIST! Wor/d ¥4% w2y 7> RIST
Xt v CFZAXE Ad : Z47 M .
nJ_l_-SIC |_I- E;E) C>xF - PVT SiC =0 o;g(SmgleCrystal GJr}_.

Graphite

~2300°C

ALBR RISTI 32 RIST!

20 1 SYSTCHSED LINC3.0ARIE




SiC THEE 4% -pvT 4m3Y ¥

PVT 2% ZIX3HE ASME ~3007He] B4 FHsL Te

Material

« CHEE GESHo| Zofsts 2 300 71X M F, Fa ¥ ~157F ZEA
> 215 = 32,678 3] (ST 27 A4 Y : ex. =7t SHE Temp. = (1) 2250°C, (2) 2300°C)
=, 315 = 14,348,907%] (H4G 371 A4 CHYAL.)
HEER 1Y HEISES (3639 > 100 84| 3608
> 32,628%| /3602]/4 = ~904

42 £y 72> RIST

(TR

A8 RISTI 3284 RIST/ World Top

SiC SHEX wafer 7|2 - 2B 74 History P j

MIIAH Q| AL X|& 25~40'F2| 7HL/AIES FE ER

Year 1990s 2000s
A 91 95 99 00 02 04 06 08

First commercial | 2" 4 ﬁ »6" YUTO(B0%F) »6"ZMP/DD ~5.000
e » '06.6 M&A Intrinsic
»87: RF. I;aiu:si) Cm;ﬁﬂ for $46MS(4"ZMP).
(A7 &2to|L} chEtRA&D) »4"ZMP/DD ~5,
. 2 i -
27 ES » 6" AT (5@ ~T0%)
» 6" MP<1/DD 5~7,000
& & ] 7
2" 4" » 178
NSC (J) i >5odEE
— - — = =
Dow »Sterling Semi. »‘03.1M&A Sterling n ﬁ
2 for 11.2M5 ; a5
Corning (9341 ) (803293771 9) 6272 YU
(Us) p01id 37 FHA| 4" ZMP /DD ~5,000 b 6 ZMP/DD ~5,000
= . 4 & = o =
SiCrystal "?g:; erdt ﬂ '_')‘é' :’fﬁl’g
(ROHM, J) P00 M&A Freitronics Wafer GmbH & Co. » 4 IMP /DD 7000 -
B 2 é =
» Institute of Physics, Chinese Academy of Science?| 5o i 2
Tanke Blue - UagepryE I HE TR > MBA1/0D10000
(China) > (102~'07) 2°»3" 863 Project®| 3 (R&DH| 23602 2) i :
SiCC »E= AFIH Crystal Materials national Lab ~
(China) »12d g (E5 LS Spin-off
B B =
RIST 2" 4" ﬂ »4"MP<1/DD~7,000
»6"MP<1/DD ~10,000
(Korea) »109 HEZ 15| Y R&D Best 6”MP<1/DD ~3,000
ALSRf PIST/ 22 RIST/ World Top 4£2 »£22>% RIST

STOSE TOIMEIE ICC ABHO- B 23 | 21



SiC THAHE wafer M| ZAL gt - 7

A AL £ (China Risk) > 2~3dL £29] 6" wafer A7

i

=

wuennz coe)

oz2{& of

Al
(-]

SUPPLIER DEVELOPMENT STATUS

Specification requirement: high

L&a’;;g_supplmr-s ;}:J
ANEEHRE < V] n.._::'i‘..-.> High aualiy rge
E - s:i:'r;_\n..i... = volume 6
60% =L — )
P et / i
1501744 3
" = ;&:’- SAT i i S_noRsTEL~Main challengers -
™ ™ ! — o
%o - o 2 i m I"lain]y' captive
i s Established Chinese plyers irarket
40% I r 4"
MNew Chinese players
IS/ BUBG |
20%
tox _ HAIA AAHadH| o] 80% 5 .Q
@ N B HE ASHQER1~2%
o N = — i LA L
Cree-Wolkpeed 1-vi SiC-Crystal Dow Showa Denko Norstel Tanked e sicc Others
(G O B =) I ] ) B 1) (&3] [3=] [E3]
ALEY RISTI 32 RIST/ World Top 4835 2% 252 RIST
. 74 =L .
&1, SiC THA™ wafer 27 A S j
_—
‘234, 6” SiC wafer E2/4 5T EH SI7H5UME CREE, -V (+1~2) FE...

SiC WAFER SUPPLIER STATUS

Material polytypes, doping, and orientation

I

X (67

X = maximum wafer diameter that is currently fully

commercially available, offsthe=shelf.

Epiwafers

Wioktoaed (U15) C RE E 1 8" demonatrated x# %

Densa {J) i 4" demaonstrated 1

Dow Carning (US) X (67} J X

Hebei Tangguang X (67) 1 X (6")

SiCrystal (D) Part of Rohm) X (67) X (3) X (ROHM)
All companies ] X (67

i X (67 X (6"
SUPPI}' 4H “'CYPE A I I VI | B” demonstrazed t«_’ A ‘(,..}
substrates for Showa Denko i X (67 i X
ol [ X @), :
electronics Norul Gueca) ] & demonstrated X %
appllcatlons, POSCO (Kr) i 5" demonstrated
L

Nitride Crystals (Ru) i 3" demonstrated 1

sice (cN) ; X (4) [ X (#) X

Tankedlue (CN) é r.k‘:::s:nwd I X () X X (@)

Cengal (CN) I X(67) i X(67) (4" *

CETC2 X (47) X (4) X

CETC 46 X (47 4" demonstrated

" 018 3 I 336
ALBEL RISTI 228 RIST! Wi > ¥ 42 ey 72> RIST
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Hu. =24 Sic Y value-chain (1) ‘

Major M= X|jt 2| SiC wafer HIZ ALY CHEt M&A, BAf, B7| 324 &

SiC wafer H = A} HH|E =2 o] AL
-“17'd, Infenionft 2] M&AA| = (102$) > 0|3 HE &9
- 19 : CREE A} (¥) -"184, CreeAto]| 10 $ £XI 82| 3 UM capa S L T7| TS AU
- 1000HE/E Mit 2 2/ 0| (~24)
=28 - 1-vI () - MEYZ M5t AscatroniitS Q14 ('20.8) > GEAL & A
- 39| : SiCrystal (8-> H) - Y2 RHOMi7t 21 8 ('14)

-SKHEEE0| Q4 3HE ('19.10)> 0|3 HE £QI12 2 ('20.2) : ~5400%
- EO[ArZh: sic THEH™ A%/ 7HE /o4l....

- 52 : GTAT () - On-Semi(E)7 $415M(~4800L %) 0] 214~ ('21.8)

- 42| : DuPont(3%)

-gHIOImi(4=)_I-'.E-xH19 8) (SICC= ¥HE A 7| & M H[32])

=]
-alee R 2= - BN Y SIC OB N B (5 015 SHEEel A

- EHIER(F, 19) - SHllol k(2] £Xt (19'H.)
- NOSTEL(2 ¢I5) - STMicroelectronicsit2 M&A ('19.12)
ALRRL PICT| 228 RIS/ World Top €% ¥£27>:% RIST
A1, SiC wafer 27 % HHMEH M HL 6y 1w corp DN

Session |

The 5th International Symposium on SiC Materials and Devices 2021

Power Semiconductor |
PS1 : SiC Technology and Product in ll-VI Vice

SicC, From Innovator to Early Majority
Today - “Bullet Proof Smart Solution”
Adoption or SAM
$10B — Mainstream
Early
Majority
$1B [—
Innovator
2020 2030 )
Cost Reduction
Aé%'if— RIST! %i“i plsT! Woriel ':r".‘"’ Q/o 2 %,g %7_/2)/{2‘ RIST



SiC THAXM wafer 702 3Z (RIST)

g

Aé%i‘f' RIsT! :-Liui RIST! Woriel ?’c'l‘-” g/., Z %,,g

#>r% RIST

%t 1. SiC R&BDE Valley / =%

SiC SHZ2H wafer &%) / 2%} / S2EE 7jdto] XX AUX|

- IR R BE

)

PQSE .,‘}f ‘

POSCO-RIST
sicAT 35 A7 HE|

| SIC walergdiM 7| HERESR| 2 7.5
= 1% rgad

1
3

Hhrist |
2 14|

(WPM SiC )

2THF 8 /BEE 7|08 (7

|
> Zgof 7| 28 2x|, |
ZEHLEN, |

Y

AL} RIST/ 3244 RIST/ World Top 542 ¥ £ 7>r% RIST
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-1 g
=2

+
00=I‘

™ wafer 7|1 - R&D S|AEZE| (10.1~22.8%) ‘

Sic THZ
Sic THEEdE > wafer7t8 > SiC Epi. €& R&D =2} 15 A 7Y

150mm 7|2
(MPD<1)

150mm 718

100mm 7| &
(MPD<10})

Epi 71 (100mm) | (MPD <1)
1§ | E

lllllls—
WPM 2THA|

‘15
150rmm 32 2 504
(6~102, "15.08~17.12)

100mm M B2 718
| 50mm 7| | ™MPD =10

e E |
=
: |

WPM 1THA
12 ‘13 ‘14
EpitaxyZH| 125mmiE 22

100mm &2
(12.12) (5%, 149)

(23%,122)
’

Multi-wire sawing
CMP ZH| 7%
L 3

Epitaxy

1

Wafer 715 24| 1% frijepaed
1 o Y = -
Worlel Top 44 Z x £ 202 RIST

ALLRt RISTI 12 RIST!

Multi wire sawing Double side lapping Edge gridir;g
ﬂﬂfﬁ"m

Cylindrical grindin
o & OF gf‘g‘ 3

SiC TFEH g%
Ingot growing

Wax ti DMP CMP Wafer Cleani - '
MOUTNI (Diamond Polishing)  (Chemical Polishing) e Epitaxy %
World Top €% ¥£27>:% RIST
sh-o-t 23 | 26

ALER} RISTI 324 RIST/
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>

SiC THEH™E d% 7l=(1)

sic tHa¥

o]
o

o

2 73 8%/ EY MO

100mm Ingot Stage |. Enlargement ('10~"12)

150mm Ingot

Stage Il. Quality control('13~'15)

4" wafer MPD  -#-6" wafer_MPD = 4" wafer EPD -5-6" wafer_EPD

Stage lll. Reproducibility & Yield('16~ )

l. Element technology('16~"1 Il. Quality control('18~]

50 120,000
85
40 AY 100,000
~ 35 5
g 80,000
§» S
i \ w0 §
8 -\ 8
; 5 40,000 g
- Y |Defect(EPD) image after KOH etching]
10 B B 20,000
5 5 ' EPD: Etch Pit Density(ea/cm?)
0 = - MP: Micro-Pipe
013 2014 015 2016 2017 018 2019 D e o
TSD: Threading Screw Dislocation
EZ¢ ZAshE ZRIPM 5I¢EE1] TED: Threading Edge Dislocation
L& RISTI 3241 RIST! World Top ¥4% ¥£¥72>% RIST

SiC THE™E 4% 7|=(2)

e

4”(100mm) SiC THZ% wafer R&D Best =&

MPD <0.5 cm2, TSD <500cm-2

and BPD <1,000cm2

Micro-pipe Density ~0.5ea/cm?
Measured by SICA61

Stacking Faults ~0.5ea/cm?
(Bar-type ~5ea)
Measured by Candela PL

Defect Map after Epitaxial
Predicted Device Yield >90%

Measured by SICA61

ALBR RISTI 32 RIST!

26 1 IYSTCHSED LINC3.0ARIE



SiC THA%E wafer 7t87|= (Wafering) | ‘

25 ol 3F /X2t HEet 47/6” Sic wafering 7|& L A=t
I Surface Poliching Process

Shape Process Surface Process Characterlzatlon _
Cyl:ndncal Grinding _J Lapping _J Brush Scrubbmg Stress analysis I { |

Planar Grinding J Edge Grinding | RCA cleaning J Thickness | G

Multi Wire Sawing || 1t&2¢DpMP | ' Bow/Warp | f"#

' CMP l Surface roughness ] -
Defects / Scratch |
[ RIST Wafering Process ] L

Diameter 100.0 mm +0.0/-0.5 mm 150.0 mm +0.0/-0.5 mm
Thickness 350.0 um + 25.0 um 350.0um + 250 um

TV < 10 um, full substrate < 10 um, full substrate

Warp < 40 um, full substrate < 40 um, full substrate
< 20 um < 5um < 200 ea ~0 Scratch <5ea <5Sea

[ RIST Wafering Quality ] [ Commercial SiC Substrate Specifications ]

AL} RISTI 228 RISTI World Top ¥£Z x£v72>r% RIST
. _— =y .
. SiC THE7H wafer 718 3 (Wafering) ‘

‘ 1. Ingot growing ‘ ‘ 2. Cylindrical grinding ‘ ‘ 3. OF/flat grinding ‘ ‘4. Muti wire sawing‘

‘ 5. Lapping ‘ ‘ 6. Edge grinding ‘

 : 4 ) %'ﬂ.:‘ "_‘,—‘-I~§ W

10. CMP 1%t 11. CMP 2nd 12. Cleaing 13. Epi- ready wafer
- ‘:--..,‘-—- . r—— = ._:-‘..—..

AL RIST! 324 RIST!



SiC Epitaxy d&7|=

47/6" Sic O|=| &t % 7| LT3} / 6" epi.s

F7lr&D 2

l 600V SBD Fabrication with 4” epi wafers in ‘18
Epi quality & Device yield
Device Yield

Doping Conc. Uniformity Surface Defect Free Area

97.6}_:—-"“"““&\_
f/ " . 3 ‘\
. / 3
RIST Epi x1015 cm 2 § t
wafer L &)
: cig
\::.\_ .._///
95.?%’77”_"‘ N 86,
.l/-/ ] i 4 '-:\ .
Commercial ! ] e
Epi wafer \ .
= =5
\ i
ALER RISTI 2241 RIST! World Top 442 222> RIST
&1L, Sic Epitaxy 24 |

Cc)’t

FE Sic oo 2H| ER/28 (22 G4 : 4"X1001 or 6”X60H )

D.l. Water: 18MQ

500KW

Cold water
20°C+1°C

————— ~ |Emergency
Clean room Moenitoring

Class 100, 100m?

Analysis System
Thickness / Doping Conc. / Surface defect / Flatness /| AFM

ALLRt RISTI 12 RIST!
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SiC bare/Epi. Wafer 2% &

Bare wafers > ).
Epi-Doping Con.

‘E!E' :

Wafer Stress Analysis

canner(SICAG1)

Laser Surface
i . REee

#>7% RIST

2
A\
R
Np
%

ALLRt RISTI 12 RIST!

RIST vs. %t H|1
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1. A (R]3) SiC 7|&/AHY siEt

01949 3qQ7IE M ’.‘.IAAP-'EPR“
- 22l M= 55 4 A oFE| 7
- 29 HH| (max. 4004 ¥ TTE.)

(1) HSMEE . 472 310 / 672 20°H ‘199 oF, ZLHCH7| ¥ M&A
@) wafer7f4—“ I : ~5,4004 8
Grepis |-l 204 28 0|2 YE 59

@) 7IHEE 242
(5) FA & A=(> AXAHE/H2)

DCCS formed,
Sterling acquisition
+ SIC Crystal Growth
+ Wafering

* Homoepitaxy

Technology Progress Production Maturity

annrd Eni CArn : = . = Growth
+ Record Epi Carrier Lifetimes  , gyajify & Ramp 100mm SIC wafers & epi

» Developed 150mm Product

+ R&D 150mm SiC, Hi Voit SiC = Yield improvement and Cost
« Silicones for power devices & modules Reduction of 100mm.

er flatnes
* Rec Urel SiC crystal qlmll\\.

Consolidate & — " i
+ New plant in Aubumn, M| ommercialization rowt i - . 15 o ks oof
+ Systems integration; ISO9001, + 76mm SiC wafer & epitaxy ! l.--dr-‘llu.! - Completed 150mm § ,: 532:11 EJ;STELS:;;”“
SAP, QA Programs + 100mm SiC scale-up Saenisd T and Yield Improvement
+ Capability investments * Start up of (2) add'l epi reactors
+ Capability investments
ALBR RISTI 324 RIST! World Top 4£% ¥£%25/% RIST
" . =) it xé = A4 é
1. el 6” Sic THEHE wafer EE =M A}
s i o} A =] Zd
W 150mm= &8 7|¥ /RIST 7| % 28 24 23 ______
I
N50192-14 (CREE, MPD<1) GY0098-05 (II-VI, MPD<0.01) =13
i 24 A RIST 24 HA | ! q-]:I;LII];.H 7 : i
RIST 245 & = =5 =1 = =
R0 | <M&Ajt >
o2 £ 0 um Boun L soum e O]
Resistivity (Q-cm) 0.0181 0.02 00163 0.021 | 0.014 | Diameter 150
MPD 0.5(0.3)
. 1 0.0 | <1
I-\l-d:[? 0.2 < = < : : Etch pit density 12000 (6300)
1 | Threading screw dislocation || 500 (200)
1 Basal plane Dislocation
: < 4000 (1700)

CREE 42 ¢lo|H

1-vi 48 9jo|m

L7 R&D Best

ALBYF RIST/ %iu;gfsrf World Top €% ¥ £ 7>:% RIST
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+H Total
22 3" 4" 5" 6" RIST : & 11038| (+280~)
63| 2443 | 4803 363] 3373

"2 m3" u4" ns" u6"

RIST SiC AXEZ =X FAIX _r97

E§ % ¢ &8 8% §

ottt L

o o o
Qﬁ\so’!s’s?oﬁoxo'?&??qﬁ’e o “ & 4’ o ?'5“:9»“'? é’*» }01&‘\95&_ -

P»

o
9 \9"9

MEA F -
Top Tir ndTer | (19,20 41
(Cree/0|3) (I-VI/o] 2) (B RS .
AL 0| (mm) ~N [ ~20 (%) 12 HLE/R| e ML I,
' 487 AS57STH e WHE
g§ | 28 (um/ho) >0 | > 120 iz s34 A1 Ug
g 48 | s Holg &8 | Dupont(DowComing) ME1
| MPD (easem) <01 <01 = |
150 (eafem’) <1000 <2000 <2000 RISTZ T R&D Best 7|Z
;IE g i 4M4+80 988 F A8
BPD teg/r) 5200 <5000 <5000 | (sable Aves M 02 2l W
Stacking Fault

ALLRt RISTI 12 RIST!

D Sic MBEET A W2l AU}

SiC MOSFET Die Costs* {0 Yied

1.0 5 || Fabrication
5 e | |
& 0.6 Taking Stock ofS|c: Part: a review
8 _____________ :"= of SiC cost competitiveness and a
3 roadmap to lower costs
" 0.4
Q - ;
7 | < sic ol

0.2 - :

i € SiC bare #10|5
00— oL — '
Substrates at Market Price  Substrate Self-Supply
PGC SiC Consultancy

*Based on PGC's 1200V/100A die cost model PGCConsutancy com

Figure 1: The cost breakdown of a SiC MOSFET die, based on a best-
in-class 2021 1200V/100A device produced on a 150mm substrate.

ALLY PISTI 2281 RIST! World Top 4% »£¥7>:% RIST
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[Hate )
AR ] TN ALY

T (CIEEHEH HE)

e EE MR Y
4

" WEH AFAD
/' '”t w = :

» 7 . mAZ A2

590 O 488§
78 & 81 68
o u ¥
, [ | =l I L3
iy g e oA

L

B0R(21°31) ) 2F(340Y), BBHA(.6UT), BA(.4UY), 44{1.52Y), BHO.72Y)

AR ARE(150%), SIMUENY), JIg(E)AG6R), ZIEHD.THY)

67964
50002t
85359

o 4% MUY AL CIN ST 71502 Bl AlY 24T HY

SLERAIZ AR © (18) 12.3% — (19) AT1.7% — ('20) 10.3% — ('21) 26.2% N2UHR)  2023(HIX)

Hh 128 TR0 Y Bk HEC
* (H%—‘O_"l |-0|*} k. o}-}\H 5.4t MHU\H 230 =4 D: IEEH%'

AYH e KR AARIEAAEEA7IRWSTS)
ST (e MY, 21 FHK IIF)

+ 53 ol T (DF) 39.3%, (HESHAD 17.2%, (8HA}) 31.6%, (A} 9.2%, (BHA 2.6%

d UZ Hd2 2hoh| flof AGH 82 7|tz tay M2 &y Ea

SIHstw melM2te] ICC Ah-8h-1-2t 23 | 3b
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- & A (bulk) - PPB 7+ X 2 texturing
- 213} (thin film) - low temperature crystallization
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¢ Electric Device using Ferroelectrics

OUTPUT
INPUT

ELEC. FIELD

MAG. FIELD

STRESS

HEAT

LIGHT

VARIOUS PHENOMENA IN MATERIALS

INPUT [y | MAIERIAL | g% oyurput
DEVICE
CHARGE MAGNET-
CURRENT IZATION STRAIN TEMPERATURE LIGHT
:’ Pe;”l"l‘llttl\/lty ) ‘; Elect.-mag. Converse Elec. caloric Elec.-optic
7 Conductivity |, effect piezo-effect effect effect
. Mag.-elect. | o Magneto- Mag.caloric Mag.optic
1 effect f Bermenbilicy striction effect effect
. Piezoelectric | Piezomag. Elastic Photoelastic
1 effect 1 effect constant effect
Pyroelectric - Thermal Specific
; effect ! expansion heat
E Photovoltaic ‘ gy Refractive
: afisar / Photostriction i
Diagonal Coupling et o] Sensor
Off-diagonal Coupling = Smart Material ——1 Actuator
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Direct Piezoelectric effect Converse Piezoelectric effect—
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Electric Field
(Input)

Surface charge (Output)
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Mechanical stress — Electrical energy ~ Applied Electric field — Mechanical strain

o —

L

Actuator

High-performance
piezoelectric ceramics

Piezo haptic Piezo speaker
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o Plezoelectrlc Constant

[ Stram = d"" . Electrlc Field

Dielec. Displacement = d * Stress

* Strain _ d Dielectric Displacement

Electric Field Stress
T -Electric Field K = - Stress
Strain Dielectric Displacement Dielectric
Displace-
ent
_ ElectricField o Strain ——
g Stress g = Dielectric Displacement
* - Stress Dielectric Displacement
Electric Field Strain
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++ Definition of Ferroelectrics [ T ]
oint Group
f 21 ] 11
. Non Centro symmetric Centro symmetric
| Non Piezoelectric
-~ ~\
20
Piezoelectric
q (Polarized under stress) y
- l ~ Very Important thing is that
10
Pyroelectric the ferroelectric has spontaneous polarization
\ (Spontaneousl Lo and the spontaneous polarization could be
(" Sub Group h reversible switched by external electric field
Ferroelectric
(Spontaneous Polarization)
\_ (Polarization reversible) )

1
Tungsten Bronze Oxygen Octahedral Pyrochlore Layer Structure
PbNb,O, ABO, Cd,Nb,0, Bi,Ti;O,
I
[ Ceramic Perovskites ]
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ceramics
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Lead-free piezoceramics

<> 1950 |
<> 1960 |

B L
[i century
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“ Pb(Zr,Ti)O; [PZT] Based Ceramics: Relaxor Solid Solution

~

C PZT - Relaxor
\Hi‘i—i B f//

>

Morphtropic Phase Boundary (MPB)
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@ Soft (high d;)

-PZT-PNN
-PZT-PSbN
-PZT-PZN

(d;;=740 pC/N, k,=0.63, 2003, JJAP)
(d;;=426 pC/N, k,=0.67, 1994, JJAP)
(d33=460 pC/N, k,=0.60, 2004, JACS)

-PZT-PZN-PMN (d;;=533 pC/N, k,=0.65, 2004, Ceram. Int.)

-PZT-PYbN

@ Hard (high Q)

-PZT-PZN+MnO, (Q,=1160, k,=0.54,

PT |-PZT-PMnN

(d;3=1247 pC/N, 2004, JJAP)

2004, Materials Science Eng. B.)

(Q,,=3700, k,=0.52, 1999, JJAP)
-PZT-PMnN+CaO+Fe,0; (Q,,=2000, kp=0.6, 2004, Ceram. Int.)

-PZT-PZNN+MnO, (Q,=1502, k,=0.55, 2003, APL)
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Pb(Zr, Ti)O; — based piezoelectric ceramics

Pb(Zr, Ti)O,—based piezoceramics

2014° 12,290 Mill. US(§)

RO T AL e High Curie temperature
High electro-mechanical conversion efficiency
Low sintering temperature

Easy compositional modification

2.5%
@ Bulk soft PZT 2.0%

B Fiber composites 1.0% R “ S
B Thick film PZT I I

) Lead-free piezo materials 0
COMPLIANT || porree

Environmental policy

* CA Proposition 65, 1986
« EU LoHS, 2003
* China LoHS, 2006
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o Piezoelectric Material Market Size
2022. GRAND VIEW RESEARCH
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Global Piezoelectric Materials Market
Share, by Application, 2022 (%)

® Actuators & Motors Sensors ® SONAR
® Acoustic Devices @ Transducers @ Generators @ Others

Piezoelectric Materials Market Report Scope

Report Attribute Detalls

Market size value in 2023 USD 1,449.3 million ofF X &

Revenue forecast in 2030 USD 1,972.2 million oF 2622l

Growth rate CAGR of 4.5% from 2023 to 2030

Base year for estimation 2022

Actual estimates/Historical data 2018 - 2021

Forecast period 2023 - 2030
‘= KOREA -
T UNIVERSITY ]
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USD 182.3 Million in =
2021

Lead free Piezoelectric Ceramic Material Market
2022. Emergen Research

34.1%

of global market
revenue was
accounted for by
Asia Pacific in
2021

The market is FAIRLY CONSOLIDATED with

few players accounting for majority revenue
share
=

10,000+ reports
READ

REPORT:

i GLOBAL LEAD-FREE PIEZOELECTRIC

covering niche topics
CERAMIC MATERIAL MARKET, 2019-2030

1

EMERGEN
ag AlERE (USD Million) H| 1
20214 182.3 CAGR (HE 2 H&E)
2030'd 710.0 5«

sm- KOREA

UNIVERSITY
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Lead free Piezoelectric Ceramic Material Market
2022. Emergen Research

LEAD-FREE PIEZOELECTRIC CERAMIC MATERIAL MARKET: REGIONAL SHARE

‘w. KOREA

" UNIVERSITY

Twmope
North Amenica

e iz Faciic

Abddle East & Mrca

Latin lmarca

@ < x% CAGR (Saturated Markets)
Source: www.emergenresearch.com e

@ * x CAGR [Futuristc Markets)
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Lead-free piezoelectric ceramics

LT P >y BaTiO; -based piezoceramic
A Bi, Na, TiO-based ceramics .
800 L )] BaTiO,-based ceramics ) e -
™ Na, K, O,-based ceramics =
700 = = § =l or
~ -
~ e o
600 ~ e e
— 5 » ~ - O - I RE) S T s::‘ o
% 500 N % \\ 5. Jun et al.. J. Mater. Sci. Mater. Electron.(2022) Panda etal.. El(ccucm. Mater. (2022)
1] - AN
2 400 = - ‘\ Advantage: high piezoelectric and dielectric properties.
] = =] \ Disadvantage: low Curie temp.
== 300 = D E -
\\E..__ = - =
2001 > X
AN 2
100 A e - :
A~ 1
D /l T T T —T T T T T :
0 50 100 150 200 250 300 350 400 450 : 1
0 1 1
v . TCC i :
v (Bi, Na)TiQ, based piezoceramics - i
— Sl ) 1 |
' 7 | mm. ' 1
g 7 e | mmE 1
£ Jr’ L /'.3/, il ~ 1000 = : Tomperaturs ('C) 1
& |/ ‘/ =i forrmogig L i JF Lictal, J. Am. Coram. Sec. 96 (2013) J. Wuctal, Chem. Rev. 115 (2015) 1
g i il 1 [
- = o b : Aa’vam_age: high Curie temp.? good pie._zoe]e_ctric :
Hao etal, Mater Sci Eng R Rep. (2019) | Pproperties and easy compositional modification. 1
Advantage: large strain properties and high Curie temp. : Disadvantage: poor sinterability :
Disadvantage: low piezoelectric properties T I I o

Content
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- 2HAH| (bulk) - PPB T+ 2 texturing

« S g (thin film) - low temperature crystallization
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Lk OF ol diko d
KNN H| gA| LEH| S 5o AL
v'(Na, K)NbO,
5000 — -123 °C 210 °C 410°C
B e T i B ] e X
| T ¢ | ‘t' ¢
4000 Jfll b alh s “‘-i“‘_
b1 — [ = e
*J—.‘ Rhombohedral ~ Orthorhombic Tetragonal Cubic
=
d 3000
2
£ Torx
% 20001 Tetragonal
= T,
1000} RO Grthorhombic
1 | | l | 1 |
-200 =100 0 100 200 300 400 500
Temperature(°C)
> (Na, K)NbO, M2t 2 2 =7t o2t £ 2™+ X2 E 71X, EE 220

a
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[ How to improve the piezoelectric properties of Lead-free based(NKN) ceramics ]

Composition Engineering
Formation of various multi-structures

Domain Engineering
Template Grain Growth (TGG)

Cubic
: R0 Room temperature
]
=]
< 3000
=
=)
51
2 2000
8
]
(0]
1000~
Rh I
¢ G. Shirane et al., Phys. Review (1954)
1 L 1 ]

-200

=100 0

100 200 300 400 500

T N T
et H et | =T+
ZERTal e
Normal Grains Seed "> Textured Grains
2 (001) Crystal Orientation === Electrode
SN e e S
| TN e
‘) e i E
& o oo
Untexsdked Matrix JNormal Graing)
Seed : (001) Ori d Matrix : Pi ic material

Temperature(°C)

= The role of the phase coexistence by a
polymorphic phase boundary (PPB)

- Easily polarization rotation

- Low energy domain wall motion

sw- KOREA

e UNIVERSITY

= The role of the texturing method
- Pseudo-single crystallization
- Increased domain configurations

Qo
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,_.I R-O multi-structure I._\ ,_I O-T multi-structure Iﬁ — O-P multi-structure —

H H g
o 7o [oo1f [0 N o
\ ! e T I
LI, (6| AL I |
< dyy : 193 ~230 dyy : 345 ~ 512 . dyy i 325~518
fe=="" n =" o
J AR N - AR N 2
P 010} 010] 2k [010]
S \ . e ¥ \
s > S
& £yl < Pyl 1001] S5
P (110] PN 0] LY 2o 110)
1
TR |
N 1
I R (7o il imy Gk, S0 2010 A i, etal. J. Am. Ceram. Soc. 2019
D. Xue, et al. Ferroelectrics, 2017 p, o = C. Zhou, et al. J. Appl. Phys. 2018) KTLee, etal J Am. Ceram. Soc. 2019 )

R-O-T multi-structure I_\

5 S i
/ * foo1f o 53 '
N 3 Flatter Gibbs
- ¢ @ —~ ~
ds;: 610 ~ 680 2 Free Energy
= i
= i
! =)
s ¥ 4 Py &)
-\@“‘ Py i [001] t
P i I
Pt High d;,
H P, P,
1 Xing, etal J._Appl. Phys. 2016 | > vl -
¢ v, Mtter... 2 fl. Tao, et al L Mim. Chenz. Soc. 2019 olarization
\ K Xu.etal Adv. Mater.. 2016 ] S.H. Gb et al . Mater. Chem, €. 2021) (

KNN HI'2 A &N 3 of9f A yed

Hl Reactive-Template Grain Growth (RTGG)
'.Trndﬁ' = -mm = Single crystal (LNKN : 689 pC/N)

— Ultrahigh piezoelectric performance
— High cost, Hard process, small-quantity production

= Textured ceramic (NKN-based : 700 pC/N)
— Easy domain configuration

— Low cost, Relatively easy process, Mass production
P. Li, Adv. Mater. 2018

B Lotgering factor @ EBSD and (001) pole figure image
Uintextured \ 4 Un- textured ceramic [001]- Textured ceramic ‘ )
£
E....' Textured f~96% 3 »_
E g p —
ElT &
A y “D ¢ M‘D L
20 30 40 50 6 ol
20 (%) o Intensity(a.u.) Intensity(a.u_) /
- KOREA »
o UNIVERSITY
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NKNS-2BAZ-2BZ ~805 £10 pC/N (Textured)
~_\

NKNS-2BAZ-287Z ~760 120 pC/N (Textured)

NKNS-1CZ-3BAZ ~680%£10 pC/N (Random) \

2004 2008 2012 2016 2020
year
1. 8. H. Go, et al. J. Alloys Comp., 2021 (Random)

2. D. S. Kim, et al. Actuator, 2022 (Textured)

3. S. H. Go, H. Kim, et al. J. Eur. Ceram. Soc., 2022 (Textured)

KNN HIE7 QA 9 et s

Cardiac pacemaker Electrical stimulation
Body fluids detection 8 > -

4

Pulse monitori

.
i

Nanogenerators

o~

e

Sterilization Cell culture

Blood pressure

Piezoelectric nanogenerator (PNG)
for human body needs

Flexible substrate

- KOREA

T~ UNIVERSITY
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" S. Mo. [ Polymer material Melting Point
Flexible 1 PET 260
2. |HDPE 130
substrate
, 3 Poly Urethane Linear 150 - 185
/ for PNG a__ep 165- 170
[

! 5 [6. 10 Polyamide 210-215
\ 6. |6, Polyamide 215-220
S ot 7. |66 Mylon 255
S == L SNO nanosheet 8 PC 220 - 360

PET N
L B | seed-layer 9 PTFE 325-360

Low melting temperature

crystallization:
temperature

-u- KOREA

e UNIVERSITY 23
L} | o} | al dio} Hl-'c:s:l:
KNN HI A A 2 ok At
Sr,Nb,O,, (SNO) nanosheet as seed layer
& A
@ K*ion A jon (Ca,Sr,Ba) @ Htjon < NbO, <~ TBA*
® 5 . TBA*OH-
- g
- »
Proton Exfoliation
Exchange
“Layered” metal oxide compounds Protonic form Colloidal Nanosheets
KSr,Nb,0,,, KCa,Nb,0,,, KTiNbO;. .. HSr,Nb,0,,, HCa,Nb,0,, HTiNbO; [St;NbsO ] [CaNby O] [HTINDOS

Previous Research of Nanosheet Seed layer

Dep. Temp. Dep. Method  Dep. Material Nanosheet Seed Lattice mismatch
350 °C Sputtering Na, K, :NbO; SryNb;O4, 1.3%
TH. Kim, S.H. Kweon, S. Nahm, Nano Research. 12 (2019) 2559
250 °C Sputtering NaNbO; Sr.Nb,O,, 0.5%

J.U. Woo, LS. Kim, B. Kim, S. Nahm, Applied Surface Science. 593 (2022)1534064

Lowered crystallization temperature & oriented crystalline growth

60 1 ZYSTCHSHD LINC3.0ARIE
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J.H. Kim et al., Nano Res, 2019

* Verifying SNO nanosheet seed layer

SNO nanosheets seed layer

Height (nm)

150 2 250
- Length (nm)

5
pm

—> Lattice Parameter of SNO : 0.390 nm = Lattice parameter of NKN : 0.395 nm

- SNO monolayer was well deposited (Coverage ~ 96%) = Can be acted as growth seed layer

HI'E | SHH[AE Hyreidd

I H. Kim et al., Nano Res, 2019

o Crystal structure of NKN thin film on SNO seed layer
. XRD patterns

¥R, |
e xN0,0, |

|
|
|
|

= 500°C v Have secondary phases

- 450°C v Collapse of preferred orientation.

400°C
v (001) preferentially crystallized NKN

Intensity (A.U.)

| A\ N H B ———————————
~ e T 3 (00 e phase + amorphou

. SEM images

200nm 200nm 200nm # 200nm

<200 °C . 300 °C " 350 °C 500 °C
Amorphous ) Secondary phase
Amorphous ; il (001) Preferentially i
v (001) Crystalline ¥ | crystalline phase Crystalline

ST TOIMEIE ICC A3HO1- 2 23 | 61
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J.H. Kim et al., Nano Res, 2019

* Structure properties of NKN thin films on flexible SNO/Ni film

= XRD pattern =  SEM image
5 3 ~ R . =224nm
c-NKN/SNO/Ni (~ 1 um) rms = - NEN/SNO/N s
a-NKN/Ni (~ | pm) 5
:: Ni
5 Ni
z | ) .
-g = 500 nm 100 nm
- —
Ni
= = - 2
NE gl = ] 200 nm
T T T T T T e b =
20 30 40 50 60

2Theta (degree)

— Crystalline NKN phase was well formed along the [001] direction on the SNO/Ni substrate

— NKN deposited on the SNO/Ni substrate shows dense microstructure

Dep. Temp. Dep. Method etc. Problems

- Difficulty in controlling composition

0 g = + K+
650 °C Sputtering Na', K' excess target " High fesaperiture process

HJ Lee, LW Kim, 1.8 Kim, C.W. Ahn, B.H. Park, Appl. Phys. Lett, 2009, 94, 092902

RT Aerosol deposition - Annealing at 700-800 °C - High temperature process
C K. Jeong, J H Han, H. Palneedi, H Park, G -T. Hwang, B. Joung, 8 -G Kim, H.J. Shin, 1 -S Kang, J. Ryu, K.J. Lee, APL Materials, 2017, 5, 074102
. - NKN atmosphere annealing - Not practical
00 °C Sputt ; :
e phitering - Annealing at 800 °C - High temperature process
B.-Y. Kim, T-G, Seong, L-T. $Seo, M-S Jang, S Nahm, J -Y. Kang, $ -1, Yoon, Acta Mater, 2012, 60, 3107
: - Difficulty in controlling composition
580-650°C  Sputtering - (D01) StRUO, substrate hiculty &8 Chfpo
- High temperature process
J. Mino, S. Kuwajima, T. Suzuki, I. Kanno, H. Kotera, K. Wasa, Jpn. J. Appl. Phys. 2007, 46, 6960
- Not practical
850 °C PLD - Rh substrate et e
- High temperature process
W.J. Maeng, I Jung, 1.Y. Son_I. Cryst. Growth. 2012, 349, 24
q - Not practical
750 °C PLD - (001) SrTiO, substrate il
- High temperature process
T. Saito, H. Adachi, T. Wada, H. Adachi, Jpn. J. Appl. Phys. 2005, 44, 6969.
RT Sol-Gel - (111) Pt substrate - Not available for thin film (< 1.0 pm)
- Annealing at 500 °C - High temperature process

H. Dong, B Luo, K. Jin, J. Appl Phys 2019, 126, 225101
350°C Sputtering Na, (K NbO; Sr,Nb,O,,

LH. Kim, S.H. Kweon, S. Nahm, Nano Research. 12 (2019) 2559

250 °C Sputtering NaNbO; SrNb;O,,

J.U. Woo, [.S. Kim, B. Kim, 8. Nahm, Applied Surface Science. 593 (2022)153464
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- SHAH (bulk)
4+t (thin film)
- HIEF=ZE (meta material)

Introduction

Energy harvesting: Piezoelectric

Piezoelectric energy
Mechanical energy harvesting Electrical energy

Rl AN

Implantable Device Wireless Micro Robot
Sensor Network

Application Power

PZT- piezoelectric energy harvester Power

Micro robot 0.2mW
Wireless senor ImW PZT material’ 0.45mW

Remote control device 0.lmW )

< PZT material® 1.5mW

RFID tag 0.0ImW

—

RF MEMS switch 0.5mW 0.32PZ-0.39PT-0.29PNN? 2.6mW

Humidity sensor 0.3mW
NEMS device 0.01mW Pb(Z1y 5, Tiy 4)03+(0.2 Wi% Cr,0; + LO W% Nb,Og)! 4.68mW

I H.Y. Kim, Investigation of piezoelectric ceramic size effect for miniaturing the piezoelectric energy harvester

2. Farbod Khameneifar, A Piezoelectric Energy Harvester for Rotary Motion Applications: Design and Experiments

3.7, G. Lee, Piezaelectric properties of Ph(Zr, THO3-Ph(NiNb)O3ceramics and their application i energy harvesters

4. K. B. Kim, Optimization of the Unimorph Cantilever Generator (UCG) Using Ph(Zry s Tig 100 + 0.2 wt% Cry0; + 1LOwi% Nb,Ogthick films

‘- KOREA 30

" UNIVERSITY
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Hyun-Cheol Seng et al. Adv. Mater. 2020

Converts energy generated from natural energy sources into electrical energy
¥ Vibration energy is converted using piezoelectric energy harvester (PEH)

— Can be used as an alternative energy source for wireless electronic devices and sensors.

_— Mechanical Mechanical-Electrical Electrical |
______ -\
{ Vibration :
' l
H energy i % 5 J-
LI 4 {; —
= $ 2 c /L Piezoslectrics 7/ Load
]
i Motion and vibration I

35( Eco-friendl

s W il o e f—
N —

= k'fl,-j X Qm /S]]E FOMfo_

) ()

FOM =d; x g;/ tand

on-réesonance resonance

(@ on resonance. @ off resonance.
sm KOREA
&7 UNIVERSITY 31

Ol L4 X| SHH|AE{2] FOM

Figure of Merit (FOM) for PEH

8. Priva, Criterion for material seleciion in design of bulk piezoeleciric energy harvesters

B On-resonance frequency B Off-resonance frequency
k2o Qm 4z d.. g d
_ if 2 i = Zij-8j oy S
FOMGM = — fe2 g o TyasP, FOMaﬁo tans 953 e
ij

g, : Piezoelectric voltage constant

ky; : Electro-mechanical coupling factor -
& @ Dielectric constant

©,, : Mechanical quality factor

s, Elastic constant - v A a’,j :‘ Ple.zoelecfrlc charge constant
i «_.,4»’/ E tand : Dielectric loss
i ics wi P U : o
Piezoceramics with — : Piezoceramics with
. GEcE apti-resonance .
high k; o highd & small &
2
=
= ; ;
20 = 0.05 £ Piezoglet N 035 150
z g 3 - \ 0.30
° : = 0
E b Q7 \ - é 1 / i 0.25 H 2
s 2 Diglectric 7 5 A - \ £
E p \\\ 0.03 . ng:_ S E uzn—a// \ a. e ?
e 10 s >~ | N E E
_3,. \’ 0.02 resonarice 3 0151 o \‘_, 80 ';'r-
8 | S 010 ™ 5
; 05 % 10
é @ |0.01 Frequency 2 v \° 130
>
0.00 L. o
00 5025 0.045 0.085 0.085 " 0.025 0.045 0.065 0.085
Sb ratio (x) Sb ratio (x)

S 5 : i
SW. Kim et al, J Am Ceram Soc. (2023) SW. Kim et al, J Am Ceram Soc. (2023)

:mi- KOREA 32

Y UNIVERSITY

4

64 | IYSZHSIT LINC3.0AIIT



Ol L4 X| SHH|AE{2] FOM

s Piezoelectric nanogenerator (PNG) )
2 i G. Hwang, et al. ddv. Mater., 2014,26, 4880
i) PMN-PT Thin Film on Bulk Wafer  iii) PMN-PT Thin Film on Flexible Substrate

Electric Generation

Stimulation Electrodes

Si Wafer \
asie S
Tnnsflr

Living Heart
® Fi gure of Merit Exfoliation of MIM Structure from Wafer iv) Direct Pacemaking
On-resonance frequency condition ~ Off-resonance frequency condition
- using periodic energy source —> using non-periodic energy source

Output power (W) |d; x g;

Output power (W) «<|k;? x Q,,

k;: Electromechanical coupling coefficient dy: Piezoelectric strain constant e, Dielectric constant
@,,: Mechanical quality factor gy Piezoelectric voltage constant
= KOREA -
w UNIVERSITY 33

(5 re) AL of S}
H| 7| SHH| AE] A7 HY ECLAB)

0.96(Na, K)(Nb,_,, Sb,)0,-0.03(Bi, Ag)Zr0O;-0.01SrZrO, [NKNS-BAZ-SZ)] v
&l34/5, 1 906

PEHs using [001]-textured NKNS-BAZ-SZ piezoceramics | ., .0.77
- Simulation of PEHs using [001]-textured NKNS-BAZ-SZ ceramics | diy : 500 pCIN
- Output power at on- resonance and off- resonance condition

v dy3X 8451 31.2 1012 m?/N

Fabrication of cantilever type PEHs

[ Fabricate PEH (voltage, current, power)

Measure output performance
- Ceramic attached to SUS304. ]

53 mm

Voltmeter

Fmm—m—————-

[Schematic of PEH]

Y.G. Chae et al. International Journal of Energy Research 2023(2023)
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PEHs using [001]-textured NK(N,_S,)-BAZ-SZ piezoceramics

M Simulation of PEHs using NKNS-BAZ-SZ ceramics

[ Calculated about stress distribution of PEH ] [ Measured resonance frequency ]
/ Type-] PEH Von ;‘:7::2;"“5 \ ( \
 x10° 70 o =0
Simulated Resonance Frequency s ~ 60 - L] Zio-m
e : B8 o
Z 50 °
3.5 g‘n
= 404
3 o
=
2.5 > 301
=
> & 20+
=
1.5 o 101
- 0 T r 2 1 -
100 110 120 130 140
s Frequency (Hz)
0
= s y

Y.G. Chae et al. International Journal of Energy Research 2023(2023)
sm KOREA 35
"5 UNIVERSITY I

H| 7| St A Ayl
PEHs using [001]-textured NK(N,_S,)-BAZ-SZ piezoceramics

M On- resonance condition kj e Qm
FOM,, = —_F
80 @ z=0.00 350 @ z=0.00
704 @ z=0.01 @ z=001
% ° 2=003 €300 @ z=003
£ 601 @ z=0.05 |le z=005
Z o z=008 225015 Z-o0s
o 201 =
& 5 200-
£ 40 =
=) 150+
> 30- =0
s = ]
2 2] gloo
3 10] S 50
0 T : T O T T
1k 10k 100k IM 1k 10k 100k IM
Load resistance () Load resistance (£2)

Y.G. Chae et al. International Journal of Energy Research 2023(2023)
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PEHs using [001]-textured NK(N,_S,)-BAZ-SZ piezoceramics

B On- resonance condition

:
1

z=0.00
z=10.01
z=10.03
z=10.05
z=0.08

0.8

e e 0@

| o\ N
2 8 0.2
[

Output Power (mW)
[S]
Output Power Density (mW/cm®)
@
/0
d

1k 10k 100k M 000 002 004 006 008
Load resistance (Q2) z

Y.G. Chae et al. International Journal of Energy Research 2023(2023)
sm KOREA 37
S UNIVERSITY
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PEHs using [001]-textured NK(N,_S,)-BAZ-SZ piezoceramics

B Power densities of various PEHs (On resonance condition)

d33 x g33 | Frequency |Acceleration Om‘:’:;sli):;wer
Composition kp &r Reference
(102 m¥N) (Hz) (m/s?) (mW/em?)
This work 0.77 906 31.2 120 9.8 7.86 This work
(Textured NKNS-1BAZ-1S7) ' i * i
L. Peng. et al. Adv
Textured NKN 0.76 2100 277 - - - Mater. 30 (2018)
Lead free- S-H Goetal J
based Textured NKNS-BZ-BAZ| 0.64 2500 29.6 131 9.8 43 Eur. Ceram. Soc.
42 (2022)
S.-J. Chae et al. C
Textured NKNS-CZ 0.57 1260 257 129 9.8 3.6 eram. Int. 48 (202
2)
Yan X, Zheng M, Z|
PZT-5H 0.75 3800 12.6 40 9 4.6 hu M, Hou Y. Crys
tals. 10 (2020)
KIM et al. Nano E
Lead-based PZT-PZN - 1254 24.1 100 9.8 2.4 nergy. 37 (2019)
T -G Leeetal J
PZT-PNN 0.65 1610 25.2 255 9.8 1 Eur: Ceram. Soc.
372017

Y.G. Chae et al. International Journal of Energy Research 2023(2023)
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PEHs using |001]-textured NK(N,_S,)-BAZ-SZ piezoceramics

B Off- resonance condition @ 200 Hz d..g.
FOM,, = ZijeSi
tand
21s 03— =
e @ z=00l
2 e ~ gle z=003
>§ Pt < ® 7=005
S 2 e z-008
[F] e N
2 5 °
= 1 g
o =
- O 4
z E
5 S 2
o @)
0 T 0 T T
1k 10k 100k M 1k 10k 100k M
Load resistance (£2) Load resistance (Q)

Y.G. Chae et al. International Journal of Energy Research 2023(2023)
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PEHs using [001]-textured NK(N,_S,)-BAZ-SZ piezoceramics

B Off- resonance condition @ 200 Hz d..g.
FOoOM = 1=
o tand
5 Te Z=000 s T
@ z=001 “ L
_31e z=003 § 121 603_
= o 9 &
2440 210+ /g/ 45 %
5 g0 )
o g %] e % C.%
2 %] 2 4] '
2 1] i o L15 3,
S & 2- ° z
= k' —
0+ : ; © 0o ; ; ; —-0
1k 10k 100k M 0.00 0.02 0.04 0.06 0.08
Load resistance (£2) z

Y.G. Chae et al. International Journal of Energy Research 2023(2023)
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g

J.H. Kim et al., Nano Re

s, 2019

e Schematic and Stress distribution NKN PNG

=  Schematic diagram of NKN PNG

PET [l Ni

. SNO nanosheet
seed-layer

(Na, KINDO

Crystalline . Conductive

s fabric

Simulated image of stress distribution

Von Mises stress [N/m?]

In bending motion, mechanical stress is developed on Ni foil

=- KOREA

“ UNIVERSITY

and this stress is transferred to the NKN film

HI'E | SHHAE Ao

g

J. H. Kim et al., Nano Re

s, 2019

= Open circuit voltage at various strains

strain rate : 1.59 % s

0.5 4

0.0

-0.5 4

Open circuit voltage [V]

-1.0 A
154

2.0 4

®

-2.5

T 069%

~053V (11)

0.81 %

itk

~ 1.2 V|(iii)

~20V

1.17 %

010
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“ UNIVERSITY
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Time [s]

T T
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Time [s]

T
20 30 40 50
Time [s]

Open circuit voltage [V]

Open circuit voltage at various strain rates

25

strain : 1.17 %

2.0+
1.5 4
1.0

0.5 4

o

-1.0
-1.5
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25

——0.85 %s?!

@

~0.64 V (11)

1.15%s™
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" As strain and strain rate increased

— open circuit voltage is increased
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HI 7| SHH[AE Hpreidd
1. H. Kim etal., Nano Res, 2019 ¢ 7" :._‘. 2 (‘D
* NKN PNG |
= Qutput voltage with various load resistances =} e output current and output power
2.0 1.00
Volt A% . —|V,.[V]
] 5_(3) oltage [V] = 0_757(b) oD
: 20.501 H=
> 0,25
1‘0 . 3 /
= 0.004 O Or=——r=C P
BT
0 L S 1
£-0.51 E 0.5 ~O~0-0 [o ¥
=} 1.0 ; 0.4 (d) —/— Output power [LW]
' £ 0.3 /V\
1.5 0.2 v Y
' . 20.11 o ~
20 Resistance :1 MQ ‘os 0.01 v 7—V =
0 10 20 30 40 50 10° 10* 10° 10° 10’
Time [s] Load Resistance [Q2]
*  Qutput voltage (w 1 MQ) — Saturated output voltage: ~ 0.75 V
— Max output voltage: ~ 1.0V — Max output power: 0.34 uW (@ 1 MSY)
— Quiput power density: 2.4 uW/mm?
sm- KOREA
" UNIVERSITY 43

Meta material -2 SH|AE S A7)

v" Piezoelectric Energy Harvesting Issues

Y
e eﬂe‘g
was

active energy

wasfed
; e
Mechanical Energy 09,@,

Energy Harvester Electric Circuits & Device
Source

Mechanical Energy is partially harvested & weak

B Need more energy to harvest
'3 KOREA

70 | SYSZHSIT LINC3.0AIRIT



Meta material M2 SIH|AE A2 A .

v Piezoelectric Energy Harvesting Issues

ive energy

5 ive energy

AV,

Mechanical Energy
Source

J\‘h energy
' Energy Harvester Electric Circuits & Device

Focusing

Localization & Focusing of Mechanical Energy

B> Metamaterial
=- KOREA

et UNIVERSITY

Meta material -2 S| AE HLE Y | .

T.G. LEE et al., Nano energy, 2020

45

v' Convergence of Metamaterial & Piezoelectric Energy Harvester

Piezoelectric
Metamaterial E
nergy Harvester

Convergence

Devices

Metamaterial Energy Harvester
(MEH)

* Design & Fabricate metamaterial
« Certify wave localization
+ Establish design effect of harvesting device

* Investigate power amplification effect

SISty MQIM2te) ICC Ab-sh-A-2t 2 | 71



Meta material -2 StH| AE H 1A

T.G. LEE et al., Nano energy, 2020

v' Design of Metamaterial

» Final Design : Wave Localization by Defect

Mechanical Wave Target : 50kHz Elastic wave

Localized —. =
—_—~ p—— p—— SE—

Incident
Wave

sm- KOREA
" UNIVERSITY 47
. e
Meta material -8 S| AE| A AT)
T.G. LEE et al., Nano energy, 2020
v Experimental Wave Localization
» Displacement Amplification by Metamaterial
Center of Defect Displacement at defect s FFT of Displacement
f 601 Meta-Plate . 50kHz
—— Bare-Plate =
£ 124
] =
E 0 =
Incident wave : E e 9 !
o 8
PZT Transducer with 50kHz a 301 ﬁ_ 34 \
) %
20 cvdes. -60 0 ,......................«"NV’ V f T P
of tone-burst signals . . . . ‘
0.0 0.4 0.8 1.2 1.6 30 40 50 60 70

Time (ms) Frequency (kHz)

Displacement at Meta-Plate : ~52 nm
~2 Times Higher

Displacement
Amplified!

Frequency Maintained at 50kHz

+ Displacement at Bare-Plate : ~24 nm

5 KOREA
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T.G. LEE et al., Nano energy, 2020

v' Power Amplification by Metamaterial

» Power Comparison between Meta-Plate & Bare-Plate

3.0
| 8 —&— Meta-Plate #2
25 = N —4— Bare-Plate #2
s | § 5 ~2.7mW v Optimum Device (2.7 mW)
E 204 2.2 i - Voltage : ~5 times amplified
‘g 1° 0 - Power : ~25 times amplified
3 1.5 107 10°  10°
o Load resistance (Q)
2 1.0
=]
o -
0.54
0.0
10’ 10° 10° 10 10° 10°
Load resistance (Q)
’ Calculate Amplification Ratio of Power
sm KOREA
UNIVERSITY

KOREA

UNIVERSITY

Thank for your attention

SLOisty MMt ICC Ah-8h-A-3 23 | 73






= skl o]
—|EEH—|-
OI'
4 nh.'*lli‘-f"' I

b
MITA| HHE
1]
7

SO[At
|AF TDL)

<

<r
alo

N3

S

.l

el

<r

A

(






TDL CO., LTD http://www.tdl.co.kr

T;lff’ ZAB|AL E|CIY

VI

TD@ =AlB|A} E|CIY

Content

IHHNY FF L 54

. SMD HX|

. E3HE MaN HX|

. SUMMARY

SUOHSLY MRIMt ICC A

HIMHX AHE 7|&

TDL 438 HIH| Hal

.G}
=

uA

Ol
o2

L H|

oz ry |77



KEMICH X o] &

=002 Hzt

2% FX|2] HAb ESS SHHALD &X|

50 40 30
14 [ER. T2 AR A | S MIE Ol A
1900 LH 19501ALH 19901 LH : b B
2017'4 88 e
O|= 2019'd 127tX| S
AREL & 217 M
S CHOE TR HOE . BHFY 7|7 20194 13 ‘212 BHE ESS BHRALD |
- A= 7| CEjEal wEE L xas My 20199 I A 9 QB ZH
- 717 CHEZZ “XEV « Xev
+ HEV LHS, ESS MIZE A CHAH
kel oo bl 3H 8=
. 7]7)2] At .Dgas Has) - E4EE HI37H 2Hee] 74
2% 75 oD L ABS SHME
g HY3S ~Ho} g mam LRI SERHRIQI AL ST
= 58 &
SEE
. A E i
=g = Johnson Controls, i?lt‘E'lﬁj'l_'— . LGB}SL AbM 6% SEA QI Sl OFE Rk CHAE
Z " 5 =3
71 Exide, GS Yuasa oLy SDI =S

&2 LGER AT R(2017)

HX|of th7t=

>
P
e
r
O
it

Olg2lole @28tk  ZAo| RELR} 0j=2| g
YHMER EE} 7t8 BHEP| E0p2 ojjcie0|
HA zx2 HE 0B &TA] LW EE U8
FRORINA LY WY I7LAEE el 2E MEs
fel= X3 ECO|HEXAT
XpE2} viE{2|2 8ol F&t
488

0= 71y
2ol L7
UUX| LY. 2
7Pdol| Afgst=
HEH AA HTX|Q|
T, 60 ACHSE
Ferdojet suc2

THE NOBEL PRIZE
IN CHEN Y 2019

78 | SYSZHSIT LINC3.0AIIT

2642 HEY
FEIFE 27}
olux] 71 Aol

7 O|2|E WOt
2|8O|2%x| ¢y

.

Y= L7} AY xZMT
2iS0I2TXIE w7t MEE
A 7 OlZ8H HciA
CHEkat 2lE0l2 Tx| 7
X3 Atg 3¢

#(1922.07.25~2023.06.25)

/ 2|@o|=2Ex|| 2F




HX|(2l&0|=2Fx)el A

Charging Discharging
m ‘Cnarge Process of a Conventional Lithiem-lon Battery Call m LU Discharge Process of a Gonventional Lithium-ion Battery Gell m
=
g

LiCoO: « LinC00.+ x Li* + x e (cathodic half)

x Li*+ x e+ 6C < LiCs(anodic half)

Results in Engineering 15 (2022) 100472
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NCM Lithium Battery
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] A" =y £
« DA HSHE YA HMEOo| F (104~1065/cm)
A . 3y Ofx{M oA o I AR EHE A H " 2et
HBtEA(oxide) | | 2715 UHY 2+ end Wi e
- H2Y 52 2| B02FEL (103~104S/cm) | - 1,000°C 0|42 52 44 2
27] oK . fEE u s 2
o= E7| E OHHAM FHO (FE U2 £
. =2 3E0|2FELR (102~10-3 S/cm) o 3;_ =o Tl T oS0 &5
o= = s § .
2312 Hl(sulfide) | | EE.‘/EBII’E?.P‘;S.E—% A " 20| . §’ﬂ’.‘i°iél%§’8ﬂl ME H=S HAE AHA
o DHEE Y
e M HOHOF QXA A . Lio =l X
=ao| Z2jnf Bl g e
27| 1H * Roll-to-Roll 37 =& &0| - A2 BHME AL JHs
I-IE“II MO MO QlktA © A
= A = WS AT YEM 24 . =y 4 2 o
2 220 SmolSHeE e W2 I|AN ZER B 23
2et=4 il | 22
lon ~ Reduction lon Reduction lon Reduction
selectivity stability selectivity stability selectivity stability
Electronic Oxidation Electronic Oxidation Electronic Oxidation
ASR stability ASR » stability ASR stability
lonic Chemical lonic { LN Chemical lonic Chemical
ASR stability ASR \ stability ASR g stability
Device Thermal Device " Thermal Device Thermal
integration stability integration stability integration stability

Processing Mechanical
cost properties

Fig. Nature Rev. Master
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Processing Mechanical
cost properties
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Processing Mechanical
cost properties
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Conductivity at 25 °C Classification

Composition (S cm) Reference
Li; Al 5Ti; (PO 7x 104 crystal (NASICON) Aono, Imanaka, Adachi, 1990
Lig 3l @y < TiO, o4 14x10° crystal (perovskite) Inaguma, Ito, 1994
it | LlaZr,0,; 3x 104 crystal (garnet) Murugan, 2007
# 50Li,SiO,-50Li,BO, 40x10° glass Tatsumisago, Minami, 1987
# | 90Li,BO, - 10Li, SO, 1.0x10° glass-ceramic Tatsumisago, Hayashi, 2014
Li, sPO, 4N, 4 (LIPON) 33x10% amorphous (thin film)  Yu, 1997
Liy oAl e Tiy (PO, 1.3x 107 glass-ceramic Fu, 1997
Lis £4Sl; 74P 46811 7Ch 4 25x107 crystal Kanno, TOYOTA, 2016
Li,,GeP.S, (LGPS) 1.2 x10% crystal Kanno, TOYOTA, 2011
Li; 2G5 26Po 55, 22x10° crystal Kanno, 2001
& Li;PS,O 1.3x10° crystal (argyrodite) Boulineau, 2012
{£ 30Li,S-26B,S,-44Li 1.7x10° glass Wada, 1983
# 50Li,S-17P.S.-33LiBH, 1.6x10° glass Hayashi, Tatsumisago, 2013
M 63Li,S-36SiS,- 1Li,PO, 1.5x10° glass Takada, Kondo 1992
57Li,S-38SiS, - 5Li,SiO, 20x10° glass Tatsumisago, Minami, 1995
70Li,S- 30P,S. 1.6 x 10+ glass Kennedy, 1990
Li,PsS,, 1.7 x 102 glass-ceramic | ﬁ'rras Tatzsan{gsaoo. 2005
Ui 26P0 0554 1.3 x10* glass-ceramic Hayashi, Tatsumisago, 2003
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W sumumcn TOE s nety, sumanc
[ - ol samanin. Semans TOE =
Hx| 2N NCM/Z2|HE DA | NCMLFP/AStEE DA | NCM/ZiZtE BN INCM/Y AT S +22( 9}
= /Carbon /Li metal /Carbon or Li metal /Carbon
O|RFEE <10*°5/cm >10%"* S/cm 2102 S/cm 2102 S/em
Iz 54 P4 2 = =l
Mz §Md = A= = HoH &z
QFFd OFH O 2 oHH HE (2ot Aagl) Z4 oAt e
HZ=A| HAtA1E H|E St ZolEid| 70% &= StCh
H= 3d Ho|= s e ot
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~ ANODE

P - — Anode-free
—| QuontumScope Lithium
%. sg!%grgy Lithium
8= | - | jonic Lithium or
— | —— | ATERIALS Graphite
£ = Sion Power Lithivm
% %= Solid Power Lithium
D solore Lithium

o Lithium or
ProlLogum
.! W g Graphite/Si
‘o.l Q:ﬂ'g:&b“ Lithium
o 'Panasonic Lithium
Lithium

>

|
R Snmisuncg

Ag-C coated

ELECTROLYTE

Oxidic & Sulfidic Ceramic

Semi-solid Solvent-in-Salt
| Doped Pi-conjugated Polymer
Hybrid Ceramic-Polymer

Sulfidic Glass-Ceramic

7PEO-based Polyr;\eir”
Oxidic Ceramic

e.g. PEO-based Polymer
Oxidic & Svulfidic Ceramic

Sulfidic Glass-Ceramic

https://www.orovel.net/insights/solid-state-lithium-battery-techno-and-business
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TDL £t2tE M A| Fol &

Dlid Electrolyte Mass Production status

O Couette-Taylor Reaction Principles

. wet precursor
Yy " i
1 Rofaticn of inner cyinder
| B |

LLZ0 77 B
A UREE ORI A HIS0| IREAR 2AN 42

-doping -doping
; Lig 26580 25 Lig 541, 25
1. | M -La;Zr,0,; -LayZr,0,,
2 | Type Pilot MP
3 | Capa. 1009(SPL) 250kg/M (3ton/Y)
i Co-precipitation in Co-precipitation in
4 | Synthesis Talyer-Couette Talyer-Couette
5 | Crystal Phase | Cubic Phase Cubic Phase
6 | Particle Size | Dgy=3~13 um Dsy = 2~10 pm
lonic 3 5
¥ Conductivity z1X10°% S/ =2 X 104 S/em

Solid Electrolyte (Sheet)

O AI-LLZOS| O|2H == ZHHA} H|(TDL vs ZAHMAD

- 10°

[ 9x104 1 No. (2= g o|l2@HrE H| 1
5 a0t ZAMA} i TDL ,

w 7%10 e I - (Unit) Q) (S/em) =)

5.51E-04

= 6x10*; 15"‘205‘““ 5*‘;5'0“ 5142-04| | 1 | (B)Toshima 331522 | 4.713E-04 7im
= 5x104 4‘7;934 4.59E-04 | °

= 4 2 ! 2 | (®)Ampcera(A)| 40.1551 4.598E-04 10pm
B 4x107E 3.51E-04

-g @ i 3 | (2)Ampcera(B) | 51.9483 3.515E-04 0.5um
c 3x10%F 1

8 H <LLZAO 40wt%_70C> 4 | TDL Ml 1t 28.1591 5.425E-04 10um
P : [“ ] Toshima

2 ox104F i " ] Ampcera un A d ¥

g ! o Enpesmm 5 | TDL d& 2n 33.5750 5.410E-04 10um
= i @  TDL 4% st

- H @ TDL 4% 2nd 6 | TDL 2ZH_5um 27.7044 5.514E-04
&5 H @ TDL a7 5m
3 y 1 @ TDL 27 10um 7 | TDL 2% _10pm 29.9939 5.143E-04
10
1000/T (K'1)

ZU . 5L AE FHZ 70°COM 0|2V x HFE
3} : 2 Ab(Toshima, Ampcera)-A| E0f| H|3{ TDL-A|E2| 0|2 HEE 7} 48

i
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* @ NCM622, Super-P, LLZO, PEO, LiCIO4
* DRFHYE : AI-LLZO, PEO, LiCIO4

. ] e = J . o
O Al-LLZO®] Coin cell 7|25t E4 H| @ (TDL vs ZHAD * 83 Li-metal HELE : 70°C
200 ?DB i P PT
- N = 100 g
; 45
B 7 2 g
E 25 = 80
— =]
= £ 70
a X 50+
o
o = 40
o (5]
% @ LLZAC(Toshima) S 30| e Lzaomeshima
g 40k : t;z:gﬁ;:ﬂ?;) 8 20l @ LLZAO(Sm, TOL)
@ LLZAO{10um, TDL)
w @  LLZAOEM ST, TOL) 10| @ LLZnG(SWHTE’.‘,‘_ TOL)
0 o |Lm?[5w' TDL, KT‘R D,EEI‘!] . . . . @ LLZAO(Sm, TDL, i(T‘ROZCI-U N X . X
0 10 20 30 40 50 60 70 8O 90 100 % 10 20 30 40 50 60 70 80 90 100
Cycle No. 240 - Cycle No.
200 : . : : ‘ ‘ 188 110 : : : . :
~ i ! § 100Fee9ggg ; i i
[=] 3 s g H e 90} i ‘ 3 B ! ) 3 H
= 160} ; i H : ! 1 s H : 138 3 : hd
< : : ; : : = sof H ! ; ] i
S ol3%as844s,,, | Enof | 3%
> 120999304 59009 : 1 k= : : : -1
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Li-based uurum-c oxide

—
— Electrolyte:
—_— Li-based ceramic oxide

e Charge collector: Cu

.~ CeraCharge™ Key benefits
Intrinsicall i
« All solid-state rechargeable battery with no liquid o O rCa W e CeraCharge 1812
electrolyte » Cannot leak. burn, explode
% S e 100% Pb-free Nominai voltage ™M 15
* Basedona mqnﬂayef !e:hnolqu, similar to MLFCs, » No special handiing required for ing vl Ot 1.8
but with 1000 times the capacity of a capacitor in oli Operating voltage -
e Same cass sioe regycng Nominal capacity [uAh] 100 £20
: ! € Easy to assemble Nominal discharge cument  [1A] 20
= Replacement of coin cells and supercapacitors S  Balow saltiabie Cperating temperature rel .20 10 +80
= To increase capacity and voltage, any number of s Embeddable
individual components can be connected in series » Noneed to change battery Case size [E1A] 1812
and parallel. e Available in EIA case size Dimensions [om] 46x32x1.1
S e @& Robust design
B e \Wide operating temperature range
e Suitable for vacuum applications
4 Samples available
\ Main applications: Appllctuon note: available
h loT devices. real-time clocks,
BLE beacons, systems for energy
I slecrode (L |- based "?--w collector harvesting
ceramic o (©

https://www.powersystemsdesign.com/articles/rechargeable-solid-state-smd-battery-for-iot-applications/22/13512
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ltems TAIYO YUDEN XBll | 6D
Within, the Furure
Image g uuimuun‘umu
Iﬂ n
bl ‘:
Structure i
y
Electrolyte Li6PSSCl Li20-B203-P205 | Li02-B203-5i02 LATP
Cathode active material LvP LVP/ LFP/LCO/LMO LMPO/LCPO LiNi0.6C00.2Mn0.202 LCO/AMO LCO LCO/LTO/LVP
Anode active material LvP 1 free cuide ( TIO2, $102. 00 ete) Lo Carbon LTO/Carbon Carbon LCO/LTO/LVP/Carbon
Sintering condition 850~890°C/N2 600~900°C/N2 800~850°C/N2 Sintering-free 800~500°C/N2 700~850°C/N2
Operating voltage 0~1.6V 0~38V 1.5~3.0V 1.0~2.5V 0~38V 0~38V 0~1.6V
Operating temperature -20~+80°C -20~+125°C -20~+105°C -20~+125°C -20~+125°C
Nominal capacity 100 pAh 10 mAh 147 pAh 16mAh 150 Wh/L (1C) 6mAh 25~30pAh
Nominal discharge current 20 pAh 2~25 mA(25°C) 1.0 pA 60mA 21.3Q (DC ESR) 60 pA Suh
Dimension (L*W*t) 4443.0%.1mm 5.0#5.0¢2.0rmm 4.5%3.2*3.2mm 145%14.5*4 0mm 1.0%0.5%0.5mm 10410*5.0mm 5.8%5.8%2.0mm
Weight 0.04g 279 0.169
- I{.)T' e 10T, Wireless Weaable device, 10T, Hea.hh fme 10T, S.mart home 10T, Wearable " Ha.alth e
Applications device, RTC Power . applications, electrics backup ; applications, wearable
earphone Energy harvesting ) devies .
source wearable devices power source devices
. Mass productions in Proto SPL & Pilot
Production 30kpcs/M Under development | Under development 2023 Under development |Under development production In 2023
MLCC additi
Sulfide oxide Buffer layer to N ) e Self-material
Remarks 2 ! technical Y5
adoption perform high C rate ey application
applications

SMD

LCB
Applications
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E-bike

Data Center UPS

O

T8 :90%@20cycle

E scocler

BBU buill in server

E-motor

Residential ESS

Power Plant

Satellite

Explosion-proof
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Slurry mixing Coating Green Sheet

Laminating WIP (Warm Iso Pressure) Cutting Firing
‘ I
o =
_A— . ‘ w )
] - x
e

) External N g
Tumbling Electrode Plating (Ni/Sn)

Formation Outgoing Inspection

- -

Shipment

:}‘)“m boundary

4 ‘v i#, @ Dendrite growth
\{ from Li interfaces
'® @ Dendrite nucleation
inside sulfide SEs

l. dendrite
Lithium dendrite growth

® Insufficientionicand ~ ©

electronic percolation T
@ Low utilization of

cathode materials ‘

Poor physical contact

Cathode int & Conti
® Elemental interdiffusion i 4 MUOKIEKIEN o Thermodynamical
s instability at interfaces
@ Interfacial (electro- ;
i ® Formation of
)r:m;:I A v interphase layer with
i ’ f mixed jonic and
® Space charge effect (1 electronic conducting

[Electro-Jchemical interfacial reactions j i } Unstable interphase layer
= m""\m ® Poor contact induced

® Volume change of CAMs m‘"’ interrupted ion
leading to contact loss we L 4 transport and dendrite
® Chemo-mechanics > I : . ; x Y formation
coupling induced cracks : L Conductive additives iy ® Listripping induced
J i 7 sulfide solid electrolyte particles | %y void evolution at Li
! ; B Lithium metal anodes :' voids__Surface
I
\

Chemo - mechanics induced fallures

s
\\
| Sulfide solid electrolytes (S€s) _/ X Physical contact and stress evolution

https://onlinelibrary.wiley.com/doi/epdf/10.1002/inf2.12292
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i 234 “\ = }\ \ —1¢ ° ""-11.,___
PETHH o iR = REN
77')5'—‘9&1 77')5—9&1 ?7U7—S’Z£I mu.o 40.0 a;:apw(#%rﬂ 160.0 é a0 \ I
' Bk ‘ 44 FAZ0F4 HEERO25T —oic w X 0 1 2 3 4 5 6 7 8 9 10
TR e Crate
77,3 TR —ase
—1c
— W = x A AnIE (S/cm)
\ - Li-P-SHTAR 5.0x107
| —10c TFILSO5 T R 3.0x107
0.0 40.0 Capaut\r(uu‘h’g) 160.0
1 3-3¢ EHHEABIEEEBRET LQ IBOFIELE
| T—
—
20 YRS h» ARES
JL A (CIP)

3-35 —rREEMOHETRE

20175 NEDO ME M ST 2B} 78 20

g

ot= HaNHX]

S
- DO X| 2= 2| ASSB (> 400Wh/kg) : F=(>4 mAhcm2), thin SSE (<50 pm) 78
- A B key : |4 HIQIE AR 2 EE2E &3 7 Y mixing Sh= 7|&

lonic tortuosity

Solvent vapor

Low energy consumption

w485

o &b

Voids @

Uniform binder
Low cost

92 | SyBZOS

Eeo-friendfy — Tortuosity r —{#
-15%
o raser G
- * L Wet method Dry battery electrode
High lonic tortuosity Reduced fonic tortuosity
Wel Dy Poor mechanical strength (binder § wi %) Good adhesion (binder <1 wi %)
— No solvant =
= 1= e i e B
Maxwell type
& Ensrgy cost—38% A ’
oy Material cost ~2% \ E=N
Compatibility High performance

+ Inosganicipolymer availabla
« Thick sathoda (> § mANcm2)

4 Low binder content (< 1 1 %)

Mixing Coating

High efficiency

Increased sirength (+50%)

Lower impedanca (-30%-50%)

Impraved capacity (+>20%)

Drying/solvent recovery

3L Mixing Coating From hours to minutes

Matter 5, 876-898, March 2, 2022

LINC3.0AIHE

Extrusion

Dry mixing

Dry coating & calendaring
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Processing & st porte sealloadieg s Table 1. Standard Processing Capabilities of Isostatic
Integration rrachanical Pressin uipment”
Challenges in et g Equip
Solid-State B o oo ST ISP technique CIP WIP HIP
oo :mpm & mechanical pressure medium liquid - liquid - 0il/  gas - argon/

Lt o water water nitrogen

anterfacky contact
standard temperature rating  20/68 150/302 2000/3632
e (°C/°F)
mechanic
propeniss standard pressure rating 600/87 500/72.5 207/30
(MPa/ksi)
—— cycle time o + ++

Solid Electrolyte . Very High equipment cost o + ++
Density Distribution “Qualitative values are represented by o, +, and +++, where 0 < + < +
with Uniaxial Pressing I e .

[ tow

2 g @ Geerpeid @)
Cold | Warm | Hot Isostatic Pressing

207 MPa 20°C

| 600 MPa 2000°C

|
A?LA
I

ACS Energy Lett. 2022, 7, 3936—3946
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O o e R NN R R N RN SN RN R N NN N RN NN S RN NN N NN SN N NN NN N NN SN NN NN N NN NN N NN NN N NN S RN N N RN RN N NN SN S N N RN NN N RN N N NN NN N NN SN N NN NN NN NN BN BN BN BN BN B o am

‘--------------------------------------------------------------'
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& ™™ TN T NN N R RN NN RN RN RN RN N N RN RN RN NN RN RN SN SN RN RN NN RN RN SN RN SN NN N R RN RN NN RN RN SN N N R RN RN RN SN SN RN SN SN N R RN RN RN NN NN RN RN N R RN R RN A A

SR

O o e R NN R R N RN SN RN R N NN N RN NN S RN NN N NN SN N NN NN N NN SN NN NN N NN NN N NN NN N NN S RN N N RN RN N NN SN S N N RN NN N RN N N NN NN N NN SN N NN NN NN NN BN BN BN BN BN B o am

‘--------------------------------------------------------------'
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O o e R NN R R N RN SN RN R N NN N RN NN S RN NN N NN SN N NN NN N NN SN NN NN N NN NN N NN NN N NN S RN N N RN RN N NN SN S N N RN NN N RN N N NN NN N NN SN N NN NN NN NN BN BN BN BN BN B o am

‘--------------------------------------------------------------'
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