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. . Mobility

Top gate Gate oxide  S.S. (mV/dec) Vi (V) lon™ (HA) (cm2N\V/s)
Wafer 1 w HfO, 10 nm 1129+ 44 -0.58 £ 0.19 211063 6.02 £ 0.41
Wafer 2 Mo HfO, 15 nm 996+ 1.9 0.33+£0.02 0.025+0.0097 0.31+0.17
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3.2 3TIC 7% 4 £%

3T1Ce x+ [33]9 CMOS 3T1CS} rAFSE F-x20lth. 2712 Al

2 7hER] 73AE EWAAE (update EWRAAE) S 1709 27 EAXA

AH (read EWRAAE), 181 AsE A= AAAEHE o] Fo] A}
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-~

Vope}, sources= AIAIEIEY] At A53 A= o] glor, 7tsAE 7
2Al7]5 depression EWAAE](N2) Q] draine AHIAEH O At A=
¥}, sources= GNDeol| 44 ¥30t}t. Read EWA AE 2] gate?} 73HAH
o] A A3 A-dEH AMAHEY AdE de 7 UEF SiTh
Read EWAAEE] drainll= &2 ASHs 7l linear regionol Al &%t

bt

= =~
g 5 AEE

o

GND

Figure 3.2.1 3T1C 3=2%. ¥ /19 update EARAH, 319 read
ERAAH, 2] AHYAIEHZE o] FoF .
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[Potentiation Depression
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U 0.0V
-------------------------------------------- 1.0V
N1
—————— 20V
-------------------------------------------- 0.5V
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-------- 20V
ooV
WL
--------------------------------------------------------- 0.2V
Read R Idle
1.5V
\'
DD 0.0V
--------------------------------------------------------- 1.0V
N1
20V
--------------------------------------------------------- 0.5V
N2
20V
..... o0V
WL
———————————————————————————————————————————— 0.2V

Figure 3.2.2 3T1C 53 W49 oA, 32 F3F2 IA potentiation,
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ek, 3T1C arrays A &AsERS Wl random access’t 7Fs3tES
select 35+ 2A7} H 3t} o] A+ Figure 3.2.33¥ #°] update
transistor® gateo] AND gateE F7}stoiA aldg 4 Qltl. AND
gate® F input®] wA]d EoJ2t2 vl update transistor?] gateol
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gateE TAE7] Y8 F7} transistor’} Lt who] AR T a—
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3.3 ASAFE 7I5E AT AEE 229 e

unit MCU) 2 8%+ PCB F¥ 3z= Aysoict. 54 42
Figure 3.3.1% 7t} 3T1C array =4< 9aiA = we 59 pad7t &
Arlojof 322 45719 probe’} dE=Z YUAE probe cards AMESF
o] S st

MCUe®l w28l AlHA 7hex] 784l 7] retention, cycling
endurance test 59 R& & AUgeE TE2OHYS H, AP =2
= Aol AFHE MCUS ¥ ZulEol ¥ds g™ 3o gh3o
PCB 3|29} 3T1C &xpel]l Adst At A7t 7teiA i, A/ AsE
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W o M= read EWRAAE Q] drainel] A4S 7Mels § 228 AR
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i
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=)
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e

w2} 3T1CY 7z} ENAAE Y] OFF X+ ON #<ehs 7hstth, MCU7F
74e = Qe WY AlEo HA ol oF 100 nsol”] wlEe] o]wth
o e A A= 718 wle 81110A, 81115A A5 7S ARE-
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Abstract

3T1C Charge—Storage Type
Synapse Using InGaZnO Thin—
Film—Transistors for Deep
Neural Network Acceleration

Minseung Kang
Materials Science and Engineering

The Graduate School

Seoul National University

Artificial intelligence (AI) has achieved remarkable progress in
various fields such as image recognition and natural language
processing. However, the complexity of emerging Al algorithms
results in high power consumption and long training periods in
conventional von—Neumann computing. While accelerating matrix—
vector multiplication in crossbar arrays of nonvolatile memories has
been suggested as a remedy for von—Neumann bottleneck issue,
inherent nonidealities of nonvolatile memories, especially nonlinear
and asymmetric weight updates, prevent its application. Si—CMOS
and capacitor—based synapse may have linear, symmetric weight
updates, but is volatile in nature. Amorphous InGaZnO thin film
transistor 3T1C synapse circuit as a training accelerator is suggested
in this work. Nonlinearity and asymmetry can be expected due to only
n—type transistors existing for a—IGZ0O TFTs, but no issues were
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found in weight updating in simulated learning schemes. Mitigation
methods have also been suggested founded on weight update models
and experiments. Outstanding retention performance of more than
10,000 min was measured as expected of low off current of a—IGZO
TFTs. Synaptic operation did not experience significant changes
after 5x107 weight update cycles. Combined with optimized learning
algorithms, a—IGZ0O 3T1C synapse can be a candidate for low power,

high—speed Al accelerator.

Keywords : InGaZnO TFTs, DNN accelerator, charge —storage type
synapse, low off—current, linear and symmetric weight update
Student Number : 2021-28307
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Al 7= YAl £ cycling endurance EA4o] Q7-Ht}H[15]. 9]

e

ot 24 wEax W Hd JPE x5 Aeko] gt} E3

7R 78 WA RA, Rt Aol sgel THE 2 EAlE R

A sk AN e 9] potentiation?} depression W O]

Zheli A=, 7FEAl 78Ale] mid g Aol AAlel wet 57 TS A=
FHAMY A k2 WFORE Sh5HY] wiolvh[15, 20].

PRAME 2% 927k Wasiel CMOS 7143 58t 29e 7

AgstE AFo] S AEZ[17] Aot v)3A] Axfolth, PRAMS

7VAA FEE arrayERE e LS 7RI

I weightE 74715 342 potentiationS 7Fs3FA 9, weight

£ A A]7]= depression AL ofd®E 1 TR Wo| ErESE o

Aol 3k PRAMeA ARS ol W] 27 st =48 =

S5 WEE FAs45]. o] A mlie] PRAME Al

o
u} £ resistance drift

o] o] AAAew olojd & glo} W7

W 22k A
£ S AWa adbE BESARRT] F
Z7ke) BAZL dAB ol gelw AL WA
A 2re] 239 Aoz A% VT Astsh A7

A4 e FReof & Holrh43),



RRAM< metal—insulator—metal F+%% insulatore] 7] HZ=AJo]
N FEZF A Ao wet ARE AFET 2o hdE] AlE
o] folata WAo] 4F*% o AHel izt Qo] [52] array §Z 0
7Festths Aol Sle AAtelvh. til thAl2 depression #Hgol =
Aetr, MEAo] = T27F I ¥ ol stochastic stk Aol
/] on—chip learning € AA=ZE AestA ¢t} Bilayer 7+%9

RRAMOZ HPHoln A%l Ags NS of A% A

rU

[53], Alzfo] Fxslm s xdT = Sle 7oA 7 Ao
A7F Ak

MRAM=2 &2 27 t& v 92A mgd wavs o] QA

(23114 = A2~ ZheAI7E 0% 127 uyls o]zl 2137 (Binary
Neural Network, BNN) o] 5] MRAMS o] €3} AWk, 7F5X]2] AH &
Aol &gt AT Ao F2 el @AV A= EA7E ok

o]x8 PRAM, RRAM, MRAM<S H]E3 H|3wA Ry 2A5S

on—chip learnings 93t arrayol| Aol Al&st7| o= z+z kA do] w

7] S T AAEY AEE sES o= AR wS ¢ AT |
A AE 2R 5L Ao 32 E on—chip learning®l] A&k AlWHA

227 Q35 e [48]. E3] write and verify 9} 32 2xbo] AAE A

S AUE ol s HAMS MVM A4te] HEAe Qv 34



2.2 Si—CMOS 3]& 7]4te] on—chip learning

2

NVM 2A25 ARESE A5 A4 7} 7]+ on—chip learningel& 3%+

AZF Q7] wWiEe] CMOS EdAAE st ANAEE o] 43 @5t AFd

=

Al @ A7 Ak vF QIth[33]. 2709 update EWA]AEQ] sourcelt
drain, Z18]3 read EWAAE gate’} ATWAIE Y At Ao 44
¥ 3T1C Fxeolvh. 7124l /d2 DRAM FdskAut, Jw 723}
e el Zpolzb Qlth old R JRE AFE ol sz 27]9]
update EWAAE|7} HQ3F T e NMOS update EWAAEZE
potentiations s+ A& AYZshd, update EWAAE 2] source #
> ZAsiAlE o] AgE Astel o&f AR, AFE FER wet
AF A717F W3l7] g NMOS+E A F
WEolwk AR 4 Qv whebA

potentiation & PMOS, depression & NMOSZ update E WA A~E 7}

update EFA]AEo] 3=

r1r

Tl AgeA i, A

0

278 B a3t ®E3h DRAMS A ASfAIHE WAAA AAdE o] Jld
Asts S4d oS wvith R E4o] dojuxnt 3T1IC AlYAE
AMAE AYE read ERALE S gated] 7Hall obdE 1 HHE read
transistore] T2+ AFE & F Utk oW, AMWAEHEY AYH
read EWAAE O A7V A of-go] ¥H7] YsirE read EWMA| A
B 9] drainel|l A3 2 A4S 7Fs] EWAAE V) linear region®l A

s o} gk,

ol

Si EWHAALHE ol§F Hdst ARE AlWAs [33]dAef 3ol
update E WA A~E]7} saturation region®A] sk 3t A A 7%
2 78Ae] Zhssith vk Si ERAIAEE S A2 AR7E A7) W
o] ©lol¥ retentionell& wAI7F Q3L AH FAS BAskE Aol

H 3 AR A X9 Bzt Fastth Ambrogio er alll ATl

N
"
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|
-
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1= PRAM array®} 3T1C arrays &7 ARSI TH[1]. CMOS 3T1C
7F 3dd drgolr] wiite] A¥gd, HAE st 7gAle]l st

3T1C arrayeld ¢4 st5s & 7, A =2std AWAIE ] 4

T

HE H 3] o 2el PRAMOZ £7]& WAoot H|3ayd v

¢} CMOS EdAAH NS o8 & Sl= Adt 7FE7]olARE,

L%

Ea
E]

::1‘

A2 EF CMOS 3T1CoA dojvpr] wiZeo] g 3349

e B A A 3F AZko] A7) wfZe] W retentionel 9] gt

Ao sheto] vhekd 4 9lrh(33).

2.3 InGaZnO ¥}% EYPXAHE L3 AFA &3

IGZOE AsHE 7IdF dhkeA o] izl 42 vy d HoAs =2
mobility & 7H= RE=ARZ FAETE FollA FHo] vk drb# o
2 eAlE A do] obd wl mobility7b AA FHASHAIRE In YA+
7% 5s eB["o] A3 Folr] wiitel] H[AHA Aroloj= en[Ee]
ol Qo] mobility Ast7F A Frh[24]. B A oM A7]How
AzEE 545 7Kt A4 difed AL 4ol 7hsal A& ol
o] FE 3 EoA wut EWXAE (Thin Film Transistor, TFT)
channel =22 o] g-¥r}[8].

a—IGZOE Y|&3) v g4 dteAl= A4 22 dopant stateZ 283}
= At ¥R Vo)ol ol M9 doping ¥ fl°l% n—type RH=A|

olt}. thul, Si CMOSA ¥ ion implantation 55 =3l p—typel® A&



& 7 glo] n—type ERAAEHRE A Thsstth(24]. Vo F5E a—
IGZO channel 52 A1) At4 &9 Fo&2 40| 7lsstH, carrier &
T7F =& Alo= depletion mode EWAAEE EZsio)

a—IGZO TFT= 2z +4 ARFE 7Fu. Si CMOS9 4 d#e
pA/pm FEOIARH33, 39], a—1GZO TFTE yA/pxm F¢ F4 A
F7HA ®aE wprh Qlth[41]. o]+ IGZO &4 o] 7HA Bl FFE A
S L9 ¥ bandgap energys 7FA|7| wjiolt) W FA ARF
g 7Ptk 54 witel H 1GZO TFTE ol&ate] wxe Aats
A&stel= AF7F Bk Sekine et al] ATl DRAMAEH A3A]
ol dstE Adsts, ¢17] gl AfAEHE BAAA AE 9l
| Adstgs glshe 2ol obd gateZt ZFiAEe| AAE ¢V E

A 2~HE o] &3 non—destructive readout®] 7bsd 2T1C WEF A
A AlRbeFATH38, 411. IGZO TFT9 FA4 Af{7E 27 wdel &
o= FAIZE FH retention®] 7hsdFSlth ole] Yl write EW
A 2H 9 sourcedt read EMAIAE S gate Atolo]l EAsH=E 714 A
JPAEE A Foz &8ss 2T0C Wi 2xb7F Alkd vl glo
] [40], 2 453 a—1GZO 2T0C 44} B3t Duan et al] Aol A]
AA RS [12]. ARAANY FFo] Agolm =7-8ta 7] DRAMS 64
ms 7719 refresh®t} 71 300 s9 retention timeo] R.i1¥ v} gl
Dual gate ERAAE &L 7AHAEHE o] &3 AlYAet 7 &t
Hu et al® d7olA Ba=Auh[18, 19]. Al¥HA &A= 2T1C F-%0]

l_,ri

r 3}
pis

o A IPAE] 2] A Zo] read EWAAE Q] bottom gateol] AZAE 11, top
gateol ASt oY AT E 7S F UEF Sk AFAIE AgE A
a3t Mt dg Azl ) read EWAAE T2 HAF A7|7t

=

o=

v}

g} 1 3, SHAbE A F7) inverter 71HES] W &z A9t

>
il
Ll
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&%= gtth On—chip learning®] 718t o™, <107 A/pm F52

=
Re wd AR 5] 8 AMAE Age] 0.1 V Faste b 443

o] A3t +=F9 retention Aes BASIT AlWA A 27=2

>
Z
C
o
=)
rir

¢ gate 7t8 9 4X6 arrayeolAde TETRIS #i&l <14 =z
dol 7hsetRd AT, F& o] FH ps AEER =dH, gAY I
o] =9 Agd 5 vk @Al A

IGZO0E= NMOSH EAgths SAIE S5 6TIC AlHA A E5
A}k BF ATH51]. NMOS+= Ashs A7l el Agstr] wfol
potentiation¥} depression= A Z Ht¥ = Weko g ZHstE WAA Y]
= WA OE JIEAE LS TheA AAE A ERAAY 4749

AH71E A ANAEE A, o A=l gate?t A4E ERAAE 270,

=

T update EWAXAH O sourcer= I HAAE dElol7] wiFol <A
gk gate—source St A7} FAEH, EAAAEHIF A AFE F
+ saturation modeolA F&E F QIEF s} AFE AP

of F¥sA saturation mode°lA &2t update ERA|AE O] ]3|
A Aola thF A1 78Ale] Thssith. ASfAIE S ¢ A=) dAd9 E
WA AE7F B AX of 78alo] dojupr] wiitel] Mol A8 Az} glo]
array T%°] 7Fs3hA| 9, update ERAAE Q] 714 ASJAIE Aol o5
half select ¥ A2 A2ke] AFAE o] AAd dsto] WHsprp Ao
= A7 Ao

ot bias stressell ti$k stability (positive, negative bias stability,
PBS, NBS):= @id=ojoF & AJu[47]. 7|24z Vort @i,
channel®} gate insulator Alo]2] defect E°ll gate biasel ]38l carrier

trapping®] ¥oji}al, Flash WX 29 threshold voltage”’} WgslE= €

’ S e



29} FY3HA channelel 7FllAl= ASHE v 237 Loy EWH
AxES] A7 5Ao] WEtH13]. Top gate TFTE 7|Eo=,
positive bias7} @@ 7}8fA]"H electron trapping®] 21} threshold
voltage”} <7}t HF| 2 negative bias+ threshold voltage® Y+

o}, Al o2 IGZO+ n—type WFEA o], hole &7} 27| wj&ol

NBSe| 9ol AAuk, TETe| Blo] 7hsj== (PBIS, NBIS) electron—
hole pair7} A4 ¥ o] bias stress’} 7}%53tE = @371 Aoh[29]. 4
A2} w3 bias stressol] welt TFT AAS WAz 7 34 34 £
channelel ZZ=EUW H AA7E sk Aol o8l 43S #al gate
insulator Zo® Ay EWAXAE S EAo] wW3lsitl. Charge
trapping< 7} Z <l Hk-go|x|uk H Y=} ik Ashe] Wty Q7]
wZoll Bl7Fed ARl WskE opr|sith[9]. AA tiAEw o] FEol AHEH
+ IGZO TFT% bias stressell 21 threshold voltage W 3}E sensing
st WA F= 3 27F JARHL], FHAE 2 R &2xke] IGZO
TFTE AH&3t7] 9Aslixe HEEA] sl s oo shi= #Al|o]t.

11 i’—'! ST II



3. 4% 3 &4 WY

3.1 @Y EAXAEH D AHAE AF

B =5 3T1Cel *3% E WA AE+= top gate staggered 7%
Z thermal SiOy Yol A &R T} Source, drain #4522+ Tungsten
S o] €39 o, a—IGZOE= In: Ga:Zn=1:1:1 H]EZ sputtering
71HS o]lg3] Szesith. Gate insulator= HfO2E atomic layer
deposition (ALD)E &3l Szslsith. Adde] AFgst EWHXAEHO
channel dimension< 2 gm x 5 gmol™, 4% T4+ 10 =& 15
nm®|t}. Source, drain¥} gate’} FROZE HZ FFol1, 1 Hoj+=
0.25 pgmoltt. ¥4 AL Figure 3.1.18 #Zow, Ax Fx=
Figure 3.1.29} %t}

Az EWAAE O transfer curve®l output curves ZF Figure
3.1.3% Figure 3.1.49 #rh # Adox= EF FUs channel

dimensione 7HA& EWXAAEHWS  AFESIGT] wFEe] WES

o

normalization #73 ¢lol Ins7b 107" A7} ¥+ S threshold
voltage® 7 2]a}3dth. Subthreshold swing drain #F7F 1071 Aejl
A 10710 A7 H=d o3 A xpo]l & AALEITE. Carrier mobility
= 4 (DS 53 AXsh Channel E#0] polycrystalline®] o}
W amorphous Aol7] wjZel fo]H 9 WS ERAAEHI} £ d4Y

8 e 2 FAT 5 QAT

2L (dTps
= o () 0
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Si Substrate Wet Oxidation

.

W 200 A Depositon & S/D Patterning

-

10 nm Deposition & Patterning (Sputter)

{

HfO, 10 nm or 15 nm ALD GI Deposition

-

[ a-1GZO Channel (In:Ga:Zn=1:1:1)
[ W or Mo 200 A Depositon & Gate Patterning

|
|
|
|
|

Figure 3.1.1 IGZO ERRAAE ZTA €A



SiO, Buffer Layer

Si Wafer

(b) Gate

S/D a-IGZO S/D

@

11N

N

Figure 3.1.2 IGZO ERAAH FZ. (a)= @4, (b)E top viewo] .

1 floly E EIAAAY A7F 42

. . Mobility
Top gate Gate oxide  S.S. (mV/dec) Vi (V) lon™ (HA) (cm2N\V/s)
Wafer 1 w HfO, 10 nm 1129+ 4.4 -0.58 £ 0.19 211063 6.02 £ 0.41
Wafer 2 Mo HfO, 15 nm 996+ 1.9 0.33+£0.02 0.025+0.0097 0.31+0.17
*Wps=15V, Vgg=1.0V
o (] "-"
14 ; A—E =% E] ok

- = L



10104

(b) -

Figure 3.1.3 A&H EWAXAE Y transfer curve. (a) = Waferl, (h) =
Wafer 298] 74 Aol

: 2 A &t 8



X 106
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0 0.5 1 1.5 2 25 3

DS

IDS

0 0.5 1 1.5 2 25 3
DS

Figure 3.1.4 AZ¥ EAAAE Y output curve. ()= Wafer 1, (b)=
Wafer 29 A3o|t},
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A ALES A3 A AEE high—k dielectric 2291 HfO.S A}
£-3}9] metal—insulator—metal (MIM) +Z=2 A ZsFF T AT A ol
Asks AFsts A2 A9, 4 AF7E stk P skl Al
Elo] &0l 55 52 (2)o] g3 dst FE £Ho] 7] wiel
HfO2E AHg-3FiTh Alzket AAIE= 100 #m x 100 £me W3S
7EA ™, ALDE F2He HfO, F71& 10 — 15 nmo]t}. HP4284A LCR
meter® £%S =43 Ay -3 - 3 V @A HYolA Figure 3.1.63%

Zo] 110 - 160 pF A xo|t}

AV = Ileakage X At/Cstorage (2)

Si Substrate Wet Oxidation

¥

W 200 A Depositon & Bottom
Electrode Patterning

ot

HfO, 10 nm or 15nm
ALD Dielectric Deposition

¥

W 200 A Depositon & Top Electrode
Patterning

N o N o N e
- _J _J

Figure 3.1.5 AMAIY T4 <A

. SRR
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24 r

231

22 F

21
W 20
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17
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= 10kHz
—32kHz

—54.545kHz

= 80kHz
— 100kHz

M

-3

-2

Volta

0 1

ge (V)

2

3

Figure 3.1.6 AHAE C-V =% A3} HfO2 10 nm, 100x100 xm?

ARPAEE =339t E3] g R Hf029 relative permittivity¢l 18—20

Aol e e Fa FATe] FEAoE FH4E A Falstgdnh
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3.2 3TIC 7% 4 £%

3T1Ce +x+ [33]19 CMOS 3T1CS8 f-AFSE F-z=olt}. 2712 Al
2 7hER] 73AE EWAAE (update EWRAAE) S 1709 27 EAXA
AH (read EWRAAE), 181 AsE A= AAAEHE o] Fo] A}
AlA A 7FEAES F7FA] 7]+ potentiation EWAAE](N1) Q) draine
Vop9}, sourcex= AMAIHE] e A=3 AAE] o, M55 3
2Al7]5 depression EWAAE](N2) Q] draine AHIAEH O At A=
7}, sourcet= GNDeof| 4= 3th. Read EMAAE Q] gate”} A AIE
of Ak A=3 AdAduo] AsAEY AYE e F AT Sk
Read E;AIAH 9 drainel= 2> At 7Hl linear regionel A &%t

bt

= =~
g 5 AEE

o

GND

Figure 3.2.1 3T1C 3=2%. ¥ /19 update EARAH, 319 read
ERAAH, 2] AHYAIEHZE o] FoF .
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[Potentiation Depression

1.5V
\'}
U 0.0V
-------------------------------------------- 1.0V
N1
—————— 20V
-------------------------------------------- 0.5V
N2
-------- 20V
ooV
WL
--------------------------------------------------------- 0.2V
Read R Idle
1.5V
\'
DD 0.0V
--------------------------------------------------------- 1.0V
N1
20V
--------------------------------------------------------- 0.5V
N2
20V
..... o0V
WL
———————————————————————————————————————————— 0.2V

Figure 3.2.2 3T1C 53 W49 oA, 32 F3F2 IA potentiation,
depression, read, idle (data retention) 2.2 WY& 4 Ut}
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ek, 3T1C arrays A &AsERS Wl random access’t 7Fs3tES
select 35+ 2A7} H 3t} o] A+ Figure 3.2.33¥ #°] update
transistor® gateo] AND gateE F7}stoiA aldg 4 Qltl. AND
gate® F input®] wA]d EoJ2t2 vl update transistor?] gateol

N7k Agsel array W) 54 24T AEAE AU 5 ALk AND

o

gateE TAE7] Y8 F7} transistor’} Lt who] AR T a—
IGZOE= CMOS BEOL ¥4l Zg%7] wiFol[2, 3] wafer el
CMOS 3122 A%e 5, 72 9lo] 3TIC 238 +4 AZshe 2o

2 &4 WMAS A28 5+ vk

N2 Row

WL

U

N2 Col |
N1 Row Read

N1 Col BL

+
VDD

GND

Figure 3.2.3 oJ#o]9]A 9 3T1C 3=%. Ad AAE AND gateE A}g3ic}.
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3.3 ASAETE 71ES A AdE 229 e

3T1C A~ AAF 2 array 542 Arduino DUE micro controller
unit MCU) 2 8%+ PCB F¥ 3z= Aysoict. 54 42
Figure 3.3.1% 7t} 3T1C array =4< 9aiA = we 59 pad7t &
Axojof stz 45709] probe’t dHE UYEH probe cardE AHE-S)
o] S st

MCUe®l w28l AlHA 7hex] 784l 7] retention, cycling
endurance test 59 R& & AUgeE TE2OHYS H, AP =2
= Aol AFHE MCUS ¥ ZulEol ¥ds g™ 3o gh3o
PCB 3|29} 3T1C &xpel]l Adst At A7t 7teiA i, A/ AsE
gloj @ = W2lolt}h Update ERMAAH & At A57F 71siAIH, €17
W o M= read EWRAAE Q] drainel] A4S 7Mels § 228 AR

2 PCBe AR7] 3= MCUS ADCE 10-bit J&5= 7HA= H

i

2 93t (Figure 3.3.1). PCB 1 3|2 Axfel| 7Hald A=
=)

&k power supply7F 18 E o] glow, MCUZF 71sh= Ak Alzof

e

w2} 3T1CY 7z} ENAAE Y] OFF X+ ON #<ehs 7hstth, MCU7F
74e = Qe WY AlEo HA ol oF 100 nsol”] wlEe] o]wth
o e A A= 718 wle 81110A, 81115A A5 7S ARE-
atqith PCB ¥ 3 2o 4ot A5 S EgAR Algste] e A

o ASE 3TIC EMAAE ] 7FeE o Sl

29 .__:Ix_s _'q.;:-' L



MCU
ADC

Figure 3.3.1 3T1C read 3 . OP amplifier’} BLE GNDE ZFHo}lFE EA]d
AR AYAE Y A read TF T3 533
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Computer
control

E
Probe  (network) \E.
d

L —

Multi wafer
cassette
(25 wafers

o L. /cassette)
mount

Control Computer

MCU (Arduino DUE)

Pot 0

st
4-8ach " Auto
chuck 8 oaent Y
e 194090!: ——
autoprober
Autoprober Power Supply Micro Controller
Read & Voltage
0J1 1]000 Pulse e
Driver — WL
Current
Current 2
ADC Scaling
]-— <«— Integrator | «— Module | BL[]
O|1 1|0 0 P Pot
otentiation 0
Pulse Driver 0l
|1|0|1|0 0|1 1|o
Depression Dep
Pulse Driver

Peripheral Circuit (PCB)

WL 3

Dep 0 Dep 1 Dep 2 Dep 3
] | | l [ |
B
)’o
\ro; N
9N
09 (&
| Z GjoVj Z GnVil Z GjzVj
loJ (] 1,7
BL0O BL1 BL2 BL3

Synaptic Crossbar Array

Figure 3.3.2 MCU, PCBZ o| &3 W3 29 =% 374.
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4. 2% 3l =9

4.1 3T1C 7t=A 734 2d¥

411 299 By

=

AzHe 7heA A 54

flo

}4 4 9= 1GZO TEFT=Z Azd
EAol &A1g 4 Slok. 4 A

AlE o] AFE FY3= B2l potentiationsS NMOSHFO. 2 o] Fof

o

3T1IC AYA AAFo| A wk, H]o|AA

S
|

£

2

Ao M= gHE] APFAY & glok. N1 ERAAH ] source A
AHAIH 2] dtolar, AdAIE ] AgE Aol wel N1 EfAA
B9 Vps Vgs7} W3kt o] x] 9 potentiation®] Wb N1 E@A] A

H7F AA= A7t Wekal, 7k A BAEe] gk ujAd g A]l Tk A

£

flo

7§10l dojdt 4 Qlvk. msh, wio) Weke] 784l 3Rl depression®
A FFelAE vl AR Lol dojd & Sl ERAAHTE
saturation @A FehA AFE AWAE g FHeA N2 E
WA Hol A AF7 S8 AF AR AR HARE, 7HSX7F FHS]
ot N2 EWHAAES Vps7b VesETE Zopxltkd  EfA]AE(7}
linear Golx wztall B AP A 7Balo] dojd 5 Ut} ol o]
Aolx k2 SAES dof, /MAsty, HFA o E= NeuroSim[7]oH
PyTorche} &2 l¥ AATY AlEHClHE g5 dS=E doletr] ¢
= Ed"o]l Fdestt. wepbd 2 ATelds FE8 AW (Finite
Element Method, FEM) & ©]&3%F A Rl 214803 Fojy el
T 7HAE 3TICY 7hsA 78Als 7tk
mage 53] 4zl NMOS drain A7 2191 2] (3), ()& o] &3}
At up,= A mobility, €, gate insulator®] @9 W2 o A
A|l A A& saturation regionel A2 H]o|AA AFE= Eb‘dﬁkﬂ 2 hely
3 T
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shetv] Efo] o},

2
w Vs
Ips = uncoxT Vs —Vr)Vps — - (1 + AVpy)

Ves >V, Vps <Vgs—Vr) 3)

1 74 )
IDS = EuncoxT (VGS - VT) (1 + AVDS)

Ves > Vp,Vps >Ves —Vr) (4)

FEM R 2% 9] Ax= Figure 4.1.1.13% #¢kt} 3T1CE E& vt} 8f
o] ERMAIAET 5&35H7] witel 7FE$ in—house MATLAB E3E-S
AlZpstlch. o5 At 203 ASAIE Astel weEk 74 (3), DE
o] g3t update EWAAE | 32+ AFE A H, 22+ A}

FurE A Age AN B Bt AFE AT

2
i
O
Qe
i)
i)
=
in
|
flo
52!
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w
-
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>
||V
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ol
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)
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x
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)
o
K
ol
i
4
_0|L
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ol
1>
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&
>,
kit
_0|L
32
=
)
D

Q

[@N
[
=
N
[
o
N
N
o,

A&
Astd @t} Potentiation> SolstAl =24 (5)ef & <olF =7l
Vop, Viion 270 &3A] saturation ¥+ linear & oA H&aA 7}
A ¥t webA potentiation A IS shUel Ao ®2 yERd
, ol 2 (6), (& oA 25 F ATk F2 (9 lA+=

Al 73Rl Aot olx by FElE THRIvs As #@RlE

off

39
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R

N
-

32 off

on 42 (10)S EdA = saturation regiono] A 2] potentiation
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\" =15V

N1,0N
Varon =12V
Vni,on =09V
VN1,ON =06V
Viron =03V
% B 0 W B B G0 S ik Vnt,on =00V

Pulse Number

(b) =

0.9/ ' i ' i ‘ ' N2,0N
0.8
07’ Vnzon =04V
0.6 -
- Vi, on =03V
S os N2,0N
o
©
©04 _
> Vazon =02V
0.3+
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dG dV ., (t) K 2
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dr =3¢ Ve~ V1—Ve®) — 5.~ W= VD) (15)
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4.2.1 53 AFe 2d¥ v

to digital converter (ADC)E &3l tlxd3slste] SAsA k. A A H
of A8 Mg ADC FA#CzZYE oz Aarstdnt. Figure
4.2.1.13%F o] 871 13 Y Vo, VsllA9] read ERAAE
transfer curve® 743 H, transfer curveolAl WEE Ipsoll o-&5+=
Agoz AAE e Add AdE F5a3 Ins #h ADC S8 %k=
T2 @ChHE &3 Attt 54 transfer curve Hlo]H ol T3t
v AR #ol gl Aev AW BHE SEl AsAY Asks AbEs
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0—3.3 V& 10-bit precision®Z W 3s}7] wjite] 2] (21)9 Zo]
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o2 Q@m0 Ve
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= Cjn; X (ADC value) x —1023 (21)

(read time)

o] Agkyt A4 =A% potentiation—depression 74| A FE
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4.2.2 A2 239 1% F7

HSPEE vEETE ofd E-RAAEE o] g5t AMAE ARGE
o A T stde 7R A sFo] 1EHoR Thssite Aol
IGZO TFT+= 7 ns 7E 28 4% 7 Qlvths Abde] R vk glo
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Abstract

3T1C Charge—Storage Type
Synapse Using InGaZnO Thin—
Film—Transistors for Deep
Neural Network Acceleration

Minseung Kang
Materials Science and Engineering

The Graduate School

Seoul National University

Artificial intelligence (AI) has achieved remarkable progress in
various fields such as image recognition and natural language
processing. However, the complexity of emerging Al algorithms
results in high power consumption and long training periods in
conventional von—Neumann computing. While accelerating matrix—
vector multiplication in crossbar arrays of nonvolatile memories has
been suggested as a remedy for von—Neumann bottleneck issue,
inherent nonidealities of nonvolatile memories, especially nonlinear
and asymmetric weight updates, prevent its application. Si—CMOS
and capacitor—based synapse may have linear, symmetric weight
updates, but is volatile in nature. Amorphous InGaZnO thin film
transistor 3T1C synapse circuit as a training accelerator is suggested
in this work. Nonlinearity and asymmetry can be expected due to only

n—type transistors existing for a—IGZO TFTs, but no issues were
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found in weight updating in simulated learning schemes. Mitigation
methods have also been suggested founded on weight update models
and experiments. Outstanding retention performance of more than
10,000 min was measured as expected of low off current of a—IGZO
TFTs. Synaptic operation did not experience significant changes
after 5x107 weight update cycles. Combined with optimized learning
algorithms, a—IGZ0O 3T1C synapse can be a candidate for low power,

high—speed Al accelerator.

Keywords : InGaZnO TFTs, DNN accelerator, charge —storage type
synapse, low off—current, linear and symmetric weight update
Student Number : 2021-28307
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