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2.1 IGZO TFT 4#
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3. 4% % ¥4 9y

3.1 IGZO TFT 4&#+ A&

ol AFelAE IGZO TFTe g€sA 2 FA-dRF 5
ggato] 7l dUHelE sF= Fdee dsk AFE A
A ZEFA . 1IGZ0 TFTE Top—Gate Staggered 7%= A Zsl3c)
(Figure 3.1.1) 18]3 Amorphous IGZO =& 9@ In:Ga:Zn =
1112 F#% Targets 2t Sputtering AHlE &8s 1Pa
Ar100sccm #97]oA 2.44W/cer RF Bias® Sputtering 3}t

IGZO TFT &A AZ 23

Silicon Substrate Oxidation: Wet Oxidation 5000 A
Tungsten 200A deposition

Source, drain patterning & dry etching

Channel deposition: Amorphous IGZ0O 10mm Sputtering
Channel IGZO Patterning & wet etching

Gate insulator deposition: hafnium oxide 10mm ALD

Tungsten 300A Deposition

© NSO sE L

Gate electrode patterning & dry etching

ojmj, IGZOS F4& FEE AAHCZ Astr] 98] IGZO TFT+
T AANE  2AE WA AR Fo AFEH. ol
TMA (trimethylaluminum) 7]¥F ALD (Atomic Layer Deposition) &7
Bl A B el o8 1GZO Ad 5A4o] JFE wol 1GZO
TFTE 5A40°] dst He As WAst7] fgteltt. IGZO Channel®ll
gopsk  Fav FUEE 751%’4 electron carrier’}  F7}&ho]
Conductingdt 5A4& UehA 2= olF axdos x4dst= 574
71 gx7t T3t} (Figure 3.1.2)
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3.2 AUYAE &2 TFE

i

As AR AWMA 29 7FEAE IGZO  TFTE =3
ARl AR ol ATl 1GZO TFTE #83 A2
T2 A2 & HASel EAF /il 59 High Capacitance
3HE 9& High—« dielectrice &83 Metal—Insulator—Metal
(MIM) ASPAIEE A 2+et . (Figure 3.2.1) High— ¢ dielectric
TMA7Z]8F Source®} O3 ReactantE &g3a 250C oA Z23813

a8l gekst A719 AIAE AARE AFete] A A7]E
FAARF S AHALEFE SHYT F AEF St AEe AsAE
A2A = umdE Y ol 1x1, 2x2, 5x5, 10x10, 25x25, 50x50, 100x100,
200x200 So]t}.

ARAE 22 AF T

Silicon 7] A5 Oxidation: Wet Oxidation 5000 A
Tungsten 200A deposition

Bottom electrode Patterning & dry etching

Gate insulator deposition: hafnium oxide 10nm ALD

Tungsten 300 A Deposition

L

Top electrode patterning & dry etching
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3.3 AJEA &2 AF
3.3.1 CMOS 7]8F A EA AAFe}e] vl

Ast AE AW 22 FARFE Aofstr] fsl CMOS
EWALEH Al IGZO TFTE AHEsH] AsiAE Al &4 3=
T#x9] WAo] Fgsltt WA CMOS 3T—-1C +%9 PMOSE w3
IGZO TFTZ W7 (Figure 3.3.1.1)8}= A5 Az a4}

IGZO TFT+ Intrinsic NMOS® &Zsl2 2 Silicon 7|HF FETAHH
DopantE &83}o] Hole carriers &RFeE PMOS® #4435k
g83l7] o]Hrt. a8lEE 3T-1C AlYWiAolA PMOS7F A2l @lwl 29
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PMOS®] Source A% nAHUT A= & IGZO TFT+
NMOSst #& 54L& 7M1 s#st7] wwed 7FeA =B
E WA 2~E 2 Drain¢] otye}l Source@ Alg-3HA .

t5o® 148" 1.5V Drain AYelr Source == A=
S7kA 7 el whel Gate A gell wE Drain AF2 IV 54 shlsxnx)

(Figure 3.3.1.2) 7454 AdlolE $4 439 BAY Gate AL

AA9e W Drain 479 AL wW Source Agte] wWslo] wel

Drain A5 WaFo] ¥stu U)ol Drain Agrste] wAel uheh
o

Afe WEE w2 B0 5 Ak

9]
o

—

A=, Yo Gate Aoz o ] E=2 Zadtolol = AU
L “l .

TAZAANME QHolE"R  JlEA o  wet Source Y
H3lstA H JHolE A/ 1GZ0 TFT.J On—Current®] W3}Zo]
- AR ddE ThEA HulolEe] Hufjstal 738 @i fuolE
HowL Tl QHOlE o]l FEogEo] FEstA "k (Figure
3.3.1.3) o]A2 7}%* Potentiation QU°]E EZ3} Depression
dulolE &2 Fe] AolHE ThA e AEFAoln A1 dHolE
Td= oJHA wh=th
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3.3.2IGZO TFT &% AlHL &4 JE FX

38| Aest o]fZ IGZO TFTE #8359 APA 753
Ay Aoln Aoz duolE 7] 984+ Potentiation &2F¥}
Depression &2t EFoA EWMAAE On-Current #o] FL3HA
AoA7r 7hsst Fx27F HQsktk kA 3T-1C F-%°lA Potentiation
4o A Source =X 73?:}01 1A A= FAE Adstr] HEl
Potentiation®} Depression FZ EF EU:WAAE QS Source L7}
wFE = offel &2 5T-1C AL 725 A EAk (Figure 3.3.2.1)
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A7bsta N2 EWMAIAES] Gateoll ZAES Vo, pulse A4S 713
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EWNA2EHoA Pulse AFE S8 olZX AFAIY S AAE
ol Wgow F7AZE 4 Sl

{0 ml

N

B2 Depression FZHA] WA N3 EWAAES Gateoll Viop
At QI7betal N4 ERAAIAH ] Gateol AT Voo pulse AYE
7FHell AAY e == A4 Ground Y (e AolE V|EOo=E
N4 EJ#AXLEOA Pulse AFE Fdwth oA AWAYH S
AAAE 59 WFor F7HAZ Atk

o ol

TE&XoZ NI, N3 E#HAAHEY H$ 272 Potentiation¥}
Depression &&°] 7hsstes 74541"] B 3% »= dete 7Eds
@3 YUlelE Enabled 9&E w@eth N2, N4 ER@AAEHE=
Adlo]E Enable AHjoA Gate Pulse ¢S Hbol Pulse HAFE
ARAE =ToA Ground =& ZT# AFWAE el AL}
HAHEE sh= HUlolE dgs ddsi.
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T4 " Source == AolA Drain =& ALGS S7HA O wet
Gate #Stel W& Drain A7 AP IV 54& Flainzt
(Figure 3.3.2.2) 114%¥ Gate Bia
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3.4 &7 gojokx 4 ¥ TEAX YA

ol AFellM = AAFTRVIEHe] BA F<] 8inch Stepper =%
AH|E #8319 Photo MaskE AZPtl A EHo] LEZ 42z
dojobx wA FE wrgskdvk g axk AFe] ded ¥F

aLefste] Layerd® &= F-o skt

2 A7 5%

N

1. IGZO TFTE &g3 A3t AAE AWA 242 52 A5
2. IGZO TFT A4 AF A=

Photo Layer ¥ Process®¥ &

[4Layer] : 26 Step
1 IGZO Gate oxide®} AIAIH insulators A FA
1. Source / Drain Metal Line
2. Active IGZ0O
3. VIA for Top gate oxide remove
4. Top Gate Metal Line

[8Layer] : 52 Step

: IGZO Gate oxide9} #AAE insulators ¥ A
1. Bottom electrode Metal Line

VIA1 for Capacitor insulator remove

Top electrode Metal Line

VIAZ for Bottom gate oxide remove

Source / Drain Metal Line

Active 1GZO

VIAS3 for Top gate oxide remove

Top Gate Metal Line
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Retention [s]

HfO, Capacitor, 2> Size > 5x5um ?

7z

100000 3 _g— Cap Length =1um  —— Cap Length = 25um
—e— Cap Length =2um  —<— Cap Length = 50um
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] \
14 v v v\:\
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0.1 4SPEC2.0:25 e ueurenernernerenrasranannenns I
] o ) P
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Capacitor Leakage [A/um”2]
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Pulse width [ns]

HfO, Capacitor, D> Size >50x50um 2 %4

; Board €0
10 7 Transistor On-current WA 2T 500 _
104_; 1E-7~ 1E-5A . D 6 w 100 - i
E e
i Spec > 1us 50 ", Se
103 B= ....‘.:/-*‘*'
E O _~" A
, ] 25 / ?ri/v.v
10° . ?. ¥ o50
o ] Spec > 10 / ;///A 125
.
1077 . */‘, —w—lon=1E-7A
0] " et / 10 . —e—lon=5E-7A
E ./?¢ —e—lon=1E-6 A
074 A, —%=lon=2E-6 A"
Y\ —
10° v 1 —A—|on=5E-6A.
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Figure 3.4.2 | Steps > 1000 2k 715 AwAE HF
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T @ N1 _J

-
GND

VPRGN 7 EETVDTReAE
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W=10000um _ , W=10um, L=0.5um 1000ea 4

MR

e s

overlap

underlap

Figure 3.4.4 | 7234 % £74d€ Jumbo FET
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Oxide

IGZO TFT

Tungsten 200 N deposition

L
Source, drain patterning
& dry etching

3

Channel deposition: a -1GZO

Sputtering
$

Channel IGZO Patterning
& wet etching
¥

Gate insulator deposition:
hafnium oxide 10 ALD

Tungsten 200 N deposition

Gate electrode patterning
& dry etching

Figure 3.4.5 | 4Layer % X2 A~

Capacitor

« SN Ed Tungsten 200 N deposition

: Wet Oxidation 5000

/ Patterning & dry etching

VIA Patterning

' l & wet etching

‘ Gate insulator deposition:
hafnium oxide 10 ALD
Tungsten 200 N deposition

3

Top electrode Patterning
& dry etching
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Oxide

IGZO TFT

Ty S dopositon r Tungsten 200 N deposition
Source, drain patterning
& dry etching

¥ ¥
Tungsten 200 N deposition VIA Patterning
& wet etching s
Channel deposition: a -1GZO

¥
10  Sputtering

Bottom electrode

Patterning & dry etching
¥

Gate insulator deposition:

¥
& wet etching
g
Gate insulator deposition:

hafnium oxide 10 ALD

3
Tungsten 200 N deposition
. 4

hafnium oxide 10 ALD
3
Tungsten 200 N deposition

. 4
Top electrode Patterning

& dry etching

Gate electrode patterning
& dry etching

Figure 3.4.6 | 8Layer &4 X Z A~




4. 23 3l =9

4.1 1GZO TFT 7]¥ At AZY AdA~ 27
54

545 Fd gr¥E IGZO TFT 542 v 2o Abxs ol
=4 AxE ntgo g T3 AyE Chipy AMEZE ¢ 95 4 Qh

SR FE Az EAo|A Threshold voltage kol 229 S 7HA+=
e FEHRME, IGZO TFTE Turn—off AlA FAAFE FTEI
Aofstr] i o B 2o AskE 7ol 3 ¢ ¢ Aok 1 9
02 54 d¥bEd CMOS &9 =8& Ui 8% F+ Ui,
ol AT AlHA A s #ACA Hed == 4.2 Aol
U772 gk

IGZO 54 steivn|g A4l W

Vg )
dlogly

Threshold voltage : Vi = Vs @lg =1 x 107114

Subthreshold Swing : SS = min(

. al
Gm max @ G,max = max(#
G

2
Mobility : pgat = 2 (_"’W) plin — _L_2la 1

FE ™ wcox \ avy FE ™ wcox avy vy
DIBL : DIBL = Ven _ Vin Vg=0.1V)—Vp (Vg=1.5V)
vy 0.1-1.5V
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IGZO TFT2/5  (Width / Length) Vds=0.1[V] | Vds=1.5[V]

Subthreshold Median 117.7 112.5
Swing [mV/dec] Variation [3 7] 11.9 14.0
Threshold Median -0.93 -0.81
voltage [V] Variation [3 "] 0.54 0.54

gm max Median 2.8.E07 3.9.E06

[S] Variation [3 "] 4.7.£08 5.3.E07
mobility Median 4.76 4.38
[cm”2/Vs] Variation [3 7] 0.79 0.54
DIBL Median - 0.09
Variation [3 7] - 0.06

Table 4.1.1.1 | IGZO TFT wafer &4
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4.1.2 Off leakage current &4

A, 2T 3|25 &83F Leakage 574

IGZO TFT9 ©9€3A 22 Off leakage current:= =74 %19
AR A& FA~FW fA F£= oleES =Hslr] oHh Y uhebA
S 93 3722 ¥rg LAt =459, (Figure 4.1.2.1)

A e

Leakage current S54E& 32+ Program EWAAE S Source
=9 Read EWAAE Gate =EE A HS EHOZE 3},
Leakage current =74 329 =z HWyHe 23 Ztv}d. (Figure
4.1.2.2)

i. Read EWXAE A8 F7F <2l

Program E#WAAHS Gate HAYO=E 3VE QI7Fst el A
Drain Z¢tS —3~3VE Sweepdt®] Read EWAAE 2 Gate ZStel
£ Drain dFE WA st Read EWAAES x5 Jo
TR 0~2V FrollA mig AFAeor AssE F1d = vk
(Figure 4.1.2.3)

S%3 Leakage &9l #}AolA Storage == A4S 1.5VZE
Program% OVE &3 AA3] U#7l+= Z & Sensing st A
ZrekshH, o]+ Storage =5 A4S Read EMAAEQ Drain A5
3l F457] Tud FelE ule Agst Ay F3to] FHEHNSS

gt

o i o

olu

1o

ii. Program E#WAAE Gate Off Aol wE Leakage &<l

WA Program EWAAE S Drain A4S 1.5VE Gate A4S
3VE & %3F Q718te] Storage kEeof JdsE FU& ALS 1.5
AN7kA F83] Z8Ftvh. (Figure 4.1.2.2) ©|% Leakage I

3l Program EWXAE S Gate LS AHA Off oro

H
sty A Al & Program E WA AE]S] Drain =& At

<

<L
i o

o

0

=
!

e |V
oY oX
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HM7As & Storage =5 Aol od Wslel= Read EWMA|AE 9
Drain AFZE  Sensingdt®] Storage #¢te] Azt W& WH3E
AAbstet. (Figure 4.1.2.2) 91714 Al4tE = Leakage currenti= A 7He]
w2 Storage =5 Aol W3l Capacitance}? oz AZE

Ath (72 3, 4)

%

dVStorage
Ileakage = Ioff.Program + lieakreaa = CStorage T 3)

CStorage = CRead.Tr + CProgram.Tr (4‘)

Z83 off AYS Program E WA AE| | 7}é8= Z-$ Storage
to] AlZbel| whel "olX= SR7F A 7|77t Etei
(Figure 4.1.2.5) ©] #A& Program EWAAAEQ FAHAZF7} =H3
off Aol g aFHHO=E AojEo] Storage =9 ChargeE:
HEskE Zlozg A9, o] ZE vigoer ARg EWAXAEHE
Capacitance® S74gste] FAARE  @atsind ¥ aA(laA
=107 A) £ ¥ FEARE e A2 5 vk (Figure

4.1.2.6, =2 3)

[
=L
o
9,
o
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Gate

T Drain
— Storage
Node | —T'
® | Read
Drain Program -
GND

Figure 4.1.2.1 | Leakage current =48 2T 3%
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3V

Gate 0.1V
Drain
1.5V === Storage
Node |—T'
® | Read
Drain Program -
)
Ion
GND
d. Voff
Gate 0.1V

I Drain
g oV — Storage _T

Node | -
.- Program | Read IRead
Drain g - -
| off I leak,Read

GND

Figure 4.1.2.2 | Leakage current =48 2T 3% F2ZF v

a. Storage node Program %2} b. Storage node Retention &2}
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1.E-06 0 Read Current

8E07 ©®¢ . /

- e C (8 R ’ )
6.E-07 y=3E07x-1E08
R2=0.9966 JF

4.E-07

2.E-07

Read Tr. Drain Current [A]

o
m
+
o
o

3-2-101 2 3
Read Tr. Gate Voltage [

Figure 4.1.2.3 | Read EM:AAE Drain A7 A +3+

31



Program ON
3 —pmm —+— VG_Program

1 —o— VD_Program
2 —— VD_READ

[V]

VD_READ = 0.1V Constant

o4

VG_PGM

_2__ Program OFF

0 100 200 300
Time [s]

Figure 4.1.2.4 | Leakage current =% Timing Diagram
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1.8 —o— Voff = -1.5V

1.6 @@ —o— Voff =-1.4v

> 14 —2— Voff = -1.3V
v —v— Voff =-1.2v
& 127 —<— Voff =-1.1V
O 104 % — > Voff =-1.0V
> ]
L 0.8
S ]
€ 0.6-
% i
E 0.4-
o -
& 0.2 -

0.0

Time [s]
Figure 4.1.2.5 | Program E WA A~E Gate Off Ao &
Storage ¢t W3}
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1.5V
1.4V
1.3V
1.2v
1.1V

—o— Voff
—o— Voff
—4— Voff
—— Voff

1.0v
0.9v

< %o} © N~
i - i\ A
o o o o
— — — —

[v] wuain) abexea

300

200

100

Time [s]

=
.

Figure 4.1.2.6 | Program E#W X A~E Gate Off d¢tol u}

}1\_]:

o

Leakage
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B. Jumbo FET (Width 10000m E WA AE) =4

Width 10mm, Length 0.5ume] E@AAAE 100071= HE A4+

A ARE SHN S A0 A FE olelM A SAH R

—r

Width 2um, Length 0.5um EWAAE tiH] %2 Off current@ko]
H ZAo7 Hol Width 10mm, Length 0.5um EJNXAE 100070

=%
AR fuN A FARRE A FHARE A48 5 gk

O % Width 2m=E $Hatal R, F4~519 aA(laA =

AFE HY Aox of4dsa, ol kA 2T
s|RANA A58t T FH~TY aA AR FAT AolE Hold
tha btk 2T 3|29 %9 Read EWAXE Gate FHEAF
Program E WA AE 9 Drain FAAFE oz FAAFI AAyE =
Zlof Wkel Width 10gm, Length 0.5xm 1000705 H™E AAs] 2AH
74 Drain FAARFR SA4H0. webA o] Aoli= Read

=g o=
EWAAE S Gate Tl o3 Zlow debdEy. (Figure 4.1.2.7)

3FH Width 10gm, Length 0.5um E WX 2E 100071E 43 On—
current <+<°] Width 2/m, Length 0.5um E WX A oA SHHE F59
1349 = Layout’d?] Width zke]Ql 5000w tiH] & 12 50
T SR A ATl ot Aow FAHETh

U

o |
o

&)
&0

R4
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Drain Current [A]

10

10°

10°

10”7

10°

10

10 [Result by Measurement]

18'“ —a-2/05 lea

1072 —e— 10/0.5 1000ea
10 [Result by calculation]
10" —>—10/0.5 lea
10'15 —0— 2/0.5 lea
10 [Result by 2T Circuit]
10" —*— 2T circuit (Vth -0.5 Shift)
10-18 I v I v I v I v I v I v 1

-3 -2 -1 0 1 2 3
Gate Voltage [V]

Figure 4.1.2.7 | Jumbo FET Transfer curve (Drain 0.1V)
: Width 10um, Length 0.5um 10007) #H4d A4
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4.1.3 Potentiation update

AT AP WA AFA AW AL e - wgow
WA 2zto kHEtE A Aol AIAIE AY-S Positive update

Z1-& Potentiation update@} 3ttt

5T-1C AlYiA 4Ax F+FoAi= Potentiation &2t°] 7}Hs3s1A
st7] 98l N1 E#AIAHO Gatedl A= 7Fl Turn—onAl#A
APAIE A == AL VDD/ZE Boost upAl7]1, (Potentiation
Enable) ©]%} Coupling ® AIAIE bt == HS Drain®®E 3o
Source?} Ground AL} AAE N2 EMAIAHEY Gated AAS
Pulse As 74l Turn—on AlA AFAIE std =T HAAE=
Tl AAE kel HLAAE Y] WFoE FIMAZIA Hrh
(Potentiation, $2] 5, Figure 4.1.3.1)

Ion,NZ X tpulse,NZ

(5)

AVCapacitor.Bottom = C
Capacitor

AVCapacitor = VCapacitor.Top - VCapacitor.Bottom (6)

2o A stz 7]E£9 CMOS EWXAE 7]HF 3T—1C tjiH]
IGZO TFT 78k 5T—1C &%+ PMOS 9&o] 7}53 EwUx AH
ol NMOS 9avt 7hsst EMAAHE AP 22 G4 o] F 3ttt
AP Aol AZAR JHlolE 54 gHE 93 NMOS E#HAAEHE
source’} 11 AL Hov) Qlal, 5T-1C F+ZFoA N1 EHdAAEHE=
AN E s == AYS Ground HTt =AY ZolAEE dl=
E]7} 7} updateE Gate Pulse Z ¢l

(m[m
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B

1
1 —

Cap_ T
Ps N1 N4
N3

[]

-~ _L = I o N I
Vpp/2 GND
N3 Cap_B N2

[
N2 N4 BL

Figure 4.1.3.1 | 5T—1C A1~ A=A} Potentiation update
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4.1.4 Depression update

AF AAGe] AWHA Tt Ad AL E A S WEoR
Al A &zt S-S AAste]l AAIE A4S Negative update
3= 7S Depression update@} 3+t

5T-1C AlYE & FxeAe AdAIHE Ad e d4d4
N4 E#WAAEH Gateo] HA3 Pulse A4S 7Fs] Turn—on Al#A
ANAE At o AAE FYd AMAIE S dAAE 29
sk o 7 Z=7kA1714) @t} (Depression, 524 7, Figure 4.1.3.1)

Ion,N4 X tpulse,N4
AVCapacitor.Top = - (7)

CCapacitor

o] w, N3 EJAAHE AAM AHAHE o == A=
VDD/ZE Boost upAlA A#MAIHE A == Agto] Ground Xtk

trolx) x| k== &t} (Depression Enable)

3T—-1Cs} vlwstd AAIE Ak =E9F Ground =X Abo]o
AdE N4 EHAAHE &Esto] Pulse AFE &3 HUNEE
AYPsh= AL Fdatct kAN N3 EAXAEE &85 Depression
Enable #§o] #AMAY shgt w= Ak Y02/ @ Boost updty]
W%Oﬂ AVCapacitm-ﬂ' _VDD/ZU]'X] 01%31
Aol Al 3T—1C F28= 2po]E R},

N

v}

O F Depression®] 7}s3tthe=
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L

| _t.
T 1
@. N1 Cap_T N4

N1

N3
-
o _L T2
Voo/2 GND
Cap_B
f § N3 N2
N2 N4 n BL

Figure 4.1.4.1 | 5T—1C A~ 2A} Depression update
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415 ARA 23 7FEH Q7] B2

5T—1C A2 279 97 B3 AWNEY #% wcr)
Ground= g% 3T-1C¢ FEHEY. AIMAEH Ad ==9 Read
EWXAEH O Gate’} 445l A3, Read EH;AAE S Drainell 0.1V
Are) vhe At st AdAE g @Al web gebd
Read EWAAES] Drain AFE whsojdtt olwf N3 EMAAE ]
Gateoll H1g+g k8] op/, ke ARAE ek wm=o] 7hslFo] Read
EWAAE 7L 3} J Froll A ZE3Fe] Read HF7F Gate Hgtel
gt AgAo g AEs = JrE 3t} (Figure 4.1.5.1)

WO

iy

4
gof +Vop/, oA Moz AT 2ol Read EdALE

At & o
o3t F71AQ drglol JlEAl dHolE A¥AHS HESIE 4
Q F-AFEro| T

g8y AA Array TFOI4E ReaddFiE Array Row 7159
Fox faAEZ HAd ME AHAL THEXE dojd=d Fast
Ao ZFS Folv Aol Festt. AAs IGZO TFTE Threshold
voltage7} w2 = 7MANEE 97 F&ld= AHMAE std o
eEe Age o/, moh o s 2FsFEAU Read
EWAAEH Threshold voltageE 9k #Oo % ZA& S+ Dual gate
378 EWAAE A T F7HEQD 7] &7 iAol Hed Jlow

ol ‘e o,
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0.1v
WL

L

N5
N1 L.
Cap_T | read
® N1 N4 l
N3 ON
-
h —— ﬂ
v p _L — |
Cap_B
¢ N3 N2
N2 N4 BL

Figure 4.1.5.1 | 5T—1C A}

[
DY
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N
of\
N
“o,
N

i
N
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4.2 IGZO TFT 7|8t AFAZH A|EA 7153 AT

4.2.1 Update &4

A 2AE 5T-1C Alsl~ ol E F22 AT 98 1GZ0
TFTSH ASAIEHE A4 st @zﬂ wafer®z A &ate] =43} oh,

ojmj Arduino MCU BoardE #8738t Bit line (BL) =9 A4
HE o] AWPAIHE WHAA Read AFE= ADC (Analog to Digital
Converter) & %3l Sensing 3ttt (Figure 4.2.1.1) ADC 3|=Z9}
Arduino Board 742 &% d7E nduigtn A7) A st o]l
g A7 AZEAT Read ARFel wWE MCUS ADC 3=

=

oA 71l Read ek Al¥A ASAY  Hdgtal AdE= Read
EWIALEH Gate dste AE SAA A 7FSA ldo] B
AMAIH Adste A=

°]& &3l Potentiation SIHC]E 503 ¥ WEFS v
Depression QHCIE 5035 154E WHEslo] 50Step HHOIE HHE
Ao A A AFES SAAY. (Figure 4.2.1.2) 54 AL 2us
Pulse width®] OV ¢S dHlo]E T oA N2v N49] Gate ==
o7kt 1 A3} Potentiation®} Depression E2Fo] HAAFZ O 7
B EHS GAF

ZF7F2 Multi—level Step 78S $8te] U JHolE AdA
2us WIREe] pulse® YHOIEE AFysHA= X aTh dd A0
Arduino MCU®] $AIZ pulse width® &°]7]& oj# 7] wiEolt
gietez duolE HAYE F7IE 9$FH JUHoE dARE =0l
W o® 100Step HICIEE 7R (Figure 4.2.1.3, Figure
4.2.1.4)

AHOIE AEE REESFE QHolE F1toAN BYHS Fol 5
o] A Potentiation¥} Depressions HH5-3} )
AlF A 7R A ke FA A ST

oF = 9t} F712 AU olE Pulse widthE
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A 7FA dHolE AgeME o W2 Step= 7HE T

Adlo]EA] N1 T N3E %3l Enable Hle] E9]std AN
Age AWA 7hERe wet 0~3V Atole] g xEkA Hrk o]
AMAIE] A N2 T N4 IGZO TFTE Draindgte =z zg-3sic}

. =z o)

IGZO TFTS Output EAES vlgo g AA 71232 9o

AdolE dAFE FHux e v&= skake 4= ittt (Figure 4.2.1.5)

A=zret 1IGZO0 TETO EAde 2= ZAg ddolE et Ads F3
O

=
i

AgAd 2 diZA gr s Huste 5 Qi 1 A3 HHolE
A5F AAHA 2V Rangeo A% 53 U0l EALS Jatd 4
LTt

A stnapse = Csynapse XA Vweig&

= lypdate X tpuise X (# of plﬂse) €)

9 4 8 AMREW ANA ANAHY @] 24%,
3

Ade|Ee HQ3t HAFHo] A4S, QUolE AF{F HA  FHol
2ASrE AWA TheA 9l s 52 Ak AR, AIEA
AW A E, IGZO TFT On—current, &< XA A4Q7F 25 Z47] &
A FeFE

AEe 7 Ao A A AEiAEE AT
S 7€ 5 AT, UF 92 insulatori= tunneling currento]

F7F Folxth 1GZO TFTE 7% On—current=
z4d37] flsiM A-EE mobilityE 7HA+= E®AAEE Subthreshold
swing W Threshold voltage? A3}glo] A|#3po]of s}, e HA
Aske dAl GHz (1GHz=1ns) ¢ Logic CPU7} 483}
Hojglow A SO FAE Y o] wmEA A9 FAs T

o} g},
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Read Tr.
BL

o

McU
ADC

Figure 4.2.1.1 | Read ADC 3% /¥ %
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Capacitor Voltage [V]

0.5
1.0

1.5 - —— Capacitor Voltage (N5 Read)
1.0 1
0.5+
0.0 4

'15 ] T T T T T T T T T T T T T T 1

o o o o o o o o o o o o o o o o

o o o o o o o o o o o o o o o

— N ™ < K9] [(e} N~ (ee] » o — N ™ < To]

— — — — — —

# of Updates
Figure 4.2.1.2 | 5T—1C A2 50 Step YU|°|E A=
. 2us Pulse width, OV 50 Step Update

46



Capacitor Voltage [V]

0.5
-1.0
15

154
1.0
0.5-
0.0-

—— Capacitor Voltage (N5 Read)

200

400 -

600 -

800 -

1000 -
1200 -
1400 -
1600 -
1800 -

# of Updates

2000 A

2200 A

2400 A

2600 A

2800

3000 -

Figure 4.2.1.3 | 5T—1C A2 100 Step YHIOIE A=
: 2us Pulse width, —1V 100 Step Update, 15Set Repeat
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0.054

o

o

S
1

-0.05+

-0.10+

Capacitor Voltage [V]

05031 32 33 34 35 36 37 38 39 40
# of Updates
Figure 4.2.1.4 | 5T—1C A]¥#A 100 Step YHIP|E A&
(103])
. 2us Pulse width, —1V 100 Step Update
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1.0+

0.9 1

0.8 1

0.7

Normalized Current

——o— Depression Update
—o— Potentiation Update

0-6 i I i I i I i I i I i 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Capacitor Voltage [V]

Figure 4.2.1.5 | Al¥iA 75X o] WS HUo|E AFH 4]
D ]ddlelE A OV VI
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4.2.2 Retention &4

ok IGZO TFTO AR 55 2T IJ=25 Fd 54 +
ASS BTk oyl Ao A A2
Length 5mmelal, e =7]12] EW

Edx
468 aA(4.68 x 10718A) 59 FAHAFE &

N

st Al AFAIE Y] TR sk AWM A 7F5A] Retention®ll
Fostth. wEkd 2T-1C 3ZE At AdAlE] A7]EE
A#MAHE FAEAARE SAsIAY (Figure 4.2.2.1) 2T 3]=9
Storage =Xl AHAEE A3, 2 WA 2T x99

FAsIe,

dV.
Storage
Ileakage - Ileak.Transistor + Ileak.Capacitor - CStorage X dt (9)
Ileakage.Transistor = Ioff.Program.Transistor + Ileak.Read.Transistor (10)
CStorage = CTransistor + CCapacitor (11)
CTransistor = CRead.Transistor + CProgram.Transistor (12)

4 7 =
AT WEels AL AMAEY FAAFIE AHsiAl
2T-1C FHANE wEFow Axtd AHAEY FHAFE 0604/

um? FEoll 2ATE & 5 ek (Figure 4.2.2.2)

—

7}%=x] 1Step update ZAetEFo] &ldst= 3mV7ZF RCAIAS ¢
AZEE Ak Aste A8 7Fdebd ¢oF 1.9mVrr AT S
AgFs FAAFA 93] &Ask=dl Ade=  AIZFS Retention
timeS 2 AoJst7|= strh. (4] 13, 14) Retention time AW
FAAF st JdE=e] ve vlEHeA Assh (724 15)
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AQ = Ileakage X tretention = Csynapse X AVstep.retention (13)
AVgiepretention = Vstep X (1 —1/€) = 0.003 x 0.6321 = 0.0019  (14)

Lretention = (Csynapse/lleakage) X AVstep.retention (15)

Az ARAH] JHEFE C-V FHo= 44 & F A,
A2 FAAF B oA SAIEE 8 IGZO TFTS 7ASiAIH
Zkzkel 3e A= T Utk o] Ae wpgo® AAE AL A5 A
S5A4E &8st S A4 Retention times A5 F 9l
A2t Al o4} Retention time >2s oS =® 5T-1C
AT EAVE Sl FEYe Gkt (Figure 4.2.2.3)

a9, AFgE IGZO TFTE FA™F FFolAd 1s o9
Retention times & R3l7] i E 1pFe AAIY A d-g30]
s AP, & A7 259 IGZO TFTE A5 Bty $53%

7 FEe Holw DRAM 7HAEH HHEY FEo=
T 1s olAY %1‘?—5‘? Retention time X7} 7}

ol



VG_PGM VD_Read

Storage _T
T Noda_l
o N3
VD_PGM

® N1

-
GND

Figure 4.2.2.1 | Leakage current =48 2T-1C 3=
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Leakage current [A/um”2]

=

Q
N
o

Figure 4.2.2.2 | HfO2 A A 7% AMAYH FEH1F

w9 WAY FAAR b, W AALBY FAAR

53

b. 10
v Leakage/Capacitance [A/fF]
L 4 A-15
= 10
<
8 10-16
8
- "5 10-17
@
n - %
. . 010"
S v
g10" oy
I v v
Capacitor Leakage [A/um"2] 16
100 1000 10000 100 1000 10000
Capacitor Area [um”"2] Capacitor Area [um”2]



10°3 = 1V Retention [s]
e 3mV Retention [s]
104 - [ ]

Retention [s]
|_\
ON

100 1000 10000
Capacitor Area [um”2]

Figure 4.2.2.3 | IGZO TFT 7|4k Al Y12 Retention
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Retention [s]

[
<
(RN
1

=
o
N
1

10°
10

jcaaciczo \h\?
{<1E-23a0m  (&/GZ0 0N

| (SEL, 2019)

1—-0—10fF:DRAM ¢ U /t
—O—30 fF A N Y
1 —/—50fF:5T-1ICd # & 6 A | : ‘
{ —/— 100 fF: : :
{ —<1—500 fF: ‘ ‘ ‘
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Abstract
Charge—storage synapse using
In—Ga—Zn—0xide Thin Film
Transistor for training Deep
Neural Network

Sangjun Hong
Materials Science and Engineering Major
The Graduate School

Seoul National University

The CMOS—based charge storage synapse structure using silicon
transistors and capacitors enables linear and symmetric weight
updates, unlike the non—volatile element—based resistance—variable
synaptic structure. It is known that a level of learning accuracy has
been achieved. However, the CMOS—based synapse has a problem in
that the learned weights are lost due to the leakage current of the
transistor, so the learning accuracy decreases, thus it is difficult to
reduce the size of the capacitor.

In this study, a charge storage type synapse with a new structure
was proposed and fabricated using an IGZO TFT with low leakage
current to have a linear and symmetric weight update characteristic.
In addition, the IGZO TFT leakage current level, which can reduce
the area of a reasonable capacitor, was proposed and compared with
the capability of the manufactured device. As a result, 3mV/step
depression operation was verified in the 2T —1C structure using IGZO

TFT, and the leakage current level of the manufactured IGZO TFEFT
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was confirmed to be ~2.5E—16A/um. And 100—levels of potentiation
and depression operations were verified in 5T—1C synaptic
structures using IGZO TFT.

Keywords : Charge storage type synapse, linear and symmetric weight
update, low leakage current, long retention time, indium—gallium—
zinc—oxide thin film transistor
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