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1.1 23X d 722 AE 2219 H9 X4

DNN9| A& gle Aol wet A3A o] A3 sHAE Hol
A 3e3relld 220]7] AlF Y (Byun et al, 2022) 53] {lE#50°]
oju|A] Q1A Aol AHylel 2 Hd Adds A9 & A HH
g3, AT A, AAEQHY 5 J¥Aso] E&Ee= Foke
A ¥ Y}, (He, Zhang, Ren, & Sun, 2016; Shoeybi et al.,
2019) 38 1998d9 & 17 = LeNet—5(LeCun, Bottou, Bengio, &
Haffner, 1998)% 10°70 ol3te] stetulels ol &g Wi H

ATATE 10170 ool FetuelE o] ek (X. Xu et al, 2018)
olFX ¥ ATl AHEHE dAetvH Y 7t A oR Sre
shgoll Aad 4n Ay w3 VeaaA on ST

Zn) A9 Vsl Sk Al dd HFH E wolut
AFY FxeA & 4 9tk (Indiveri & Liu, 2015) # zo|g
e TEe RS At AATE EelEe o s leAs
Axbe] o Y WE Al olF flsiAle wReeh At
FA Afolel] Zb2 dHlolE o]weo] Agsitt. Idld wimdd F
S dab Al wa =gy wZel WEAgel dojuA Hvh
o5 & wolwt HEHolgta St

= wolwt WEIAYLE sidsty] dE AlAE wRo] wREY
HAirgolrh QI i w2 53R EAE 224 20 Wik
Agor 4% 4+ vk wERY AFHELS wdo oY =&
284S EA] Slskel AAl wdd AdAe] Ve 54E
ek Ao s gk
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Figure 1.1.1 Crossbar array +%
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crossbar array %2 7}#t}h Crossbar arrayelA ZF 33 d&
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A SAst7l SleiAe HAEZE w31, HE A ke
RS =4 A|AHo] FQ st} (Sasaki, Minamisawa, Takahashi,
Matsuki, & Ikegaya, 2009) 3FA|¥F 7]& A|AERLS WAL 79
oA SHAE 7FA 3 It} (Spira & Hai, 2013) Patch—clamp

=S olg3st 54 WS 79  action potentials  (APs)

propagation  2]°l%E  postsynaptic  potentials = (PSPs) &9
subthreshold event7F4] 4 & 4 Stk o] A= v HAF T E
=ol7] oy FERE JHAL o] AS7HAE ¥E AT & Qe

T 7} 1070 E3F . (Perin, Berger, & Markram, 20

—
—
~—

Nanoelectrode arrayS A|Zste] HE APl 82 Folgds ARR
o}t o] AL patch—clampol B8] W=7 "HojxA AR
g5 SAo &8s 4 ¢tk (Abbott et al., 2017; Robinson et al.,

2012)
20219 J. Abbott et al> F AN 7 FFE VEE F Us
DA% 1HAE nanoelectrode arrayel] gt A
(Abbott et al., 2020) AL 4096712 T4 -
gRow ARgely d=cor {iEE AZE skl f1AE CMOS
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J. Abbott et all] A7 AI}E F3H A AFARH AR GE
propagation delayE 7Hth= A& &g 4 Qly. sAw 7]&
FEREI AAEE APAe mgl & delays: & 7 Ae AA A
Al s'lo] EAEHA] k=T Figure 1127 7|E wEEY A|AHE
gEdel gz Fz2 YJehdth /)& FREIE A AHA AW A
et thE delays® F71 91814+ Figure 1.1.22] =] ZAE 23
2ol delay® F7] 918 R FHIEE ruvuitt F7tafol it
ol 3R YAERE WHF1L BEHEE ol wAMS oprldth T3
delay #= FA4st7l QA+ FRIZE wid FAsFHoF skt
ol AAA o7 EIeE)
1 T BL
\r 55 r‘d@ » T_BLz
] L ¢ - [ )
400 Rueight
=00 OTS switch
———o—ot—ot—0
=00
_‘.' A, PGy {_* ._-.'
000000 >
h' h? h® h* h> h® h7 v
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olg gt ARl Zteto] A=A wHlS Hu YgeiA 2
T UEF B AT eE AMEE AR 3E 725 AAISTE Figure
1.1.39 #A=2 M2 A~ 32 FZ2E yepdch ofgo] 9o
THIEZE F7lsto] delays Fo W Figure 1.1.3% B =7 delay s
zHgd F Qe &7 ool Wil X8yl wiEell  Figure
1.1.391- = 72+ AW AE R delayEs AAIR oz xdEs 5 il delay
e T8 % &olstth
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RESET
Switching layer

SET

Bottom electrode

Figure 2.1.1 RRAM 293 & B &

Figure 2.1.12 RRAM 2913 F#& uUehdls B Eo|th
RRAM=> metal—insulator—metal (MIM) TZ& 7= &A=,
AAA FFel AT 52 A5 9FS dH dgiFEe RRAMZ
metal—oxide RRAM2 % (Wong et al., 2012), &xtel]l 7|4 718<
ol oxide ulol EA8F= oxygen vacancy”} conductive filamentE
st AEAS 7HAA Eok

Forming ¥4 Fol= aatel 718 %2 A71go® sl soft
dielectric  breakdowno] dojupw AkA ©o]&o] insulator—metal
Aoz olFdth AMORE o]Fd Ath o]&d 55 50 AvEY
A9l non-—lattice oxygeno® 3gE Akst 7hEdE F5Y
Agde =3 WES3FY interfacial oxide layers &
insulator—metal AW conductive filament® T4 Y42 oxygen
vacancy S AAsE AtA AR 7]} (Fujimoto et al., 2006)

Forming ©]% 4A}+= low resistance state (LRS)7} ¥ 31 o] uj
A= conductive filamentE &3 AF7F SETh AA= RESET
7S &3l high resistance state (HRS)7} ¥t} RESET #H4 ZFoll=
AbA o]0l S HAAL AdelA Al AAARE o]sstH



conductive filament®] oxygen vacancy$} AAg3tct o] #gS F3
Figure 2.1.18] 2&% 1¥ A9 conductive filament®] 3d}-olA
rupture®] dojyp A2= HRS7F #tk. &A= SET #4L =38
LRS& Zo}ztt}. Unipolar switching RRAMS] 7 %ol RESET¥

& polaritye] #e+e oF=o 7}8ta. bipolar switching RRAME]
Aol RESET3t wbel polaritye] Asks <F=el 7kt SET
o= thal AAA o] ALk o]eo] Sy AHAAL AWHOoR

o]53}H conductive filamentE formationdtil AA= LRS7}F H o}
RRAM Z#}2] LRSE= H%E 100Q~1kQ, HRSE 1~10M9] #S 7kt
(Chand et al., 2015; H. Lee et al., 2008; PhilipaWong, 2014) ON/OFF
ratiot= 10~107¢] t}ekst W9 E YeERa endurance: H%F 100
o|Ake] kS H.a1dhh. (Zahoor, Azni Zulkifli, & Khanday, 2020)
AT E o]of ASdl= #S HEE RRAM AxE A|Zstazt s



2.2. 0TS &# T& &4

Resistive switching memory 9] 4835 falx= A3t
selector & &&3&loF 3t} (Govoreanu et al., 2017) Selector &A=
nA Mo & OFF leakage ¢ 10MA/cm? ©]4Fe] =2 ON current
283 10" o]49) nonlinearity & 7FAoF gth. OTS Ax}= o] 2] gt
21E& 25 uEstoe] OTS &Akel dist A7F &kstA 18 = o
2t} OTS AAF= resistive switching memory array A2 A
selector @ TR ZA A7} A3 o] gkl (Ovshinsky, 1968)

SHATE oF2 OTS 4AF9] switching WlAYUF daiAd+ 4%
ool FAHA skt ¥ A o]stell A &=+ sub—threshold
5o talA+= Poole, Poole—Frankel B+ amorphous matrix 2]
tail/gap states 2 mobility gap AFe]el thermally assisted
tunneling/hopping &2 A= o] gy F8 At o] HstelM =
o] states E°] AAZE QYA AA 2= AF/F7F 344 S
Hc}. (Calderoni, Ferro, Ielmini, & Fantini, 2010; Ielmini, 2008;
lelmini & Zhang, 2007) OTS £%}o] AF7F s 2= HA S
filamentary switching ©.% A™W3t A4+ T3k Ex)3tt}. (Chai et al.,
2019; 1. Karpov et al., 2007; V. Karpov, Kryukov, Karpov, & Mitra,
2008)

GeSe Al AL &k w2 Aol i Clima et al. 9]
Aol 2 2okxo] gtk (Clima et al., 2017) A~ E ] 28] F2Hd
GeSe =4 vlA44d A4 AHE 7Id. o] W GeSe =4
GeSes &} GeSe 9] =3 Al d] GeSe &= GeSez©l H]&| dangling
bond & 7FA7] W&ol © =& band gap & 7Ft}. A F AJEl=
electric field o] ¢J3t 7}z Q& A5 W3t 7153} (Epstein,
1926) ol#et Ae]2 GeSe Al YALAE A= A7 skl A
Arx/do] vk A A

OTS & dwta o7 10°9 endurance, 10° 2] on/off ratio, 10* 2]

(e}

selectivity 8] EA S 7}dt}. (Verdy et al., 2017)



2.3. W3t A AWE 24 B 54

Figure 1.1.3%] =<2 OTS 78k 23 A AWA 22 25
eI, Figure 1.1.39] AlYiA Fx99] AolgdS wiibAl A=
EAISEATE Figure 1.1.38] FxolA= ofdlo]e] Af1Ao sliEst=
EJRAAH OTS A90A7F A4 AA=U =5 o] 0TS A9
ZMHAGE Ad dAdsidoh o] JMWAZRE 0TS A9AE
T2yt el 2tk OTS A¢ A= A7FsE et} switching
delay Atole] A= wka]d #AI7E EAsth (S, Lee, Yoo, Park, &
Hwang, 2020) OTS A$1x9} AA4¥ 7IATe] gh& xH3te] whet
voltage divider lawel W&} OTS 29X 7heiAs A4S =48
oltt. olo] we} OTS A9 X9 switching delay”} v} 1 A3z oz

AW Ao FoAE delayE: =43 4 Qith

OTS-based delayed synapse Viate Controllable switching delay
#
Ractayr < Raelay2
thisresearch1 | &, | E!I!xlﬁE-I Vth
OTS switch
T
R, Iime
VW[
LIF WL :
A 4
“Voltage regulator”
Time

Figure 2.3.1 OTS 7|¥t &3} A A|P2 &2 F2EF) A2 2 7MHAE
ol wa W3lslE delay B4 =(F)

Figure 2.3.1%= OTS 7[Rk #3t A|A AlYA &2AelA delay &
st wAEs Aedd. AYS 8l AE tE crossbar array
column 1, 2 27} 7FHAE Reclay1 & Raelay2®] AT 7HF st} o] wf
Raelay2”F Raelay1 BB Athal 78 38kAF. 181 voltage divider lawell
wet column 22 OTS A9Ao] Azl AYo]l column 19 OTS
A9 Ao Al AYEY FHuh ghH 0TS A2$* 9} switching delay
Abololli= X< whulE]l #AZE A™HEH7] wEel column 29 OTS
2919 switching delay”} B At A3A OS2 column 29 7}siA| =
delay”} o A A =t



OTS 29Ael A" Adet= 7FHASS o3 2 21s
wEaol gtk A T bdetal Aol golsfol  shtt
TPAA S HFAowm offole EFE AR, Fx7F B
ojdlolel FE3aY] AH7] wlEolty. &4 S scalabilityE 7HA oF
b PR R ofglole] FRshr] SlEiA = Akl o] WA
Zrotok  &t7]  wiimolth. AlA BIEHHd AApojof  ghrt ofdo]r}
&k B JHATE JE ANAHEEE AS fAsIoF s
wjFolty, A O 2 multilevel programming®] 7hs3dfof St}

HFHo=Z g T/ delays a3 YA+ binary AAE TS
multilevel programming©] 7}s3t 2271 &840 ¢ 7] wFolr}
olE et 23S BF WEdhE &%= RRAMO|tH RRAME ©@=3¢ MIM
TZE A A, 4F%9 2L w9 dAS Jix e u3eA mRgo)
(Wong et al., 2012) X3 RRAM- multilevel programming= 3%
AT olm] o A Wil 2] ol F7E delayE TEE
7o E =t} (Jang, Park, Burr, Hwang, & Jeong, 2015; Le et al.,
2018; Liu, Gao, Wu, Tian, & Ren, 2021; Park et al., 2015; Prakash et
al., 2014; Sheng et al., 2019)

dedeor, & dv+= wavid v delays YERiE= AA
el o 7k sl2E Al#etr] sl OTS switchet
ZFHAY RRAMS Ad Adst 2245 A&sa. 281 oleglsh 0TS
ZIHF b3t A A A A 227F Ao w FAekeEA] gRlske

AT Hixolrh,

Zz AL

o

R

ol &



3.4 ¥ 4 WH

3.1. RRAM 2% A& @ =3
3.1.1. RRAM £#} A&

RRAM 4= MIM %5 7FA T Bottom electrode= 100 nm
dry oxidation wafer $°| S2étt}t. Dyr oxidation SiO2% bottom
electrode el HiXsl= ol F  ZHAolth. AA bottom
electrode° A Si substrate® 3. 2% HAFZ= 2w+3}7] 9@ insulating
layer7} dQst7] wtolth. =4 SiO2E Atst AW F3 FAskd
root mean square (RMS) surface roughness 0.2 nm 7|7+ -5t
w215 7}Z insulating layer® A 4+ 317] wjFo]t}l. (Shi et al.,
2015)

Bottom electrode =42 TIiNS AF&3stth. TINS 7]& CMOS
373 compatibledt WEA FF O 2 RRAM A|zte] AAz 713 o)
85 = EHoltl (Lanza et al, 2019) Switching layer BE3F 72
ol f %2 HfO2E Ad¥stedct. (Wilk, Wallace, & Anthony, 2001) Top
electrodet= PtE A3t

Figure 3.1.1.1 RRAM &4 Az} #+%
10



Figure 3.1.1.12 ¥ <dAolx RRAM 54 FHASE 98 Az
RRAM w9 &z F-xojty. & AFolA|= Figure 3.1.1.18} #o]
bottom electrodeE AAF Ztell F-f3k= common bottom electrode&
ol g§F=dl I ol o] TEIF M west Fxo4 54 HASE
fa oJe] E#E screeningst’lel] 7HE Agslr] wjiEoltl. Common
bottom electrodeE °l&3sto] SA HAgE &lst = OTS 228t

FEE 248 BE golth

fo o

ts deposited

Shadow mask_1(sus304 0.05t)(7ea) Shadow mask_3(sus304 0.20t)(7ea)
Figure 3.1.1.2 RRAM & 4z} A|Z o ALEE {=$ vt23 =9

Figure 3.1.1.22 RRAM ©d A2%2}9] top electrodeE 3 E]Q3}H7]
el ARG A vhA Ao H Ak vl 471 21 mm X 21
mmo]il 100 m A2 d¥o] 0.5 mm HFCE HEHY o it}
Figure 3.1.1.2¢9] #E% ntA3aE o83 F 19 X 199 top
electrode® ¥ 42 dlo] ¥ 4 St} Table 3.1.1.1:2 RRAMCI
AREE =, S A, v S yerdidh

11

AEtT
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Material Device Thickness
Pt Evaporator 100 nm
HfO, ALD 7 nm
TiN Sputter 100 nm
SiO,/Si Furnace 100 nm

Table 3.1.1.1 RRAMl| AH-8d =4, 3 4], 9% F7

12
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3.1.2. RRAM 4%} &3

RESET

1E-3 '
SET ‘
1E-4

1E-5
1E-6
1E-7¥ FORMING I
1E-8

1E-9
1E-10
1E-11

1E-12 . , . .
10 -8 i -4 2

Voltage (V)

Current (A)

[=1 =
M

Figure 3.1.2.1 RRAM DC I-V sweep &3 H42]

Figure 3.1.2.1°> RRAM =74 W& yepdth. WA conductive
filament A< ¢&] compliance current (CC)E AA3 Az 73t
Aers A7bste] A2A4E forming AlZth thE o ® CCE afj#|3 Ae=
forming® ®Wrt] polarity AS 78l &2A= RESET AJ71th
mxEto 7 CCE A% Aej® RESETY W polarity AtS 7138l
225 SET A7tk

S ~ 100 [Is

o Pu se WIdH‘I

S I\ !

= Pulse amplitude

> — >
Rise/fall time Time (s)

Figure 3.1.2.2 RRAM pulse test parameter
3H AA chip =Z2 1#sFe] pulse test FE3IF I}

13



Pulse= pulse generator® <17}stal A&
o
=

switch®} A2 °l LabView E&

skl

AATL Ao A 24 4@

pulse width, pulse amplitudeZ v} 7} A
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3.2. 0TS a&4 A& 4 =H
3.2.1. OTS &# A

100nm
(N-doped) Gey_,SE, 100nm
] 100nm
S5nm 11
SiO, 100nm

Si wafer

Figure 3.2.1.1 N-doped GeSeA OTS 4&A} EAZ=(F)9 42 @@ SEM($-)

Figure 3.2.1.19] & 132 N-doped GeSeAl OTS A#}
= Uehdth OTS £2A %3 RRAMY wpxb7x 2 Z7]¢d+
23E o] hwrel LR AFEte] AAl AYH =9
e 5A HASE stux dvh dA A% T2 Ge—Se
ol =4S GeosSeor B Ge EMES
Azt AZeich B AFHo] H{3ha

A2RE ol gt Adsgon, BE 33 59

()
D
wm
D
I
0>~
=
Hllﬂl
L py
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3.2.2. OTS && 574

OTS 2#A% RRAM A2#FeF wizk7ix|2 DC -V sweeps E3
golstar, AA chipel & WS 183t pulse testE

©
ok owt 0TS &Ae] A% A718 543 delay Fd=

(Waveform Generator/Fast Measurement Unit) EE<2 E3)

= =Lod o
—l;g]ol')j\n-
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3.3. RRAM+OTS 24 Az 4@ =3
3.3.1. RRAM+OTS &3 Az

Figure 3.3.1.1 RRAM+ OTS 44} nfA3 EH dF

Figure 3.3.1.1<% 3} A A|YWA Ax5 AZbstr] f18] gzl
AT F Az i3S gddidt Ad3olth, Figure 3.3.1.1 7l
50 mme= RRAMI OTS9 active areal] Zdol& yeldth Ax19] =
kel RRAM, 228 5 Adel O0TSE  AA&oh &2Ake
RRAM¥} 0TS top electrodes telste] 7 A&zl F2 AEE
sholst ¢ QQuE AAEYTE =, RRAMO AA E#S sy
#1341 & bottom electroded A A$H A ElollA] RRAM top electrode®]
A71 AsE F4d "1 0TS A w25 #elet7] f8iA= bottom
electrode® A|st AH oA OTS top electroded] 7] A& 4

kel
>
[N pid, poh

o

O
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#th. RRAMZ} OTSE #4d d4s 54 49
TES A3t Al OTS9 top electrode®l

UL

7] AE

1@ Ui

IR
[

Figure 3.3.1.2 RRAM+ OTS 4%} ufAd & AA|

Figure 3.3.1.2% RRAMA+OTS 2#} vpAd = AAES vepd
Active area® 10 fm X 10 gm, 50 gm X 50 gm, 100 mm X 100 /m=
split3}R 3L 2} active area®® Yl 7/l FTLst AAE A=

A0 el align keyE #AISHIT viAA THE shetel= 7

vtk =0 LS 218 = QT = line and space WES 9 %&9 T}
=5 stdels 7+ A=Y WAILS T 4+ s TLM 8-S
AAsAT. o9l A FF Els fdE 9@ A Y
A 8T



TN TN TN
| sio2bae L sozbae [ so2bae
BE-TiN DEPO PR coating + TiN Etch
Photo
RAAM area $i0, Etch $i0, Etch
d-‘—’- o
RRAM area RRAM area
HfO, Etch HFO, Etch

RRAM areas RRAM area
Pt Depo Pt photo

OTS area QTS area RRAM area

Photo Si0, Etch Si0, Etch
h-:- u-ﬂ"'
OTS area OTS area 0TS area OTS area
GeSe Depo GeSe Photo GeSe Etch GeSe Etch
B T .
OTS area OTS area 0TS area OTS area
GeSe Etch TiM Depo Photo TiM Etch

Figure 3.3.1.3 RRAM+ OTS 4 XA} process flow

Figure 3.3.1.3% RRAM+OTS 27 process flows YeERATH
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3.3.2. RRAM+0TS 27 =3

RRAM+0TS &A% RRAM, OTS &xkgt wpxt7iA]=Z DC 1-V

sweep¥} pulse testE Z 3Tk o o|r},
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4, 43 92 =9

4.1. RRAM 4=} AF 9 &34

4.1.1. RRAM &9 AXA} switching A% 714
A3

Alel x7]o] RRAM ©Yd AA+= w2 endurance?t yieldE
Btk Hd endurance: 94 cycleso] B3 ~%19 52 FEL
10%°]1 MEh A8 %=7] RRAM 242 342 Pt 100 nm / HfO,
10 nm / TiN 100 nm 3t}

27l A= NS @l switching &= = T3
ol& 93 WA RRAME switching WIAUES A3tk (N. Xu et al.,
2008) RRAM®] LRS® HRSeIA HHF+  conductive filament2]
oxygen vacancy AFo]ollA electron hoppings Z3 ZEt} LRSe
HRS A}o]o]  switchinge conductive filament® formation¥}
ruptureE E3 dojdt}.  Conductive filament?] formation¥}
rupture®] F¥ FITFE vjxE= WHAL electric field®|tl. Electric
field®] A7]= &Abel 7helizl Adg Ao FAZE Urol 3 ¢
At} RESETS conductive filament?] Zete] ¢l oxygen vacancy”’}
non—lattice oxygen ion¥} AAFsto] dojybil SETLS oxygen ion©]
A717Fe] 98] latticeolA  #2]¥™  oxygen vacancy®E HA =
dielectric soft breakdown©]t}. Switching failures= 5% non-—lattice
oxygen ion°| F&3| EAsHA QoA dojdr. AEACow
switchings 70A13}7] 98-+ switching layer?] F719F 9
amplitude® Z43st] H7)Fe] A71E Z43AY switching layer?]
FAE 2439 non—lattice oxygen ion2 %2 viE= HPH S ALES

T Ak

M
ol

RL T

¥
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(@ BREAKDOWN BEFORE FORMING
0.01}
1E-3|

Solution

1) Xz 4

r 2) SLSH S7t

m
A

1

Current (A)
—
m
5y

1E-6¢ 3) Veormine C-C. AL
1E-7}
3.0 2.5 2.0 1.5 1.0 0.5 0.0
Voltage (V)
(2 BREAKDOWN AFTER FORMING
0.1
1E-3
Solution
= 1E-5 _
=S 1) SLEH Bt
= 2)  Veormine: C-C. g4
O 1E-9
1E-11
1E-13&— . .
-10 -5 0
\oltage (V)
(3 NO FORMING
1E-8

__1E-9

= luti

5 Solution

s 1E-10 —

s 1) SLFH &4
1E-11 2) Contact 7HM
1E-12L , ,

-10 -5 0
Voltage (V)
22

A& gk



@ BREAKDOWN DURING RESET
1

0.01
1E-4
1E-6
1E-8

Solution

1) VFORMING' C C
1E-10 2) TiN/HfO, 7H
1E-12
1E-14 L - -

0

-10 -5
Voltage (V)

ZFA

[ |
ol

Current (A)

29
a

i

Figure 4.1.1.1 RRAM @ AXZ} switching &% ¥

Figure 4.1.1.1& AAZ 2AboA] AdojU= switching 2 =
Ayfoltt, 7 Ay IA EFS W 7H FEHE dojds

T A} A WA el formingS dF7] Ao olu] AU}
LRS ArE]lola1 HRSZE Zole A 9= AH9o) ol aAsy] e
22 F2E Ndete HS AT %E]r A A FFRE=
bottom electrode 2]o|% switching layerE &3t T3%0°]7]

o
A3 A2A9] switchinge] A®3F A2%2}2] switchingel] FFS = F
E

dob Mo
ro
ML

kg

ALt F UE 2AE switching®d w AEEA 9k 219]
switchingg ©F7|3}%] breakdowng 4oz 4 St 2a FZRE
Mdsks W gl AV)de A71E Eolve WHe 9T F Utk ol &
£ &l switching layer? FAZ 719AY =& AUy CCE *= +

Atk F WA FE= forming ©]$-° breakdowno] o= -]t}

o] A= A WA A5k AL mpxbrbA 9] 4 A& Zh=t}. Switching
layer®] FAE 71944 & Ay CCE =HAH A7Fe A7E
v FAE AEAE & ds Zolth Al WA A9+ forming©]
ofef F dojih= Afolth o] ABfole Al TteA= A7
A717F ¥ #ZobA] switchingo] doubx] kvt AZE 4 Qi
1922 switching layer F7& 94 A& 12T o+ ot w2
Aol CCE 7195 WHS HITZHOo=E v AYoly A9
s HFEE AgsoF stk Formingo] dojubA o= WHE
AAst7] & s3] switching layer?] FAE Fol= WY Q=
23

=

A L) ¢



contact resistance® Wi WHol Stk A FAY Age
I7]Ht} contact resistance’} YW EolA Ao HAEEE 9o

S = 3l7] wjio]t}. Contact resistance® 37| 814+ bottom
electrode % TiN/SiOs X3 top electrode Z Pt/HfO, AHE
Mdsts WHEs A4E 4 Qdth TIN/SIO: AdE 7iAskz] 9lEl
A5 AlFetr] Aol 7 AlES acetone, IPA, DI water ujelA]
sonicator® F#dete= A FUreth & Pt/HIO: AW
FAst=E WHoEE PtE SES7] Aol adhesion layer® Tis
F7vsl= Wo] St Pty oxideol ®EE F&ehH Awo] oF b=
A7 A7t 9l7] wWEolth. (Abe et al., 2003) wkAEt F$-+= RESET
=% breakdowno| ¥doji}= Aot HE RESET Zol+ oxygen
ion®] oxygen vacancy® AAEsoF AWt switching & TR
Joule heating© % <13} hot carrier7} 4% ¢ #<2 filament”}
=™ breakdowno] HojuE Fow  HATE  olYd dilo]
dojy= T3 o]f-= switching layer Wl non—lattice oxygen ion®]
B-%3k9] bipolar RRAM ™4l unipolar RRAMo] A= 17] wlo|t}.
o]|= 7jA3l7] ¢34 bottom electrode % TiN/HfO. Aol defect”}
o Wol PAE 4 UEF TN 5&F A O3 plasmas 7leh= WA=

e = gtk o E WO 2= Joule heatinge] FESHA AA A
X
[e)

of

-1 =
= =2 ok CCE ZH4sHAY switching layer? FAE 719+
UHs AAze ¢ qlth
Switching &% dHE Yl 7I# A%E #7Is # 3544
H;AAL F2 Aol CCE 243k WX Ei= switching layerd

=

= o}, wabAd switching layer®d FAE

W CCE %43l switching FEj7} o2 A vl¥ =X
3
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TE-37 ¢.c. =100 pA

P

1E-11 \L)WREASED

-10

5 0
Voltage (V)
<
2) BREAKDOWN DURING RESET
01FC.C.=10pA

__1E-3
< 1E-5
1E-7
1E-9
O 1E-11

1E-13

1E-15

A

urrent

5 0
Voltage (V)
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—

5

0.1 ' CC.=1pA  3) Veeser INCREASED

Vo-ltage (V)

Figure 4.1.1.2 HfO2 57 7} & 54 Z3 (10 nm - 15 nm)

Figure 4.1.1.2+= HfO. switching layer® F74E 10 nmolA 15
nmZ 7|99 CCE 100 o)A 1 phZ 48 -V curveds 2
Aoty AE2Hox s AstEAT. s Astes Al Al 7HA
FdHz #FHAT. AA forming voltage?} S7FsFRITE ©]= HfO:9]
FAZE F7Fsk el TheiAl= AVIEel AT ARV wEel
FA3t datolt}t. £ whdk H2 forming voltage? &7} o] HfOq
FAQl F7F 3 Zo= Folt} o]+ switching layer® T/ Zo]Z
A5k A7)l A7) WHE7E switching B2 FH o] gtk
APA S WbEShg E4] RESET % breakdowno] dojwith. o] Figure
4.1.1.29] MAA Be-oA & & Qlke] RESET voltage?t 57Fsk317]
uZo]th, RESET voltage’} 5718191222 RESET % breakdown©]
dojd & T Foixivty AT 5 St

o
off
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0.01

1E-3 |
1E4 |
1E-5 |
<
4 1E-6
o E % i
g =t} \Al¥ On-off ratio = 103
£ | & (LRS: 2 k), HRS: 2 M)
1E9 |
: Pt 100 nm/HfO, 7 nm/TiN 100 nm
1E-10 1 - . L ‘
-1 0 1 2
Voltage (V)

Figure 4.1.1.3 HfO; 7 x4 & endurance & Z3 (10 nm = 7 nm)

Figure 4.1.1.3% HfO, switching layer® F7E 10 nmol4 7 nm=Z
=9S w 54 Aot Adxgprow Fe > /A4t Endurance
2 71 94 cyclesolAl 1,000 cycles olAo=® A /N
ON/OFF ratio ®3F 10°¢] #& FX& RSi LRSS} HRSE #4742
kQJJr 2 MQO]MQ'

i |z

g T E O ¥ o T 2 g O
orage (V) votsge V) Votage () votage 1 votage (V)

Figure 4.1.1.4 HfQO, 57 74 % yield test (10 nm = 7 nm)

Figure 4.1.1.4+ HfO, F7Z 10 nmolA 7 nmE 22 % yield testZ
A3yt Aot oo Az 107E MEsle] 10 cyclesE &<213 A}
Ao g FAste] FF gFEo] 7]E 10%9A4 100%= AA NAEHA

oo
o -z
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4.1.2. RRAM &< A=} pulse test

Pulse width (ns)

Rise/fall time (ns)

Pulse amplitude (V)

100

10

6.5

Table 4.1.2.1 RRAM pulse test & "dx= Z#A

RRAM pulse testE F&3s}7] 93l pulse width, rise/fall time,
pulse amplitude®] ©3] RRAM switching®] 7}F& 2 dojys= FHA
Hx Z7108 9T Table 4.1.2.12> 1 Ay 42 HA HA ot
Pulse width 100 ns, rise/fall time 10 ns, pulse amplitude 6.5 Vo| & %

o =
e AT F Uk

1406 | —=—RESET
E —e— SET
1E+05 i
@ s
o 1E+04 E-
O 3
e b
m -
E 3
8 1E+03 !-
(14 1
1E+02 3
5 +
1E+01 . . . .
0 20 40 60 80 100
Cycle

Figure 4.1.2.1 RRAM switching cycled] W& SET, RESET A&

Figure 4.1.2.1& FH3#

HA X792 RRAM switching cycles
HAE 3t A3 SET, RESET A¥ #S vebdth 4xF°] ON/OFF

ratior= 10 oA o % 1% T endurancer 84 cycles® 1%},
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DC I-V sweep¥ HwPdS w 23] endurance’} d3tyd A=
g = Qlvh ol A F 7HA ol E AAdH e AMA o=
pulse test 574 AlA®o|A = CC7} 51113}%] 7] wiEeltk. CC7t
Ak o Azte] BEdt AFrt s27] wiwel vl wWEA Azt
dztd 7hsAdol Aok olE sdstr] s el AYW AF HHS
Tkt WS =Y g Ao FEA ol &Axpe] Fxolt) o
A} 3 bottom electrodeS &-538F7] Wil Ao EAo] & 4=

Atk olE dAsy] Y3 XE FFS E=Y3Y bottom electrode®
ot WS =Y = ok
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4.2. OTS &A AF 4 74

4.2.1. N—doped GeSe OTS A A& 4 =
%

GeSeZl YAALAA A= A
AAAS e o] A,

>

9% (First Fire, FR) ol &2
5 A9HME BlwE e
or A v 2 SAS

S

AAALeN  A9Ho] Aoup= 7
triangular pulseE Q17}sle] 13k 4= A AT
5 0.012
2k 10.01 ol
<
3 {0.008 «|
© .| -
g B
= 10.006 =
2 g
-~ b -l
a {0.004 &
- o)
—_ @)
T 0.002
Vin
0 0
0 1 2
" Time (s)

Figure 4.2.1.1% N—doped GeSe OTS ZAA}ef| triangular pulse®
017}l S wlo] A AQHI & AQH =A Ayjo|t) A& R
A 290% olFEE vwA B ARG A9 0] Aoy As
g Utk PAAYS HrAo® F 1.8V, EFdHAYE ¢k 1.5V,
ON/OFF ratiot= 10°-10'¢] 548 Fr3 5 AAUS.
A 299 22 WAYELS E-field induced filamentary
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FAdolgtes A9H wWAUSFOE HE dAodA EudE uprp Qlth
(Chai et al.,, 2019) <17}9 E—fieldo] W& A9H delayx= 2 (1)}
2y, AlogRE < 4 9l%o] switching delays ¢l7bd<ty) x4
(S. Lee

HHal g 3 & Zh=t Lee et al., 2020)

3
Ty = Toexp WE _ To €Xp WoazEod (1)
d= To — ] = 7o —
kT kT
<107 10
2 2
5 (s
Vip = 1.7V = Vi, = 2.0V z
s s | 2 4z
-] =4 1] c
g £ g E
3 2 s 2
15 7, =3.06ps 28l | 8 74, =1.90ps 12 8
0.5 — o 0.5 o
1 -, 11
S
U TP N ¥ U — 0 0 y B . A . 40
0 0.5 1 15 2 25 0 0.5 1 15 2 25
Time (s) 1078 Time (s) x 1078

Figure 4.2.1.2 Square pulse 7FA% ¥3le] @2 delay ¥38t 54 A3

A A9 22 FF 2 3% oA 29SS gds Fee=
square pulseE 217}l  switching delayEs SAs=E AdIS

A3 Figure 4.2.1.2% 1 A¥E YebAT 1.7 VolXi= 3.06 us,
2.0 VoAE 1.90 us2 delays Ho]l AA3} delay Abolef wiv] 4]

WAE AT F Uk
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|n(td) Vs (Vinput)'1

2.5
m)
3, l
B y = 8.6024x - 2327 .
S 1.5
© e
@
? ! 0.
g
205 .
=
= O i 1 ' 1 i 1 A 1 i
0.3 0.35 0.4 0.45 0.5
1/Vinput [V7]

Figure 4.2.1.3 Square pulse A7} Y #3le] W& delay W3l 53 A3

21 (D)9 A= dhnle] #AE &1st7] 938l Square pulsel] A%
A71E 2.0 VollA 3.0V WHelelA vtA 71 delays ¥HF ST
Figure 4.2.1.3:% 1 ZAE uvebdith QI7bdSte] W it switching
delay+= 1 uselA 10 us Akolel @t 7HAl= 2S5 g = vk =3
549 switching delay #t=2 2 (DE] Q7P 1o #A7 &

AA = Jls & o st

% J
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4.2.2. N—doped AgGeSe OTS ZAAF Az 9
=

N—doping¥ pulsed testE &3 OTS A7} AL &
A3 endurance, FAASR};, on—off ratio ¢ &
AT Y 2 GeosSeor 23 AAl A9 Aol A
switching delay+ 1-10 ps® ms HYo A= AA 7o &3
1ZF F+&el vls) Uy g s W9E AL Utk webA o
AMel AA A9 2AE AAste] switching delayE 74l

-

A~

T
PN
T

BN 2L e e o
i o ot

oo 2 o oX o
>~

>

A
ATE Agsrlel A WA GeSeA PAl AHH A
switching mechanism #4& %53 GeSeAdl 2$1% £2AF9] switching
Alzro] e ol & o). (Clima et al., 2017) GeSeAl 9A A~8%
2= 9A 2893 A, Ge? non—bonding orbital?]l valence—
alternating—pair (VAP) 7F9] interaction®. @ <& WAsE= 7] 4o
o9& <#}# bonding configuration(C*s, C71)°] localdt <& ofA
trapping state® JASIY THAJ AVHAEES] WHEE THAes
Aoz A4y Utk = HAAF orbital®] WHItE Q3] local electrical
path7} 34 ¥ +=d ©]+= electronic response®|”] uwi-o] w-¢- 2z
+H HE5E Y o=z g 5 vt ol HAYFoR Qs
GeSeAl YA 293 22429 delay”} #ha Agsk 4= Stk

o]#13t GeSeAl?] electronic response® A3+ F-2 delays Y
AA 8 4 Q%= atomic diffusions 118d S AEFh Ag’

ione GeSeE solid electrolyte® &£3Fo] GeSe WA ionic

conductivity 7} =t &4 Qlt}. (Kawasaki, Kawamura, Nakamura,

& Aniya, 1999) o]&st Ho] zetslo] N—doped GeSeol| AgE co-—
sputtering 3t AgGeSe AAFS] A ZS Al =35k T
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Hard N-doping

o Ve §
A/:)\)Q\)\_)\JQQ
9 \)\J \J\)\)

v
DIIIIID
P

Ttotal = T'(Ag*dif fusion) + T(Chalcogenide TS)

Rate-determining step (slow)

Figure 4.2.2.1 N-doped AgGeSe £# T3 2A T

Figure 4.2.2.1 + N—doped AgGeSe?] =% EAEZE e}
M A top electrode®] positive biasE <17}8HH switching layer®l] co—
sputter ¥ Ag7Z} AFglE o] diffusive Ag+ ion°] AT AAE Ag’
ion A7tE A7) o = Q3] bottom electrode® diffusion$tt}.
Bottom electrode F¥ol]l =<l Ag® ione $dHo] filament 7%=
g el o] RRAMO forming¥ A 5292 conductive 3+
S WEY GeSeAld dAl AYHS assistd F A= A
Zolty. HE3F GeSe layerel heavy N-—dopings &3l leakage®
Fa A HeE Folve 2YE o Agh o9 diffusion $l°l=
pzs

Element Atomic %

N 73.98

Se 11.11

Ag 9.64

Ge 5.27
Stoichiometry= Ag,37(Geo325€068)0.63

=(AgzSe)os(GeSe)ys

15.0kV SEIX

Figure 4.2.2.2 N-doped AgGeSe SEM ©d# EDS A& &4

Figure 4.2.2.2%= N—doped AgGeSe A#}2] SEM Wi A9} EDS
dE Aotk SEM ©@d éﬂil‘%ﬂ JEst FAUE Azt #Z
AZE Ze Fodd 4= Q. T3t Figure 4.2.2.229 $-Foll& EDS ¥
X AyRE ZA Y. AgGeSe switching layers Ag BT
GeosSeor EHS ol &4 &= &4 Ao A co—sputtering©]
2 AYEAFS FR1 Uk T3 AgeSert dYstHor g

o
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QF4 3t phasedS 1HIS (Fischer—Colbrie, Bienenstock, Fuoss,
& Marcus, 1988) =zt AgGeSe+= Ags:Se8t GeSe’} 1:1
stoichiometry® <2d Z& GAke 4= Qlt}, AgsSe’t @9stz o=
PR R o M7IFoE Qld FAdE Agh ol YAl FH Se
atomel] solutedto] Ag.Se A7} & ZRo 7 o=Hct o]y st 7]
F5el W& ion ¥ L AALOEO solvationCZ A, 7|
GeSeZl A 29% £2A9 electronic HIAUZEI &2 atomic

diffusione] FRH F o] J|EERY =i F HS A9F
<
T

M 2

Mol

Tgq VS (\"’input)_‘I

10000
g- - - . — . —— e
_{-:l ‘-.. ‘ ..... -'. .....
+_J
‘G 100 t
Q
(®)]
© 10 .
g - ., —
= o
i 1 1 i l i i L 1 | 1 1 i " | . I
0.3 05 . -
1NHEU: [V]

I ® Ag-doped GeSe e GeSeI
Figure 4.2.2.3 AgGeSe 4A =93 229 GeSe =29H 249 delay vl

Figure 4.2.2.3:= AgGeSe %2XA}2} GeSe 4£A}o] delayE W] g+
Aytolt)t, J=3|E AgGeSe £2Ao]  delay’}t GeSe AAF9
b

delay®th 71 Z1& &g 4 3l
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%107
3 .

25 5
S 3
g 3
m k==
S 15 (J 3 3
& 5
= o
E- 1 2 -
- O

0.5 1

0 | e e e e ] 0
0 1 2 3 4 5 6
Time (s) x10"

Figure 4.2.2.4 AgGeSe A 213 &2 H4 delay

Figure 4.2.2.4% AgGeSe U7 293 ZAoA #Ed Hu
delayth. Hdl delay:= 4.8 msE 7]& GeSeA dA 293
Hw s w 1008] ol F7kst FXeola AA o] )
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On-off ratio = 104
1E.3 (LRS: 3.2 k0, HRS: 32 MQ)
) (@ ]/ZVth)

-
m
18

Current (A)
m
"'hl

-
m
w0

1E-11

00 05 10 15 20 25
Voltage (V)

Figure 4.2.2.5 AgGeSe ¥4 A 293 AA DC I-V sweep

Figure 4.2.2.5v AgGeSe 97 A2¢1%H A% DC I-V sweep 574
Aoty Akl A AYE ok 16 V, EY Hete <ok 1.2 V,
ON/OFF ratio= 10*%2 &% 9t}
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4.3. RRAM+OTS a3 A& 4 =3

4.3.1. RRAM+O0TS &= A=

Figure 4.3.1.1 RRAM+ OTS &3} #3 dn|73 &9 o|n|x

2! Fx 4E&L L F YFUT= RRAMAOTS 24 &
active area 50 mm x 50 m°l HFst= FES Bt HAn]jgow HY3H
Afoltt. 5 pad’} OTS9 top electroded| aE3sta = pad’}
RRAMSE] top electrode®l &3t}

OTSY active area F#°] =9 RRAMY} t=2A ZEH3HA

Eolths As oF! FE Y4ES S F geyrthedA A
Jok. ¥ A ’E}E’J FAZ GeSe layerE F&3 o]% o &= Azt
3 o] BgelA GeSe layerd €3t} dojuts

ol
itk AyZFsity. TSk etch gas® SFeE ©] 83 +=d SFs gas?
etching damage”’} 7] wW&d F£% Qu} ®Huh A" 22 A5
A E GeSe layer etch =3 HA 35 o Wasor g Folt},
3 bottom electrode W3+ M7Zo] 71E2] TiN M2 g2 AL
glgr 4= Qlt}h TN 7] AMZ4-2 0TS top electrode 2= HH
& 7

T 3tk Bottom electrode+ Jo] 7bg A Sof =3 o] ThE
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layere] A& AWT W G wFuol Ytk o] AN Hzo]

= =14
A% AFEel TiNol dobdA BAA etch 918 HulAE Wik

At AZtEck SEM #93 [-V sweeps T3l ©] 71 #EIs
& layer9 etch rates Bt JgstA 9+d d a7t gl
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4.3.2. RRAM+OTS 43 §3

=9 A% 24l AR BEA E A% FASA
RRAM+OTS &4 €lol% A8 §E2 e B &7 oA 5o

ookt

A E = 4ele bottom electrode”} TFE layer?] £E 374 Fo
w=50o] TiNe] HXF 27t ¥ AL etch damage® <ld] =320
otstE S & Utk olYyst EAlE sidsty] fsiAeE 4 SEM
29 I-V sweeps Sl pad?] WEAAS &It o]F Zt layerd
etch rate® Xt} A &3A ghslof s},
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& delay® #94 F fe 7IE
AR Hekste] ¥l MR thE delayE FolF

Al 32 e) 3
JE= AMEZE AWA 32 X5 Xﬂ/\lﬁ 9l OTS switching delay=
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Abstract
RRAM-based delay synapse

using OTS switching delay

Younghoon Kim
Materials Science and Engineering

The Graduate School

Seoul National University

With the development of artificial intelligence, research is
focused on the development of circuits that mimic real biological
neural networks for more efficient calculations. A crossbar array
structure modeled after actual neurons and synapses is widely used,
but the structure has a limitation in that it cannot give different delays
for each neuron, unlike actual neurons. In this study, focusing on
these limitations, we proposed a new synaptic circuit structure that
can provide different delays for each neuron. In the new synaptic
circuit structure, a different delay can be given to each neuron by
connecting the OTS and RRAM in series and changing the variable
resistance of the RRAM to change the voltage applied to the OTS. In
order to create a device that integrates OTS and RRAM,
characteristics of a single RRAM and OTS device were optimized. As
a result of adjusting the switching layer thickness and compliance
current, the performance of RRAM was significantly improved from
the existing yield of 10% and endurance of 94 cycles to 100% of yield
and endurance of 1000 cycles or more. By changing the existing
GeSe—based switching layer to AgGeSe, the OTS device was able to

increase the delay from the existing 1—10 ps to 4.8 ms. This is a
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numerical value corresponding to the firing delay of actual neurons.
A device that integrates RRAM and OTS has been manufactured.
However, the device turned out to be not working. To solve this
matter fabrication process parameters such as etch rate should be
identified.

Keywords : Ovonic threshold switching, Resistive random access
memory, resistive switching, threshold switching, switching delay,
neuromorphic synapse
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