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S Ao ZASIAL i}, A7) oA HAAE B A AYE (TH 1o B el o] dao
wel A, AR, Fuke A 52 Holeto] ARgSit #3 ot AZHHEAA] (power conversion

system)7} BEH 0w AMgEi] o] MW 8] BEo] HeNLER] 27jolck
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22 7129] AdE 2H HHE, 7R4717] ohg] SolA 1T 71719] et dlo[y AN 71 whe
glo]8] Alle] 52 Akt of|A] 428, H7IRRsAF A9 |t A, AR ofluf#] 50 Qlsf e ARgwol
Fdzow F7ISHAL Qtk ol QIS M2 ARl it SHet oA oluA] f719 & Al d3tol
tfulsto] AeHegA] & M AAF O] A5 T oliA] ] 8771 oML itk &3] ©4 Y
2 3]t SfahA HEolluR] AFEL] B3l BAoln, oiRlAE HlESHA| ok HYAIAEIH
7IAREAL, AAEeAR])o] Al 7= Qlrk. (17 1ok Ei= Hie} o] o] Al AiE AH7A|9]
71U A] ARE SEOA AW 7|&0] WpF o ARRE, A YA AREO] T&3k = A= HEHdt
71€9] g4k ofufgitt, Mgl 71&0] A2 et AR A9 12 9 |2 7]Eo e o] FofR|ARt
W FEo] AYEER] AHHEAE F3f o]FolA|H, olF HsiA AHA] 2419 §4l 8471 AR
ek =y ¥A7] @A AREE]oRE Si(Silicon, AEE) 71HHe] MERIEA] £419] s ol Aol
2T 9lo], M= tieko = XA AeuteA] 2xpE0] ZidEo], 22 Sof Aol Ak or wlH1
At SFATF o= ZA AEREeA] Axtg 23l Gl o] EMEZY(WBG, Wide BandGap)
A=A 291 SiC(Silicon carbide, A8& 7HHlo]|E), GaN(Gallium Nitride, 2% Uo|EZfo|E)S
7RO R Rt ARIEA] 44} 7]%0]| thsfl aviishal, 71 oh2e] MEubeA] axte 2RI Q= GaOs(Gallium
Oxide, ARFEE) HRteA] Axjo] disia Asfigtch
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1. THUEX]| AXioF 2 et

Power Devices are used in:

- II\ Renewables, \

Automotive transportation &
industry

. Converter /
PFC/ power inverter
supplies

30-350 kW

Power range

* &% Yole Development(2018)

)
o

Aeut=A(power semiconductor)®t 271 oUAE 2Est7] o] AF-uF ¥ AY, Fi4
52 Aofsta, Aefshe HieAoltt. Aele] ¥gt & Alojo] ARGE= 1 [W, 2E] o] M gidsf
2913 a2 2 ARAAES 5ok UEA AR 1R Wg WY, 34, HE 1, A oy, A

ot
rr

1%,

l

) 5l Ao} 5ol AMSETh ABTALINE 71, ARIEE, AR 5 A1 AESH ABY AF o
U 4SS AY3E 9y BEoz Aser)
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AEA 24 AEe] A D Aol Il oJux] BEE YA o] HekE Aofstel,
K25 QP 9 AIZV3S Aok 8] el Qubalel WiEA] Aol vlsh TS thass) TSt
=S we) gow, ol 4] ()7 2ol ARt & UrkAAe, AU, 2016)

AT= RTH[(Von < I, )+ (f V) ](t)dt)f] ................................... (1)

A (DoM A T= Agan s dAgsh G2 Qe 2% WSIE, Ry AEHHeA] &%) 4TS, Vo, T
on 2(On) A8 521 AT ARE HelH, V0L ()= Altel e Adat AR, = F05¢E
LFERAT.

AR k= AYanE £0]7] ffsto] AGE S0, A90AS H=A] s Wko s Wristo]
a1, P Slsl 52 Al € TS HAs) ok o R s gict o W wigkol| wet (1Y
304 Hzo] ANAZE 85k AT 54 Fuiarof| Wit GTO(Gate Turn-Off thyristor, AI°1E
B oI xfolg]AH), IGBT(Insulated Gate Bipolar Transistor, A< AlP|E 424 EFAAH), BIT(Bipolar
Junction Transistor, 2= A3E EH;MAAE]), MOSFET(Metal-Oxide-Semiconductor Field-Effect
Transistor, < AP} WA AA| 5w} ERHAAE), o] E(Diode) 5 o2 $72 MRt 227t
7= o] ARGEIL Utk

Diode & BJTera /Thyristor& MOSFET era
v

1950 1970 1980 1990 2000 2010

Heverse condu
thyristor

Thyristor
Ignt Irig:
ANEEEEERNI] thyristor oy

L]

L

b o> |
™ L - EEEEEHN GTO L]
. GCT } (16T )
EESEEEE g E— ’ Bip. Trimodule) -

“ .~ = Bip. 'ﬁ{modme) EEEEEEESR
*

- > 7 Super Juncti
Power MOSFET ( uper Junction

ered

PowerMOSFETmodulej—( Smart IC
GTO : Gate Turn Off —IGBT LTS
GCT : Gate Commutated Tum-—of a ]
IGBET: Insulated Gate Bipolar Transistor m——

IPM : Intelligent Power Module = = = = = = = SiCDlode )x(5iC JBSKSIC MPS)
JBS : Junction Barrier Schottky SiC JFET

MPS : Merged PiN Schottky W

HEMT : High Electron Mobility Transistor ssEEEEEEEEEESn s (CCREETS

* EX gl 42H(2016)
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01 XIMICH HHAR=X| At 7IE

2. XMICH HHEIEHE St 2f0|=ME(Wide Bandgap) 2

AR aadlof wet Mt Axke] A ol tigt 857 A3 oA Si 7]5ke]
A WA ARtrs 87 ARFe WSS 4 gl Aol TS Sl

A ) HEEAS] 2(0n) 8 B Hetie 2 A Rono) T 2 A8 S Hedie IE2
Tl F= ERAAE} w=7] A AE 4= Sl IR AU Jof| $HA) Aol IAE UERACHZ A,
gR, 20106). & JEH E4A AF Ronpe EO1EE WFOR TG s, QI e 54 FEAY
Ve ARE ke s Tstas slo] A2 EFo]E QI(trade off, SIS ZZolH tE st HiiE=
RO R FAolA Bz TA) BAPIE 4] 9] ER Ao] & At FEAY EFel= o1 YAIS 2R,
o] mj7}4S Baliga®] A'sA4(BFOM, Baliga's Figure of Merit)2} Sict.

2
P L — o

It Si 79S| AR A2R= BFOM= MAAZ I 71 7ol A7 Slol, A= AFAl9] /444
S48 MYuteA] 2410 A2 FIAZE o e WBG &85 7IHeE st A=RieA Axps0]
tijto g ek, 201098 83 AR & 2ol Ao S5 SEI Qi

(E 1)of Sizt WBG &1 SiCe GaN 52| B4 542 EAIoFtHHikita et al, 2009). (I 1)°flA]
H50] Si = GaAs(Gallium Arsenide, H|AS} ZFg)ol H]8)) SiCeF GaNeo] of\#] ¥H=74(Eg, band gap
energy)o] o} A AA|(critical electric field) o] =t} o]& 213 BFOMe] SiC¥ GaNe] Si thH]

ol SiCeF GaNo] AAd A=A Sd=H Brdsite 2& € 4
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GaN Diamond

SiC(H) (Hexagonal) (@]
H 7H
OlL{X] ¥=2(Energy Band Gap) 1.12 1.42 3.25 34 5.45
[eV]
HATFHA
(Critical Electric Field for Breakdown) 0.3 04 3 4 5.6
[MV/cn]
A OI= i
&t Of=(Electron Mobilty) 1,500 8,500 1,000 1,250 1,900
[or/Vs]
QMA4(Dielectric constant) 11.8 12.8 9.7 9 55
TSRS E
(Saturated Electron Velocity) 1 2 2 25 2.7 ?
[107cm/s] z
;
BHEE(Thermal Conductivity) Al
1.5 0.5 4.9 1.3 20 2l
[W/em-K] o
3
Baliga®l HsXl 7|
(BFOM, Baliga’s Figure of Merit) 1 146 548 1.507 3.840 “:’
=
Keye?| &5kl 2
(KFOM, Keye's Figure of Merit) 1 05 51 16 321 5l
* Z3: Hikita et al(2009) N

AT ook O e M HI @
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01 XtMicH THHHI=X| AKXt T1&

3. SiC HHLTH| AX}

HREA AA2A SiCS Bl (I8 4ol 2 ekt UekMashaly, 2017). (18 4% §i 8
MOSFET(4118, 334, A8, T 349 WA ERXAE 4] Qbael 54 729} o] SiC
WSS W9 44 P2 HEsHL itk (1Y HoIM Bo] e MOSFETo] & PEA%E e
9IS SR ojol(drift layenehil SHe B9 St Wasteh Ox gefe] FRALL 9t o]
SHIE golofis & Aol AFL Folt TS 3] ] HEA 2749] & A 5L
Wolwaic, ofo] ¥BY, SiCk PRAULS Ak SIet SelE Folo] Lol 1/107H] Zolk Zol
7R5o Sigh 26 GRAL ol B AL & AL TAY 4 Urk EF SIC MOSFETS FEA%L
ot o] ofsto], O G00~000VEY FEAY ABL FASK= sicl ulsh 1200V o
10,000~15,000V7449] A o] 7Rssict. ol B8lel AIHAOZ Si-IGBTCIOIE 4L 53
HRE ATk 12 GG WA A7) Axph oSS A5 Qe 2T HA] 24 Gl

g3t A5 B

Material Property Comparison between Si and SiC

Breakdown Electric Field mv/em): Higher voltage capability with

thinner & lower resistance

03 28 semiconductor layer
Si-MOSFET SIC-MOSFET
Gate 1/300 Lower
SOUFCHW@ Drift Layer Resistance
he
P P v
“... Reduction of Conduction loss
Gate

Voltage 1 “.Source Source
Isolation 4 2 \ :

area

Thinner p

x 100 Higher
Doping Concentration

Drain Electrode Drain Electrode

* &% : Mashaly(2017)
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O 2 Si-IGBTS] 7+ Tl AN} A5 Bagdiel w2t 10~40kHz ARt SiC MOSFET®]
T T AR £40] 71<lsto] Yol A= 50~200kHz7HA] 7hs st ol# A0 = lsf (¥
52014 Ei= wte} o] IFm=ro] 719151 Cap(Capacitor®] EUY, AAB|RA 718 GAH o=
AR A2 4l (condenser) Ex= £27]2k1% oyt A E(Inductor, AHJA0] HAS 72
et FL20] RE)0] 435pt 71sole], ARghgA| 9] HulE £ol= Ao] 7sSiet. E3E SiC MOSFET)
W2 2 A EAT 15 £ B9 olUAl ae2 A sk Utk HECIM A AFSHIR0]
SiC &4 AA9] @4 E4do] grdsto], SAY R 7F RolA] Ae AJAF] ojlA E AlAE 59
o W2 v} F7to] "aste] AARA T-gAdo] Atk

At 48 kHz
» Cost = 55% reduction
» Welght = 60% reduction
» Volume = 65% reduction
» Losses = 19% reduction
Compared to 16 kHz solution

smaller

Higher
magnetics
switching & ?Mr

frequencies

Smaller
heatsink &
packaging

efficiency due
to lower losses

* ZX: Levett & Ma(2019)
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01 XtMicH THHHI=X| AKXt T1&

(1% 6) Infineoniitoll A WI#ZH SiC MOSFETT Si-IGBTE A-&3s W2 A8 ARE Hwet AF
Axtolct, Iof|A HE= vie} Zo] SiC MOSFETO] Si-IGBTOl B|sf & Azt A9 Hg Amrp dt.,
o|& Qlsl, -5 Fulrt wRE 8kHz thollAls A9 A AR & Holo] 7|Qlst] B & HYgan
i].o]_g_ EO]_‘;—. AL 5lo]sk _{[: ohq.'

= AE T eaE S

100 4
.?E- -58%
S 80 b—::
=t
= 70 +
n
v 60 +
(7]
Q 50 |_|
o | -53%
g 40 v
o 30
o 2
0 <
3
& 10
0+ T

SICMOSFET | IGBT  TSiC MOSFET'.g  IGBT
@4 kHz @4 kHz @8 kHz @8 kHz

On state loss transistor . On state loss diode

Switching loss diode . Switching loss transistor

* ZXI: Levett & Ma(2019)

o] SiC MOSFETS] &80 Eoil SiC MOSFET A%ste 9o 1H1& BAIS 55
THAZE et FA Si A HEEA] HH] 24 28l T SEe] 714 o7} Qlof A
otk SiC MOSFETe] Si thH] B&F olf= A= Hoj#(wafer, €& HY Ald= &t vk 1Y
HIR 7HA3 of#e 300 7IRIRith 1H A SiCe =4 ¥ AEe] EHolHg V& Si9] 2ETAY)
V3 H(Czochralski method, TFA%] AeES o] HAVSHZ T & FEY A2l seed s HEAIA
Y3ingot, AEE 7153 A= R0l obd B84 571 =5 H(PVT, Physical Vapor Transportye
AAEsiar Q17 whizolth. E3F SiC 3789 A%, (I 2)0lA] = el Zo] Siofl Bl 1,700T o139 12
SHE 27, APIE At 7, olF) 34 & ide]=o] g7ge] BT 34 &k ofEkE fo] 1189
2= FoR2t.

H
i
-
[¢)
=
ol
¢

rlot

12 Convergence Research Review



O
2
%]

SiC SiC 3 Ol

7=t HESH  HAY Ol
Eoic £5Y Gl Backside reflection
7 e Defect Inspection
(Substrate)
38 ZZ2AT| PVT Mg X0l
Al @3 (28) SiC = & HEEE((2m/h)
OIT|(Epitaxy) (1,200C (1,500C -
co N-type P, As, - N(P) S 2F o A
(Boping) | p-type B AB) | BE 2 o2 44
_ EHHAO| Flat
AR -
BT Yes No — O Implant 288 02 stepQ 2 1460} &
0{<2l(Annealing) 800~1,200C Y 1,700C |x02 2
] TATZ 0I5t Fch 2 02
|0 [ [
Hzse Wet/Dry ks | DV S gy sk et £ ofes.
HOE Azt Thermal Thermal ACIE Aafat EEERIE At et 38 TR
- (800~1,200C) (1,500~1,700T) [(NO, N.O =¢))
Q3 ZX(Ohmic) { 400 {1,000 Metal == &S 128t Metal MEf HQ

* ZX: Levett & Ma(2019)

b SiC MOSFETY] FAoke At 471014 st a719] dlold Blg 9 34 HldS S5
T A=E AojHe] FiE ol 71€ 7ido] Basit ol s f49 7IA4E2 SiC MOSFET
9] A(Cel)?] A1 Shohe FAOR 71 S WA (I 7ol BEo] 27]0] Wolfspeed(F
CreeiitolA] SiC AlgEEo] BAR 7|)jtolA] 20 Zafi] Alo|E(planar gate) 22 AHASIS L3t
o8} Aol Rohmiitet L9 Infineoniit 501 A= AAslol| A5t 3], 20164 o]Fofl= 7|9
planar gate 2t} &9 Cell?] 27]18 &9 £ Q= E#X| Alo|E(trench gate) 4L &85}l Hr}
HH e SiC MOSFETS +&stoitt 482k SiC MOSFETS] 374 T35 TAIRH (IE 8)°llA
HE vle} Zo] Planar Gate MOSFETY] Cell PitchZ 6im $F7H] €9 4mQ .af7FA| Z£0|AY}, trench
gate 378= 28319 Cell PitchE 3m +7H] £9 4mQ.arf °[SP7/HA] ZHESP7|= si3ith

2022 August vol.8 no.8 13
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01 XIMCH MHUER| AXt 71E

J& 7. SiC MOSFETY 7I& 70 #EHRon,sp2t Tl Cell 371)

Planér strucfure - - Planar Structure 3
Trench Structifé Trench Struciiie
o)

10 & *

O

Specific ON Resistance, (RONxA)I
+mm2]
Transistor Gell Pitch. P [um]
{

E JFET -
: | = O
+WOLFSPEED Trang N | *WOLFSPEED
OROHM . Ling OROHM
ASTMicro A STMicro
OINFINEON OINFINEON
100 - + + + : 1+ 1 1
2010 2012 2014 2018 2018 2020 2010 2012 2014 2016 2018 2020
Year Year

* &X: LTEC Co.(2019)

a3 8. d&stE SiC MOSFET g

e, O O o O O O O O O 09

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
SiC wafers
ommercally yypeed Wolspeed ﬁ Wolfspeed
1991, diodes since Gen |: Planar Gen 2 : Planar B Gen 3: Planar
2001 =
o] o) mm e =
= i
;;Oelnlll: Planar. Mass production in Gen 2 : Planar Gen 3: Double trench Gen 4: UMOS trench :
1
Gen I: Planar |
Kys ‘“““’"”= @o/n infineon
Technology launch of Commercial release of CoolSiC™

CoolSiIC™ MOSFET at PCIM ~ MOSFET in discrete and module version

C Mcrosomi

A Moo oo

Gen I: Planar

TOSHIBA
Gen 2: SBD embedded
.\v OLE —

Y sersepiirmend Power SIC Materials, Devices and Applications | wwwyole.fr | G2020

* ZX: Yole Development(2020)
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4. GaN TR AX}

GaN &A= 9PA (I 1DollA] ERIT 4= l%o], KFOM2 SiC AxtETH WOl ARt 2 XA} ol 5%
£/4 0= Qs BFOMO] ot 188 A 3 A4 H 4%/1150} 3-8 wololA olf2 7= HHieA|
SRS AR 4= Aok @A A3 GaN aAks BT $HY Ao, (1Y 9)ollA K Hie} Zo]
Normally-off £44<& 7FJ E-mode(Enhancement-mode, $7+8) £%= 650VE7H] A-881= 3.0,
D-mode(Depletion-mode, 3HF) A2AR= Si AAZ 7|ATE(cascode) W02 X315 FEHIE Aok
itk

p—GaN, infineon 600V CoolGaN, E-mode GaN Cascode 74, Transphorm 650V E-mode

HV Normally-on
GaN HEMT

LV Normally-off
Si FET
[ &

Si(111) Substrate

* EZX: (&) MXEH2018), () Power Electronic Tips(2022)

GaN AZRI=A| 2247k BFOMP| #50l% &5, 650Va] FEAY =Rt 837} B o=
GaN aAfollAl= oba] =3 37go] gh ] k7] wizelth. &, N-type®] GaN #|o]o|(layer)2t P-type]
GaN layer2 A% 2= AZS & o AARE FEAGS FIAZI=T o] DAl AR S edge
termination) 7% % A 4t 725 £BTEE 9 TE7] o9 650vEES A 248 584
QA ARR¥sl71 7} ot TSt wi9- w2 A4} o5 =E 7H HEMT(High Electron Mobility Transistor)
22 25 FET F AT, A= Normally-on AEZ AOJE -5 Aol 9] Ao] HuZ o]

2022 August vol.8 no.8 15
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01 XIMICH HHAR=X| At 7IE

Fo] Adow 2Eshy] 95l Si axFE AAste] A mEo] APt F7H3(E-mode) 2AHE T
St} 22y GaN &4F 579 =& A7 ol 5ot w2 A9 75 sl E-6kL, Si MOSFET#
AAT= FQol|A dAsH= 714 Bl A(parasitic inductance) AEO 2 Q3 A9A 5 521} 880]
ARteR= FAPE Slot, o sif2sl7] 1o GaN HubeA] K= 188 w717 714 Fi= GaN [Cntergrated
Circuit)”t F2€ SoC(System on Chip, o8] 7H] 7152 7F AIARIE shte] FJo= AT 7<)
A5E ve=A) Feo ez sk Sl

SMD

g fy... The SiP approach to co-package GaN and driver is considered the
v] T BN solution for high power application in the coming years.
g TO ' = - Many companies have launched the products as of 2021.
g ($) Pa GaN transistor
_§ 6 @ power integrations
5 \} E)(f\:“\'\l G;_,
transphorm (infineon #
L’j' o \ T ’7 1[; Visl (\J
R VORMERG), - a
POWER IC INSTRUMENTS
Yole Développement 2021 Integrating drivers monolithicall with GaN HEMTs 0~ a mp. T
provides the SoC solution low inductance for high : @ Na\”tas I e :
frequency operation and higher degree of functionality. : \ ' /:\ A e
& ( L
! \/ \J/ 21

* &% Yole Development(2021)

% 1,000V o] -t 3-8 #3t GaN AHRIEA| A= 2 GaN AHAAZ 30|
7Fs5HAt, tho]Q& olQlof| FET(Filed Effect Transistor, AARI} EWRAE) 7|&oA 7|&3
wato] 21, GaN 7|# 7HA siashor & 7]&4] AR @77 AAHULE ofEE A0E &Y
At @A 44 GaN on GaN 29| 7|¥2 4AA7HANE AJ-835kd Adejold, 1719 7| 7HES
FAetL Stk R A AEWE = P-type EBEM=AS] A7AEEE EoI7] fs &5
it wEeAlo] EvEs FUshe )] olF7] wieol IAY IS Ssl SEZE golof 9
LS Aerot sk FEHET Ak F30] Thsdl daddo] W el

AE9] Toyoda Goseiiit4 20199 1,200V/100AF2] 4218 GaN ASHTEAE /et o, o=
7)€ WBG &ARHT 2717} 243l A9 &=/} B=TH) 10MHz) 2 st

=
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33 11. Toyoda Goseiiite] GaN X3 M3 AX}

Gate (on/off switch)
Dielectric film
Source contact layer

Channel layer

Current distribution layer (new)
Drift layer

Chip
/ Electrode
// A-A’cross section (schematic)
"Electrons that pass through the narrow channel layer passage
Vertical GaN power are expanded horizontally into the drift layer.
semiconductor device This allows reduction in electrical resistance.

* ZX: Toyoda Goseilit AIO|E

H2EAJtoAE GaN @83 713 Yol PIN 729} £E7|(Schottky) F2E BA) 2t 49
MPS(Merged PiN) tho] @0} =4dzl 7h 512 kv o< Al =0} S]] tiek i A3k HHSISICt.

J2 12. GaN-on-Si YIO|JHE 0|28t Quasi vertical GaN MOSFET AX}

Source MOSFET  Schottky MOSFET
s =5, en: s
T n-GaN \ i n-GaNJ}220 nm
lJ p-GaN -:i}'l p-GaNiasu nm
Gate o—ll SZ n-GaN {33um  n-GaN __E‘ -
D i ¢ D
n*-GaN

a Drain

* ZX: Liu et al(2018)
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01 XtMicH THHHI=X| AKXt T1&

5. Gap0O; TR &KX}

QbA Al HEQM SiC HHIEA] 2412} GaN HZREEA] 22K= WBG 2419] B4 7Hle g g HeuleA]
B Gl AdEeiint. T1Eu a4 A TS BT 384 ol r IRt v THHeE AR
o= ofEeE AL Ak SiC, GaN HAHH=A| £219] £2 7H] A8 2414 AR o= F5517]
1 AA AHHEA] AAE GaOs(AtebdR) 247F At Gax0s2 (C1E 13)0]14 Hi= Hie} o]
7129 SiC% GaN Hthe © & 5eVoll 77k oluA] e S5 Tof mhe JAAA T2 7L
QltKPearton et al, 2018). o|Z Q3] SiC, GaNoj Hv|a] TAYLo| Lg%t WBG AA|o]ct.

——Silicon =——4H-SiC Wurtzite GaN === Ga,0, B Si GaAs 4H-SiC
Critical Electrical Field (MV/cm)
10 — GaN
Low High g
On-State 8 Voltage P ;
Losses Capability £ 1 p-Ga 0,
Electron Mobility Energy §
3 V- Bandgap (eV ;
(10% cm?V-s) gap (eV) g \ Diamond
@ 01t
High c
Temperature C
Operation /
0.01 .
10 100 1000 10000
. Breakdown voltage (V)
Electron Saturation Thermal
Velocity (107 cmls) Conductivity (W/cm-K) Fig. 1: Theoretical limits of on-resistances as a function of .

* ZX: Pearton et al(2018)
AR A=A Y] 9208 S4T B Gaa05 gol Aol QIoiA SIC, GaN} A e A4k

T e 71 Ax 34 WS FEeL Q. (OH 1490 Ga0s9] dileld 7w Az 3742 EARII:

FFG(Edge Film Growth) 38202 UXE9] Noble CrystaliitollA] AF83lo] Adgsto] 2| 4912 Ho]m7HA]
st Qo EFG W2 Siel 22¢tA7] S}t FASH oy ©2% 7w B 3k AxS

O OAE =

+

U}, TIFHONA His vfe} o] 88 Gay052 B2z ot & et I7]|= 7155t fold Vg
Axg 4= Atk o= A} Gaz03 A°1H Y 7HA2 FF- SiC Flol# 9] 20% el 2 ALz A5HY
ATt
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ﬂ Growth direction

Ga,0, bulk

Crucible

Die
- Melt *
" |  RFcoil

(001)

»

Block Block

Ingot
(Cutting ) (Annealing )
,--“"..'.'-r_ ] g
» {oat) . » ( Cross section
Sliced wafer Wafer Chamfering
(Multi-wire saw) (Wire electric (Beveling)

discharge process)

» Grinding, Lapping, Polishing ‘ Washing, Inspection

* EX): BjAIS(2021)

E3F Gax0s= SiC, GaN tjH] A=59] 7kgo] AtjA oz golsto] Mg £E7] Hij2|o] tho] Q=(SBD
Shottyky Barrier Diode, &< =3t ©2{40] HEH| PA5= £EF| Hj2|olE o8, HF 2=
ARAT = P9t Mg ERAIAHTIA] H2 A7[Eo] o]fofA|1 Qltk. 2719 SiCH GaN the] =7t
Mg wiet vE7HA = SBDe Hiet A8 Zele 4HEI(CuO, Copper Oxide) Ei= HL2(NiO)
59] P-type 0|58 E¥E 283t PN Diode ¥+ AIE7HA] HHET QtHXue et al, 2018).
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01 XIMCH MHUER| AXt 71E

8 15. Gax03 CHOIRE 7|= Y g

Trench MOS

Anode (Cu/Au/Ni), p400 pm
HfO, (50 nm)

! !l J L !!‘iiq=2.5um
Wigen=4.8pm W, =1.2pm
Ga;0, film, 6 10' cm, 7 ym

Epitaxial Layer

Substrate

$100 pm PYTi’Au (Schottky)

Unintentionally-doped
Ga/0, (010) substrate
L TuAu(Ohmic) Cathode (TiAu)
e @ :
2013 2016 2017
Electrode (PUTI/AU)
| nGao, | ity
Thin Film - |
7-Gis,0(001) drf layer n-B-Ga,04(001) substrate
Electrode (Ti/Au) (7-pm thick)
Metal
= Sn-doped n"-Ga;0, (001) substrate B .
| wGao, | Heterojunction
EEEN ), WCCOW ) EEETN Cathode (TiAu)

Field Plate (Ref.) Nanoscale Res. Lett. 13:290 (2018)

* ZXI: Xue et al(2018)

Gax03 EHAAE EFF g2 At7ldo] o] R0 it} 27100l= Schottky He AlPlE A AlotE
283t MESFET(Metal-Semiconductor Field Effect Transistor, 34-Rt=A| A Sy} EMAAH) A7}
o]Folx o, Normally-on 227} 2 THE0i%lth. 0o]9of FinFET 342 &-83t #|%2] Normally-off
Ao} Transistor A2} HHE7|% 5FHHDong et al, 2019; Hu et al, 2018).
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1% 16. Ga0; EMX|AE 7|z Y g

2016
O

2012 2013
O O

some L 000, I
s
U0 Ga 0, b
Fo 004 O 0, Subabrite.
Gay0; MESFET HEMT Depletion mode

]
$-08,0, (10) subserste.

Withimplantation, JP(2018) 5,0, Vertical- MOS

D-mode Ga; 05
750V MOSFET
With FP (2016)

Normally-off

With Mg-implantation, JP (2019)

. JP (2018)

D-mode 2300V Ga,0, MOSFET KR (2018)

Ga,0, FiN-FET, GM (2016)

* ZXI: Dong et al(2019)

ad 17.

A HAEE Y ALD 7|8t Al,Os dielectricg AlE

E-mode +Xd EHMXIAE FAX A MR 4

SiO, spacer 10°F g
\m 102 raoo
dIT 2 10" feo0; g 41000 3
o 0 2 3
o 10
) N A :
=
gate metal = 107 p200 ; £
e E 100} ' {500 £
ALD ALO, R < < 0 E
n- Ga,0, (~10%/cm?) = 10°f s
10°} -
— | ;
- 10-3 1 I 1 1
. drain 0 1 2 3
x-section (@ Vg . (V) (b)

* ZX: Hu et al(2018)
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01 XIMICH HHAR=X| At 7IE

KRMICH 2N U -9 8 5

1. o2l &

A AHE SiC, GaN, Ga:03 5 WBG =82 7|FtC= sh= AAd Heit=A)] 7|&9] Ed2 /HE
719 E= et oA AEE7|ols et 7IE dolkoflAf of#go] B oY of#eg SEskL
A A ARRAOIA 7le2 Aeslz] 3 vl 14, 5= €8 52 572 WBG HE=A] 7]HHe]
Aeuter] 54 A8 s Qo

o= oYX E(DOE, Department of Energy) HTAIZ AFFE-=HAdvanced Manufacturing Office)ollA]
£ WBG BI=AIE 7dehs Tk opgl7HPowerAmerica) AFY' & 2014d0] E%5t0] X420 2 Ay
AR 4HdE A1kl Itk PowerAmerica® 4 A =3 SiC % GaN A=REEA] 7fdo|m,
A 4570 7194 5L 1870 Histo] Fhofstal SITHKISTEP, 2017).

FEAolA= 97l 26709] THEHE o]Fo7] Ultimate GaN ©lgh= A7 XA RS Hdste] AT
T Hl-2 A7 Ho 2 e oF 4, 8007 =9 HYPS 2/4510] GaN A=uteA] A d=S divtiz
5k QIEHKISTEP, 2017).

QEL 2014 HE A o|iHo|Ad Az E T(SIP, Cross-ministerial Strategic Innovation
Promotion Program) & THYHEZYA AR & G0 Y& 7149 AlA A Afg 40%HEH 12
7,000 FHE WBG 7[HF &4, HHeA]|, 24/ 2E 9 §-871& /g 351l vk 9] 422
SiC, GaN o|9jof A AHR=A] S8R9I ARtEES A1 WiHol EHAI] B JIEHKISTEP, 2017).

T2 143 570 AE 9l 2035 871 B A HHEAE S5 Hot 7ledoke Ak, 20219
FIJoA= 34 RE=A|ElREE FHEANE 7 AT Hol7 & o ZAAA ARt Alge EHSIGI
o] Agolli= SiCet GaN & 3AIH BHH=A9] 7ida} HieA] 7hs2el A4 5 1,000 28 2o HEs
FA5k= APdAo] aotEof Sl

ojxd 229 F8 IV A MERtEA|Y] 4 7isdT A 2EES dAlsk, AAAoR

A9 AR 25 ATHBARA 5, 2021).
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2. 3 S

St R R AV A S88e RIBIAL AHNEA] e AlE fisf 2017135
F 8309 ¥ o] A A wheRteA] A8 AR S A Folnt ThREEA] 89k AldE S50
Si 2ol SiC, GaN HHWt=Ae] 4 7128 vhdstL, AlF 7Ies /Mdshe 22 AUske 2, 6A
SiC ZR=A] 88 AFF A Qe FAt sheul=A] 383 AlE)E 755ttt 20213°= 2050
SaFH ARdoll 5 203097H4] ‘A AdF=71e] A=E 25l 139 99 1129 K-3E RieA|
A THSIAHAR 7L, 2022). K-HE WA F&ofl= ZAH deut=a] 4 eA 52 9t
A AEREEA] 7]eid B A 2 b o] Al ARo] ZE9i tiEe] RS AR lME
WA S ThREEA] 83t AR Y] 45 ARle R mheReA] Aok ARICHY) & A Fll T
15H4-E WHeAlet BioiAe SR ESlolA] 20219 K-GOALEHT At Felo|dA)E EHsto]

A-FE-Al2dos AAEE dES Adshe I9ge 35 .

S~

P

P
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RIMICH HHE=H| AX} 7|

IV 88

AZ7A] AAI AR 2212 24T e SiC, GaN A=A 44t 71&2] Fgol) tis] s,
71 0]%0] HERIEA| AR 7|1 Yl Gax05 HREEA] 4410 sl A7fslict (1 18)0f AP
AHR=AR] SiC, GaNT GaxOs RIEA] 241 719 71& F715 HErigl SiCo GaN Ht=A]
A= 71% olgi7t siaEo] A 3857t AR Aol ek o]$9] ZAld HERtEA 449l
Gax059] A% 7] YH71& DAl #Ee QAR 71E JEETE e w2 Aol

‘..

In previous slides, when we talked about 5iC and GaN
we meant GaN/5i and SiC/SiC

Sifsi Sic/sic* GalN/Si GaN/GaN

Ga203/Ga203  Diamond/Diamond

Sales volume

v.‘m_u_:

Note: the figure is to indicate the development
status of each technology. It does not mean that
SiC/siC each technology will go through the same

I
GaN/Si development curve and reach the same high sales
. Diamond : alN/si i
I.l\IN Ga203 GaN.‘GaN |
_____ ===l Introduction Growth Maturity Decline

* ZX: Yole Development(2018)

AR AA HEREEAF 2T Q= o= A AAKCRE At A =8 AR9] 4 4 I S7H=
A Q7F S50kl AL, ofldA] 91719k 713-97] S22 A ARGl tiet a&siet sy olet
SHEIL Q= ARolA AR 2249] F4l o] A2 Su7t 8 4= 3hZ A& 7=l Q7]

o
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A

Tlzolch. Iy oA A Eeko] MEE FAIA Rl AlFo] ARl B Hshae Al A8 ARE
AlE2 23t 5ol Basit A SiCeF GaN ZREA] £2419] 7154 olpg2 tii-E si2d AolA
Aol FFel7] #ft A=A WA, 71 5 A S0l WEeR Ve AlE Aiade] olFoix|a
k. ol &3 AlES A= 71 E8/do] Fdte A7IAREARE A odA] APgellA= SiC, GaN
A 2219] ARgFo] G243 S7HEL AT

ES A2 AHeA] 28 SR8 s Gax059] B9 BA 271 f371e0] 7HARE 27
F83t Alge] IREAL UL, Aol Zxiet davEe] TRE L Qlo] e o aAlEE ZIed
S&7t wet wiE AM 8RS 7IHska Sl el

A AAR R AL ke AYRIEA] 22F AHdollA =] ARiAlRE vinte] HheA] Abdof Zlof Erx|et
E2 SEow o W Uitk T2 20179 HofE A e weiEA] 88t Al o' w7ReR
Ot A7l o 1t 15 X|do] o oA Sl MHteA] 4 AEiAVE At 59 St #52
T AT

CIH1900 A=A 8ok ARIS S8l A8t = Al 79SS AR 71200 2~3719]
47199 AN AHRA] 4] A= @A 200 7] HEREEA] 7o) /g oh o] Hlrk
HEo] F4tol SiC ARt=A] A8 Fab(Hx2tD} A1=14 7 Al 5 lzet 31 7[H F5 3P = o]
AT Aol = giet. Pl o F upgo R AU HutEA] Akjo] B& AdAs|E 7IHgtth
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01 XpMICH HHH=X]| 4Kt 71E

TR EHASIAIS>
* ZR|: BRUTHMOIHS| AO|E
AM=E(Sin Su Kyoung)
-3
DB HIIHRSS A ) TYREMOIE) ATAY
Tensty HM7|MAISEE AAf #) AMMER System LS| MUY
TS M7 |MAMIRSE SiAL
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02 IZ2MA QI M| 7|8t RERE T

[ ME

o{[‘

TR HoR HE H2 ABAs HEEA|(FERE, Neuromorphic)oll thgt At7ido] o]Foix|1L
Uk 7RI opF[HAE 270l Attt Ao] E2Eo] shte] WA} HojA dikE dsh=
FHIE AP0l HUT, 1 Fofli= B7g7I&o] WAL W e o] HALT} PFEHA A= AlH|A0f gt
£240] QM o) 7|£9] £ Lo]dt ol|elX(Von Neumann architecture)= HE &7} o]
2 AE] A sl ZRAM = HEE]oA R ol MRS TEALbA ik st 1Y
Z2AS 1 HIEE(PIM, Processing In Memory)= HIZ 2|04 A4to] o]fojxl= F22H FHUEYL
(Neural Network, A7)}t B2d(Deep Learning> FA/24 A4 5 FZ9] £24& Algd & 9o
B At $¥E Qo % HAEEMLP, Multilayer Perceptron) % $48%F AFTCNN,
Convolutional Neural Network) 2 FEHEZ ¥ Held 1 8E2 FE HEYFY 37|71 G4739]
Z7Vgof wet 2 wxe] 85Fo] Hashy TEAA l(processing unit)olA] 71EA] gk W E 2|2 HE
727 flol & HEE] f9E5e Ba s FHChen et al, 2014). oJ2Rt £F4o] ZeAA FHl
LI(Off-Chip) Ml22e] Afo]o] A2 71| (synaptic weight) Age A3Fa 0= FoA[T, A[HA 7154
2Jo] A= o[BS IRt tofE o5 5] e T R B AR FAKo] Qitt ol BARS
25t Qs Z2AA Q1 mine 7¥ke] RErgl ¢ W 2 (On-Chip) HEE 36k Al
A 221Z vmE] Hoj| gof o] FAIE AT & Q= £FAOIKChi et al, 2016). Eolt F£9|
HAE dol ZEAXY WS FUsk= ANE RHeA| 7l&24 gede] sk ASAE HHeAle=
LAY A Mg 25 0 HEeA] et A8 tiE PAA 234 dikS Ao Ad
7Fsoh mre] BheA] 7|8k Z2AY Q1 miie], RA(ZEAA) 7INF ZeAlVd Q1 vie], 378715 il
gAalo] 878 AEE AZ(RRAM, PRAM 5) 7I9F Z2A14 Q1 We] 508 F2S 4 qlr}. w2iy
WS 0] B FAS 7AEste] fon obdl2 QIxte] HE vz BHsl|dle B HAISo] St
QAT = A4} 79 3ol o590 Bk Anfo|A9] AFo R AT 20| oRE ittt ddw
S s, A7) gzl it A 52 oF2] 27] TACIEHAIRIAAEIYIZ, 2019: Bengio, et al, 2013).
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FAATI RN = FERY g5 FAS sidstr] A%t Z2AY Q1 mRH o] ettt SRS
A E 2} gkt o] Y5l WA 20 4E 2% DRAM(Dynamic Random-Access Memory, 54 #)
715e] Z2AY Q1 v Ao thet ARke WA A E 3o A= SRAM(Static Random Access
Memory, 8% 9), eDRAM(embedded DRAM, YH[HI= DRAM) 79t ZE2AY Q1 k2] BHed] 53
HARI. ooiA] 4ol AV 714 fiet IEAN QI Hlie] of7[ElXo]| thet ARk skl 5ol
L2A Q1 M E 3t AAEFo]AE Attt oFolAE Z2AA <l dme A 2 AR 53|
s AwEa Rl oA 222 AARI.
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02 IZ2MA QI M| 7|8t RERE T

[l M= DRAM 7|ti9]
T2Md Q1 HS2] Sk

1. HBM 7[dt T2}y ©1 HI22|

YHYHBM, High Bandwidth Memory) 7]8t] Z2AA] o] wra] ¥ies] 7142 HBM w®ale}
SHEA] ol W dAt 7155 B3 HiZe Hole Mt Hlole A2 452 SHistelo] titie]
I AAibs 7FsoHA| it o] AR IFAIEY A4k 913t wHEA| 3 7]e2 IFAsOl

875k 71 71% HiH] 1,00080 o4l 100 ElEREF2(TeraFLOPS) o149 452 23 JTHAIS,

a8

>
>
N
-~
rO

A = A
AR = AHZ
i3 G A0} LR \ el |
e S 5 8 8

QlEj=XH

QIA7| =B HBM T2 A|A

*EX - EE(2021)
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(a9 2, 3, 92 HBM2 DRAM 33t w77 7k9] tif&-g &ol= Yiow, 53] fjie] IEHolA

TSV(Through Silicon Via, A2 #& #=) 71&g 7R $22Q] 725 S5 HlolHE 53, ‘;.r
F2ol= wEEY| tfAE FAE fask=tl AH&E. B ZA(Interposer, HA3|Z)of| TL@E T iﬂ
DRAMO]| #]49] =8]3125& Z7]5t DPUDRAM Processing Unit) 64MB DRAM} 32-bit RISC(Reduced “Z’
Instruction Set) F° 7§t Z2A Q1 ww2] 7]9te] o787} ARSI Z2AY Q1w 2= w2 o] %
feEs FAd oz si2sl7] 918 DRAM W9 Z2AME SHsto] W& glofe ANA, di7] ARE IH9E, 2

Ut W ) W e e av)S TEth A s B8 9 dols HopHel PEuA,
m2AY 9l vEe obgAE AuTES ol8slo] ttn 3 U el HRHS Btk 71E £
Hlsf| 148 ] &2 Aejg yA] ABE BEo1l QItHZois et al, 2018).

TSV )
HBM DRAM Die l - -

! \ 3D-Stacked DRAM

Processor (GPU/CPU/SoC) Die
Logic Die PHY PHY

(2]
=
=
A
Al
(=]
2l
]
=
2|
7|
i
|
T
=
&l
o|
L
7|
A
=
=
=
%t

| Package Substrate

* =X : Imani et al(2018)
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Data Intensive Application

Framzwork APl Simulator

Software Development Kit

Debug Device Driver

Operating System Data

X86 CPU Acceleration

Engine

DRAM  wRAM IRAM s
64MB

Apgplication
Orchestrator

|
2048xDPUs = 128GB

16 DPUs
[ T6 DPUS

T T6 DPUS

* ZX : Zois et al(2018)

HEE | o oe HEMZE | Lo oe
3-SR 30-ShAN
HBM2E HEM2E
wenze Il | o . HBM2E
3-SR I0-SRAN
HBMZE | ez HBMZE | Liawze
Al SOC Die

* ZX : EETimes(2019)
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(19 5)9] FIMDRAM(Function-In-Memory DRAM) H-& Z2AA(Die,
279t SRAMDie)& AZotal, HBMI} B33t AlAEoA Hie]el 2213 ¢ 7147 viR|sto] At &

QA 249 22 A

[1

13

mlm

=0l= W< PNM(Processing Near Memory, 5FHe] HE0] #Ee] A} A 2AA|(CPU)7T A=

FES] B HieA)
T 7Eol FFE
T2AA F=Ho] HiE 4

Cell array
for bank0

|
| PCU block
|, for bank0 & 1

Cell-array.

- for bank1

“Cell anay
for bank2

| PCU block
| for bank2 & 3

Cell array

for harllcS

Cell array .

lg-:Tor bank11

PCU block

ifcr bank10 & 11|for bank14 & 15{for bank10 & 11

Cell array

Cell array
for bank®

|' PCU block

Cell array
for bank8

Cell array
for bank4

PCU block
for bank4 & 5

Cell-array
for bank5
“Cell array
for bank6

PCU block
for banké & 7

Cell array
for bank7

Cell array |
{ for bank1§ |

PCU block

Cell array

Cell array

|- for bank13

PCU block

Cell array

|~ for bank12 |

* ZX: Kwon et al(2021)

Cell array
for bank0

PCU block
for bank0 & 1

Cell-array
for ba n k1

Cell array
for bank2

PCU block
for bank2 & 3

Ce|| array

Ifor h_anl(&

TSV & Peri Control Block

Cﬁ" array
for bank11

PCU block

Cell array

Cell array
for bank9

PCU block

| for bank8 & 9 |for bank12 & 13| for bank8 & 9

Cell array
for bank8

ZE 7 SoC(System on Chip, 92 7H] 715
YAl 32+ SRAM 7HAI(Cache, = 7194219 i &
S50] Yia)7h sidEls B4 7t s &7 AY), HBM2QATH I g=
2 E AREShs YRHAIR1 GPU AlAEIS] BIs] 71%2] AIAF U] dto=

Cell array
for bank4

PCU block
for bank4 & §

Cell array

for bank5 |

Cell array
for bank6

PCU block

for bank6 &7

Cell array

for barll(?

Cell array

for bank15 |

PCU block

for bank14 & 15/

Cell array

Cell array

for bank13 |

PCU block

for bank12 & 13

Cell array

for bank12 |

2 7Hl ARRE Shte] Wow

S =A 5171 s)

o= 5ol 2.1 FYE A
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SRAM, eDRAM 7]tt
T=M8 U W2 S|

SRAM 7]k T2 ol Wme] MEA|(IH6) s SRAM A2 7I¥ko = SRAMS] 21, A4S ¥ o
FA] QUL T % YES 3o} CPU ol ZaAY 9 v2e] 7142 B8k 8KB SRAM ofeol=
Hlole] A4 753k B4l B B9I2 A eolelolA] BIE kellbit line, HolElE 91T Ak oj 53)
Qo] 7R3t QIS SRAM oldlolg vhie] ek qick.

§
11

111

I

-

~
£
32k8 [ 16KB subsrray
:: Eglmulum

Way 1

O

EPWS

[

* 5
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(1% 72 SRAM 71319} Ty Q) vjme] Fxolck 373, SRAM, Aol A4 W E571, Ael]
59 BER A, Avjo]2 A2} 1l ofgo]S MK Al ¥ BEH A @ 23 e
Ato] Alzto] whel Witk frelo] Fhago QI frelo] del 9 2 Sral Wedo] F7HtRA YA

T Aot 52 Safinl, Agdo] 9 g Zueh Aulo]al Weks dMEOR Sk Saic,
FIolE 22 A71H o2 Yuo|EEH SRAME AR sk 2ol
ATjo|3 MAHE —
SRAM [~| SRAM |®®| SRAM [~ SRAM
I I I I Cj
Weight
Neuron——| Neuron|® ®| Neuron[—{ Neuron Update
I I I I
i SRAM [ SRAM |® ®| SRAM [~| SRAM
| | | I
o ° ° [
‘ Classification ‘<—>

SX: 212 9|(2021)

(I 89 AHHE 7]vt Z2A14 Q1 w2 ¥HeA|(eDRAM, embedded DRAM)= HIZEE
HEEE WAL Aom 64719 Al Fojeh HEAE wEIE F4ste]  OpenMP(Open
Multi-Processing) 5] ¥E L2 Ll A dsiH, 14 & T2 fie] g% 7508
olgt Hla8AdS JNAdott HWE w9l A5& F(VIRAM, Vector Intelligent RAM) o |EA&
ME2 Z2A Ql Wie] 7]&S AREsto] PHibE AlARIY & d9E FAES B85 3
e Z2AA7} Q= DRAME 7IHho g thofdt lie] A 25 AlgstH, SIMD(Single Instruction
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Multiple Data, 5P+2] ©ggoi= o] 7ie] Hlo[8E #=2I2 4= 3= 71%) Alof VLIW(Very Long Instruction
Word) E|2E9] d52 7IAlstat. ot Akt S 3 e dAA s BAJste] 2219 op|EiA|d]
7P A7t oiEEiAleld 542 7. eDRAMI 7 & Z=AA ofFlololAl= eDRAMS| &
&S B3 U B2 Ho[HE SAlol A7t 7Rt 64719] SIMD 7152 7HAIAL Qe ZEAA oot

Wl WA= w9

o

33mm

* £X: The Berkeley Intelligent RAM(IRAM) Project

ZEAN Q1 W 7E&s Adch] 3t AR vEe 7|9 dt7ido] ] o]Fojx| 1 glom
ThoFgt HopollAl At Ad59] E714 Aol 7hsdt TRANY 7]eE BoiA WHoka it B AR
AAE AMES1o] ReRAM/MRAM 71910} Al Q1 wjre] WIS 7iE 505, ReRAMResistive Random
Access Memory, A% ¥} HR2])e g&-FEA-54 729 B9y fixe] a4, & 553 Ao
w2t 245 REA AFOR dolgE ARt 14 524, A-E, 114 7ks 59 AT ghe Bt
ofyzl, bit-lane& Fok= AAPE g APE5LE ol ReRAM 2 AAIE WA (dot-product) T4t
288 = glo] A Q1 wimeE] 3ol ofxo] Yt
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J2 9. ReRAM 7|8 T2 A4 QI mZa2| Hiex|

Host
(CPU) \'A:>

Bank 1

subarrays

subarrays

Processing subarrays

EEEE

|,
<+ [ReRAM crossbar
e array

> | Multi array

___________________

:
C = AGB i

...................

* ZXI: Long et al(2018)
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[V 38T 7152 ot 2 H|R22] o7 5K

Gupta et al(2019) A7LolA= NNEZAA Q1 WX 2](Processing In-Memory Architecture for Neural
Network Acceleration, A7 7152 913t QI Hjie] opF|ElA))2kal ok= =22 A <l H&e](In-Memory)
OFFEIHE AIRJMSIATH(IR10) D). A9 2 GAE 7H&43top Hme] WiRojA wE Al 4

U AA AARS: Yol A2 AH W] o8l X|(crossbar array architecture)E S2}oto] A173%9]
S A IA71AL A oflHA] ABIE Eole IHSE HH3) 71eE skt T3 HE Ql v

[AE ARESlo] BE REYENA 7159 884 i8S 53 TS 7171 Siaf wime] o] Akt
$5 $0|1, A&H 0 NNEZA <l flie] A4t £5g #ol7] gaf 7154 375 58 dars
|48} oPoich. NNZ2AA Q1 Hjxe] opz[e)Ae} 2= 42| AX|(GPU, Graphics Processing Unit)
2 A Z2AY Q1 ] of|EAete] agS HlwEt olic. v Axy, NNZZAVY Q1 ojwe]
ol7|EI4% NVIDIAjtS] GeForce GTX 1,080 GPU oF7|&lA4¢} vlisto] 131.58) &2 7] 884<
ok 48.24) W2 A Oo& ekt E3E AT 714719k vl o, NNZZAVY < Hzes 5
BEF Y E AZotHA Bt 3.69 =2 v Zgt 468 B £ Yehhglch

2%

il

Sense Amplifiers

* ZXI: Gupta et al(2019)
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TE 1D2 Z2A Q1 WKLo AR dutss] 9f8f 7]& ZeAAeL Al Q1 Hre 7i&7]=
5 gEt A7 Q1 Wz oF[EAl GenZE2AA QI HE2{o]tHImani et al, 2018). GenZ&EA|4
Al Hiel= BE ik A A4k Sl B FALS B S v|RfdA miRele] VE ZeAld <l e
715& Aok, 7 3-8 Z217of dfsf Z2AN Q1 wie] ZdS ARSSHE TR APl 18 FofoflA
58§ 2O U] H] Al 9l MR 2] Ee glolE FoFARl Fis Adshs E4S 7L
At EE wE] | AR Astote] 44 Thse ZEA Q1 vie] ZARE 7Rk o, Ad Al
7|& FoloA HlolHE A2oh= At Blwsto] 10.9419] ofufA] &8 7T 6.4812] £ 3Fdo] | Zos
LreRstT.

Main Processor ) [Query Key | [ CatReg | [ PIM Func |
i T Baki T T BamkN )
core1 | [ core2 | eee ST Iﬁq
Cache | [ Cache Cache : Block o ol Block :
C a I Regiser block - [__Regiser ],
ache ’, --—___I[ _____ e T e II____
I i [ Bamkl _ _ BankM | I
Controller I !
Main : MEM | eee MEM ||
Memory : Block po Block ||
[ i ]

* ZXI: Imani et al(2018)
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V ZEAY O HIE Yot QIEHO|A

PCle(Peripheral Component Interconnect Express)= Inteliit FE5t°] 95014 PCI(Peripheral
Component Interconnect), PCI-X(Peripheral Component Interconnect eXtended)2} AGP(Advanced
Graphics Port) HAE tiA5t7] flste] 7B 114 A Qe Ho]2olt), =2 HHE(PCle 5.09] 4%
lane G 32GT/s), A 1/0 9 &~ 4% T4, 27 A5 9 B £, 35971, st=9o] 1/0 7H3%}
5= A¥ett PCle 5.0 201949 +40] B30 20228 FE PCle 5.0 283t A8 ZEAA,
NVMe M.2 SSD &2 139 7}=7F SA1E ofolth. NVIDIAiLS] NVLink 422 QIEj#|o] A= ApALS]
GPGPU(General-Purpose computing on Graphics Processing Units, GPU 2] 8-& AXh 7k A8t
otyzt CPURtY] dZo= AME o UEF 7= e, ZZoll= P2P AZ2ETt ofyzt NV SwitchE
B HEYA A% 29 EHZ 7Kt} E3E NVIDIAjS] Volta GV100-2> GP100°] 4789] VLinket
160GB/sY] & &S At Aol s i 67§ NVLinke} 300GB/s2] & HHYES A s,
NVLinks= #%1 G 25Gbps HG&= Ak, | 871 o HFOE Ho[HE A&l sHIEaE Aot
wreutct s 2709 sHEaE dAdste] 2719 Z2AM(GPU-GPU E+ CPU-to-GPU)E HZdk=
P3E 7M.

F Qo] E7F SE AL AHA TS A HE 38 Foprt SHiedel weh @A CPU9 GPU %
AFAE 71457 1(Accelerator) 52 Y& THlolAE HiRE ZR2ESS F3f AZE 0] }low, o] Qs

Q29 dielze 3ynkt wz F7het
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A
X
260 256 (x16) 256 [ﬂ
(PCle 6.0) f
240 X
phi
220 =
. 200 Hi
n
= 180 _E
2 A
160
< A
ES 140 Xt
#12
= 13 e 7
2 N
T 100 =
c 64 (x16)
ud 80 (PCle 4.0)
32 (x16) s ,
60 (Pcle3.0) 64
2(x16) 16 (x16) i
40 X (PCle 2.0) /
0.13 .53 1.06 213 (pcie 1.0)
20 (C)  (eCI20) (PClX) (PCIX20) 7 32
~ y Vi 8 —
013/ " 02 05 | 1\¢ z 4 - 16
1992 1995 1998 2001 2004 2007 2010 2013 2016 2019 2022 2025
Time
[ —— Actual Bandwidth (GB/S) 170 Bandwidth Doubles Every Three Years

* ZXI: PCI-SIG AJOIE

CPU9] Fof 7o A& oz S7I5HAL QlaL, 70f § PCle WGE: TRt AL Hasts, tjgEo
S71E QIR 7147 wine] S olo] whE A A AR I8 GPU, FPGA(Field Programmable
Gate Array, Zg71#%o] 7Fset Wi 227t 23 HEeA] &4} 5 7147] ZopoflA A= 8ol
o g5t o]yst EAIEE sfast| ste] M= T2EFQl CXL(Compute Express Link2 20199
39 Inteliit7} AR A= Z7E] tuto] A QEAYE 401, Inteltit7} F=3H= CXL A doll=
ARM, HP, Huawei, MellanoxE 3R tp0] e 7|450] Fofstal 3lom, EA CXL 2.00] =

(2]
=
=
A
Al
(=]
2l
]
=
2|
7|
i
|
T
=
&l
o|
L
7|
A
=
=
=
?:t

<AS-IS> <To-Be>
CPU-attaced Memory ©
CPU-attaced Memory =
g 1 e /Memormy Load/Store o
Witsback ey reos | PCle DMA  #eows Witeback Memory Merdry LosdiStore Pate DA 2
U U GPUSFPGA. Al N NIC U f%) GPU/FPGA Al NIC NIC D
= = N . 5
- o g
UnCached Memary Memory Losdsore | e | =
s -~ e Writeback Memary Memory Load/Store - .
T e e o A‘A A

hed Accelerator-Attached Memory
UnCached Memory
Writeback Memory

* EXI: Lender(2020)
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CXL 2.09|= =2 SAE IT2AA(Protocol Host Processor)oA] 7Hgkst HEoj2 71&7]9]
|2l H|x o] Hto] 7hsstal B2 717104 CPUS H|Ql #lk o] H Alofli= PCle DMAE AA=
4l 2 AE0|9 o MRt CXL2 /s AT AlLEolA CPUSE A ARgElE 71571,
R, AR & Hoh 88408 &Es] et QlEHelAR 7|E HFY AIAFIRI DRAMO| E24]
TAE SFHSHL HEY 8 G713 0= o] 7hsolth FT Be AR, e AH|20] /A5l
TAEA 9loH ol AZsfoF & HlolH Yk 7skarA o 5715 dleol lsAls AR sl
Z 9F= 71*A+= 71 DRAM 7452 71808 w2 & Q= G414 RHeA| o7 [9AE A|Qkstal
ol& Fsk= PHY(Physical Layer, d1%)& 7Idsto], Hrz] HAA da tfdE 9 m2Ax9] da
Y5 FIA712 k. E3], tE DRAM EE8§ CXL 7|9k 2314 T2A4 ¢l W& e] 9ieA= o]7]%
AT s SRl Adet Yollnear) Z2ANY Q1 WiKE] 25 7IWEOE, QA 94719 T DRAM
g Afol9] HlofE oaS FASlslal dit] A 45 ORIt Yof ZrA Ql Hiiel=s ZeA|A9
223} w2e] 7ke] Hlojg A a&Ao® o] 7hssdlal et Aol JIEAYE #Eo® AAE
CXL QIEFo|AE o]&sto] ZEAA HQl Hxejel CXL HEE T &8 5 e MER 125
S3lA DRAM H=2E] HHES tiF SPA7 = 2004 2244 QI H2e] 7]goltt 7|E DRAM 2&2
S SESHL 85 diHEe 7|30 R el avfrow Al B85 B9 7K YdE skl
AAA 314 o] 753t CXL 718 ZeAlY 9l wlwe] WA 7} JIsAls s A Aljlo] o=,
CXL Z2EFZ 7|9o® sl ZeAAY] 27| HRAH Argo] 7FssiZiH.

=] S oA & 4 ol =i e Abdol] o] e 719e] HolEal Atk SKstelH A
5F ob et AR A 9l A AP SORAY e AP ISk Qi QI AlE RIEAIE SR
ARAFZ7T AEEEA A B viE] gidRe] FARS S718 0 AT A7ee] ko] AR
AUt 1F sh7E Z2AKY Q ke TeeA teiRt S SolA A AlEStal ok ZEAY <
v 2 ejox= HBM, DRAM, SRAM, ReRAM, eDRAM & TIoJRt 7|5k} &4 9t A7l 53l 710
B 3R Az T B 22 ARSSHe] miRd S49 MEe 27T & GikE Aos Heln,
LAY Q vjiels @A o] wiijel ZTeAlMo] e BE £8d 4 Qlal, HHeA| 7He] gloeE
Hrg A5 297} Q7] Wiz dlofe Ad IgolA sk A ARE R MY E4S £ 4 QT

] HEA7F A4t 7e= ¥cks ZEA Ql HRE AP g 282 Holi itk ZEAY
QA H =] AR RO S A1 ShuE, IEAls Husle} HHlolE A7 £k ol 7|0 Ter
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o,

H7kT 9lct. SK Hynix7t 7i#st ‘GDDR6-AIM' 2 Y5t DRAM w4l CPU-GPUSH 7 gAfste] 574
At S Zo 1681717 HEpA e 2| AR s Z2A] 9l Hlie] £25 B4 CPU-GPURY]
dlojg] o5& £o] Hg AMgFo] 7AsH, oufA] At 80%71%F ZolErt GDDRG(Graphics DDR6)
71%t9] AiM(accelerator-in-memory)& 2-85t0] AJtA 0= Hl-8o| Aokl GDDRG6 QIE|Ho] AL} S3ts]
£ 99y 58§ T2 IS &SRR AASITH(IE 14) F1). AIME 16Gb/s 429 GDDR6Y)
EAS B83l0] 1GHz £%9] #2] ZX|(PU, Processor Unit)2 1 ZFATFLOPY)2] ] #2jzke 71AH,

EQE ofRt /98t 71sS Wstel B2 diEEAlelie Addt

===+ Socket

* ZX: Lee et al(2022)
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VI Z=2N1E Q1 Hi=e] APS 3 84

20199 AlA HEeA] AL Addie] 12% 74T 4,1239) 988 712581000, B Hixe] A9
9 7ol weh BA-10.5%), FAFEI(-18.7%), 2HIRH-5.2%), AFAH-6.9%), A1A(-13.0%) & HHE o]
et Qlct. =7HE HIBE vl 47%, = 19%, DR 10%, 791 10%, 9k 6%, S 5%°19, ul=o]
A A" HEEA e} opdE T R Ao AS sl QL F9 ¥HeA| 7] J(IDM, Intergrated Device
Manufacturer) A39] 51%, BAAGHEA] AA) APdS] 65%F AA) S wlme] RHed|, fn

Qe A 23 PGS FESHT Uk

20199 MA| RI=H| AIZ HIZ 2019 =718 HRUAE HWER A HIS

47% 100% 2 69 OF-EIRI% 6% |
| T 3% |

0= 61%
EEYTE  EEVTE
o= 8= 92 R o2 == e opgz1 Wea  mohEan

* EX: 0= HEARis] Xt=(2020.06)

Z2AY Q1 HlEE KA = A s el AX B 7|0 ZRAA 7|02, vl=o] AMD,
o, B==A, E4, NVIDIA 53 22 H3 WL 7I9s0] oV dieel M a7t wer, 524
aR2EE] APgelA= 391 871 7190l 88.4%E HRotaL Qlal IFolA tivt 71o] oF 60%E APAIRIT.
225Uzt S o= Aol HRE Sz A4 FolH 2017d00e A HiH] 30% Sk ==
ABE BT 9%l HIs) Al B oV S7FRAT =l A 2= v A A1 AVRket
SK Hynix7} Sk2=2] ARIFES BEfotaA she=z] AR ZJsfet o) she=se] Al =871 S76kal
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olck. AHARL mhe=e] ARIL 2018 E AlA 29, 20194 1827] & 19.1%C1H AMDiitE= A3z}
et Ty B AL AFE W GPUSF CPU A4t A] A3 #xt mhesd] g 288 ool
SK Hynix:= 201749 19 wh@E2] ARJRE BAR| ‘SK Hynix AI2HICE Agsly, detd] Hof 38
Z3tsla glek

AR ] T 7T AR 0 2= IS HBAIRONA 47 AMY, AMBAAEROllA 374
AR T3 oA ARICE 17 Allo] ARE AL et IS REAINE 202871 ZRAA Q1
Hme] 7]l 4,0000 ¥ 712 FASHITAL BEon Q3RS HHeA] 7ol BRg ATESo],
ASAHY, ElolEAlE 58 A¥E ool

(&9 o 2)
25y ‘ Ay ‘ 20214 Gt ‘ S

DK PIM 71871 115.30 2024
SHISEOU NSERITH Mm@ 150.0 2021
EESEINE
QIBRISHITHISE7 [7HY 70.79 2024
NAPHEASEHEHSY 72.00 2026
HAEE CH0JA MY B/ IS 81.99 2021
AiSyRipe HARBARD [T 164.77 2023
ARSI 79.92 2024
e XY RISERIER] 7187He 113062 2029
(1157 S HEEAR, IASHRIAS) = '

* EH: SRS I47ITIIRI2021)
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Vil 822

wee] HEeAPE it 7152 dchs ZeAN ) HiEels AdEAls GRkslet HH|olE A2 £ ]
7|8 7le=z H7REAL it Hiele ol RS Aol ZeAlAE viEolA BEolet e
7HA9E dike el ey, ZeAlY <l viels dite] HiiEoM sYEE o [EA R Tt Au|2d
28] 7hssH| = 7182] IS dol ZeAMet vimelE A% AV TRl dEAls vieAle
IZZAVY Q1 wre] 25 B9 WA et Y ago] A FEC] AR Ang 14 FHo] 7RsSi
ASAS WA= wxe] 3749 S4lo] R wiwA] 7[ute] Hme] 7|9k oAy, =2(Z2AA) 714
Z2AKY Q1 Wl RRAM, PRAM G2 7HECE Sh= ZEAY Q1 mme|z SLRet 4= Qi 53 qeolAl
+ 25 DRAM 7[5te] Ze2Aly <l wmte] ¥heA|o] S5} 20 s £431%aL, ERL, eDRAM 7|kt
Z2AMY < virE BeA] FFE AFeT AT TS A Ze2A )l HiRe] op|ElAo] it
ARG 3 Z2AVY Q1 vRE] ffRt QlEjmol A o] Higt 7, 53] CXLO| ¢S Hsiier viAeez

T AR AR gisiA dES Skl

e
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