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g 3he 2] (RRAM, Resistive Random Access Memory) +
7 " A} (scaling) AN =ET AoR gAEHE VS YWEYE
A 2AMd wWReZ FEYn Qltk. 53] RRAMo] ofd=1

A A AEA ZZAH o] o] (CBA, crossbar array) T3] 2 A%

HEEgo] ¢l dL d¥gor ¢ @ HolHE AHEde wEREY
AFE Sl S€% & 3t a8y RRAMO  Ag3el+=

¥ (electroforming) Aoz Qlgt Ax 4 Az d&E FA)
CBAIAE] FA 5 (sneak current) wAI$F &2 AeFo] Qlr}. ofe
B AFoAE electroforming—free RRAMY A&z 285 E3)
ol# gt AN Hetstaal sklth HIO, 719k forming—free RRAM}

TiO, 7I¥F  w]AdE  AeAhA(nonlinear  selector) & A2 H

a9 FEEY gl 83 faAE RRAMO| o4l
obdz 294 AL Holt Aol wRASAW, ¥ oz

AA3 one—selector—one—resistor (1S1R) AAF+= ot = 1 A gl A

o

=% ZrA(dynamic range degradation)’} FEZHAE= Ao
1}

i
o

Wtk 2 AFA = olHe #HAge S gQlo] Frist 7]AY
£-2F(parasitic  capacitance)o]gtx  Hi, ZA=3 1S1IRY HHY

AMAEAE et o]Zlo] 2Abe] ofdr SAC vA= IS

ol T8 ISIR A& A] 2% AlolE 4] ofd F9E HHE AT

& 8ke] parasitic capacitance® £°]& o] AFA Y2 AAFEHA
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Foo] : AWM Ee (Resistive Switching Memory), XX
2N

(Electroforming—free), A ¥ 42} (Nonlinear Selector), HAMAIH

(Capacitance), otg=71 9% (Analog Switching), HJo]*Hd

(Nonideal Effects)
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1. A&

g 3hd 2] (RRAM, Resistive Random Access Memory) +
wE 2 SR A-AS e T AR 7FAW scaling @9
2 dq3HEs Vi€ dMEIE dAE AAd AER-dR

FEwT QIth[1] 53] RRAMS ofd=1 A|WARA  crossbar

array (CBA) Tx° 2d A%, A8 AHE7F A3$E vector—matrix

multiplicationS Figure 1.18} Zo] Egxog AAGto 22X a&% <l
ArE 7FeAl st wEEYE AFHEC 8% o 2y

X

reliability A, A F =2 Alo]& b variation A, =S SH
multi—=bit &2 Zo] Z|dsfof & FiEso] Wt

RRAM: dAe] s WA =S AT H (HRS, High
Resistance State) =& %<& A AHI(LRS, Low Resistance
State) & 7HAA Fom=M HKH Aol Zhsstrt. Figure 1.29F 70|

g MAYUSE Tl AT W3t ThsdE, 1 Tl Atstekdd

)

iHg- @& RRAME] A+ 2913 wWAYUSES AF7F Sk 2l
conduction filament?] &3 #Hoj@dozw Aws 4 3t} [2,3]
Oxygen vacancy® ©l&< ol§st= -5, SET I Asts
7S W oxide WHFo|A oxygen vacancy”’} <7} transition
metal cation®] valence state® HY©] LRS7} =i, RESET
Aol = whd Wgke]l At Q17F Al filament7} #ol S 24 HRS7}
Hr}.

RRAM®] pristine AHlelA  conducting filamentE #3922

A7) 98 electroforming AL Fe=w vk ¥y

1 A 21
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electroforming ¥ 2> o7HA] FAHES sttt 4 o] o]
atomic scale® do}7] wjFo] cellvft} conduction path® EOF,
Y= Sol o7 EF 4 %l cycle to cycle, device to device
uniformity S #8FA| 71t} 3 electroforming®] <=7tell overshooting

1l oscillation Aol LHAEAY over—forming®] dojy7]| = sh=d],

o

1= device failure® o]o]d 4 9t} =3 HE A formingA ol

o
L

AHEA Q] set voltageX.TF 2 voltage”} €3], o] &=

ok
it
ofje
o

Al A

>~

B 2}2] breakdown 52 device failure® o]o]& <+ Ut} o)==

4
ol

23171 Y3l electroforming o] HQ Q= electroforming—free
RRAMe] gt 7 2= o] gkt [4-7]

& RRAM CBAS] 4835 Walish= 2 7HA4 adlso] S,
71 ¥ sneak currenti= Figure 1.3°A41A ¥ unselected celle® YA
9%+ HF7F =] read, write operations Waldhs S @It
WA H- A cell arrays Y3lA = sneak currentE Eo|& o]
Aoty B2 AFAEo] EWAAE, o] L=, nonlinear selector £}
& uofst selection device® AQFeFIHH[8] 1 F nonlinear
selectore AFE3F 1S1R(one—selector—one—resistor) %+ cell
size, 34 2%, bipolar &4 7Fs ¢ &3] Sl bipolar RRAM<
Sg3t7]ol AAslth [9] 3H RRAMI} selectors 37 ARg3hd
electroforming A cell 7+ AFE7F AAAY A2A2] breakdown©]
dojd 913e] gli=dl, forming—free RRAMS &83td Heko] b
Zlo]th,

w3l AA CBAO|A] parasitic elements A8 4 gle Q 4olt},
Parasitic capacitancel} #|3 #2 79+ cable, probe, A=, #AM9H,

PCB 7|3 & toFst oA [-3¥ . [10] Parasitic capacitance+

3 D +11 &=



forming *] conduction filament®] stochasticitys &7FA7]7]1% &1,
293 A9l current overshoot, RC delay® A3 F% Wl 5&
sttty 24 Qlth. Parasitic resistances IR drops ¥4°F
celle] €sh= 59 Ast= 7hsty] Slal o 2 st jIVEE d8=
stAl st & wAE doXrh(1l] wd YEYA Sl &35
34 E RRAMPO] o] Ql ofd =7 AFS Hol= Zo| ntghz sty
o]+ linearity, symmetry, dynamic range degradation 2% A%=Z
yebd 4 ok wpebA o]e]dt parasitic element?} AA|A Az}
obF® 7 EAol FREe| oW thekst JEFS v
}ct.

Ao = HfO, 7]HF electroforming—free RRAMI} TiOs

1

=], oj| Aoz

ol

Alofaljol ex] of= Zlo] T8

N HEa £82 B3 RRAMY S48 Rebsta CBAZS 8

H5HE ol

24 ek, 3E 1SIR AR opdE T AEolA]

R

dynamic range degradation®] TFE#HAE= F¥  Ylo] parasitic
capacitance@til ¥, AZ3% 1S1RQ WE AHAEAES ZAF o

APAE AT 1SIR 249 obdE 7 EAo] n|x|= ok

o
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<— Reading current
<& Sneak current

Figure 1.3. CBA o4 YEl}bi= sneak current A, [13]



2.1. Electroforming—free RRAM

RRAM AA}7}  electroforming—free A%< 71A7] Y=

oxideZ critical thickness ©J3t® WEE Fo] =3t} [5] =
forming voltage® <18 ¥ =3t forming A5°] YeElE HA$ £+ &

EX o7 o]ojx=d|, Figure 2.1.19F #9] forming voltage+ film
FA vHEHstEg, FAE U S EM forming voltageds W50 U

uniform® 545 7l 5 Aot o2 H=o], oxide filmo] F7--H

.

hour—glass 59 conducting filament7} #A=E 4 v}, A3 o
w29 oxide WHolA conducting filamento] A, dHE7F AEp=

<o) we} SET, RESETeo] A7 +=d|, Figure 2.1.29149} o] nt}

=

S5k Fdol AAVE HFEel wet dskes Asd wdE A
‘inversion(= negative SET)’ o] @Attt o] A3} endurance”}
wast HRS A&E variationo] #HX[&= EA7F wAsie A=
SET stuck = $ith.[14]

ek o U2 property®E HdIAE FAE 9H forming
voltageE Y311 hour—glass %S ¥l 7o) £ 7107 HIt},
Jeu A EE RuO27k obd TINS %4 4, oxide filmo] §FHet=
switch cycles RWHESFHA] Aol oxygen vacancy §%7F ot
7Vs/dol A =AY critical thicknessol E23}7] ol AF7}

A switching AHAIZF dojubA] Xk wAlZE 28GR A

6 ] 2- 1_l|



A3} (Figure 2.1.3).[5]
web] WA= EA mE forming—free A% oo F o3t}

Fd Ao w=w Ta/HfOo/TiN RRAM cell2 switch cycle©]

HtEE == gxygen vacancy’F oA Afailure’F AR =d, A=
=A< TiN# Ta EF HIOA Atas wists 8= st 74
A5F7F =31, switching cycleo] WHEE 4% oxygen vacancy”} Aol

2453 hour—glass K9] filament7} FAESU7] wiZolth. whd

TiN tAl RuO:; A=FE o] &3shH oxygen vacancys wWjst:= &y}

In

Gl 5-of] switchingS HHEs]| %= AldHo| oxygen vacancy’F 2o] x| 9F-5-0]

g

A2 A0, WA conicaldt filament S 7FA 4 Q3

endurance”’} FAA F71et$1 2™ retention 5% FolbxTh 18y
A AFHX RuOE  AMEstHet=  oxidel FA7F F7¢9
electroforming ¥ A}A|7} residual filamentE YAA  switching
nonuniformity 7} @AE =2, FA TAE E3 electroforming—free

Aol A et
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Figure 2.1.1. Oxide 7o W& forming <. [4]

SET/LRS

RESET/HRS HRS

Figure 2.1.2. Oxide F7°] w2} SET, RESET 7%o°]

= Xl
-

(c) COMSOL®E Alte A7) &

SET, RESET?] €#].[14]

Abnormal SET

Abnormal RESET

B
E——

U=
M. (a) 8F2 oxide, (b) F7% oxide°l4¢] Pristine, LRS, HRS.

e

(d) ¥4 oxide°l*] abnormal



Immediately after Immediately after
Initial state electro-forming electro-forming and 15t reset

Figure 2.1.3. 3% Ao wE 2kh T3 B¥ 17, aF dFo=z
(a) TINS AFg3F 29 (oxide 4.5 nm), (b), (¢) RuO,= AME3F A

(oxide Zt7}t 4.5, 3.0 nm).[5]
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2.2. A& A=} (Nonlinear Selector)

CBA7} AAS4E sneak current?] ko] =7}al=d], 7} ‘off—
state’ ° A+ selected cellS 2= ZZF ot} 27 EZ oA AXH
A= e W oAy EAS fEstt) Figure 2.2.19 YeRG Z3p ol

sneak path® A&dS wet dF FAdo] WAy, AA JZA =

rlr

AAZor A8 wFA7F g% Aok g3 Figure 2.2.2¢9F 20|
dolHE 971 fa&l ©gs voltage scheme®] 7hs3hd], selected
cellel €at= A Vool <17kE w unselected cell&el A7FEE=
Agte] uwel BHFT 4 Al Figure 2.2.2.(@)¢ V. schemedlA &
selected celle] <QIFgH Z2FA vtAz gAY Az Itz V.o
Ael™, Figure 2.2.2.(c) ¢ 1/3V: scheme¥ Z°| unselected node®l
A8 = Hd deto] 1/3V.0] H &= wE =5 3lth Voltage scheme?©ll
welA selected cell %3 sneak path® #<te] polarity A7}
23, AFgsof sk Aeaxte] FRE dekxlivh[13]

O%Eeh AEaztE EWAAEHATIR FR)Y te]2=(1DIR

&

F2)7F wol AREHTh 21U EWAAEE 3—terminal SAFRA
cell sized =°l= H A7 low, ¥4 2&7F =t @3o] Sl
AureF tho] 2 =9 ¢ unipolar RRAMOIWF AL& 7153Hd), BH%E
bipolar RRAM©°] <Fg#<l Ass HAvn el A7) wEel

AR gtk ole] ®

-

re

TolA = 2+ crosspoint®]l RRAM H#3}
AE 2 integration ¥ ¢l+ nonlinear selectore AFE3sFATE. Z;
Tx9 e Table 2.2.10 Wb oAt [9]

Nonlinear selectorell &7%& S4E0] At 40| 7Hsstes

T3¢ on—current’} 2ok Skal, unselected cellolA ] M7=

10 A L) ¢



ofofop  StER off-current® ASFH Fo =, o9 H[Q
Ae A2 nonlinearity 7} S8 FoF drd. EsE o FF
7Fsalok stal w2 Agto] RRAM Axfel # ulolol gtt}, Scalability,
switching speed, endurance, manufacturability 52 &% RRAMY
EAe Hulgk WalstA| gofol stk Hoid o] =S fd st

Aeaxs Aok st (8]

_|

st F-dE2 A conduction mechanism< A 52 y¥ =,
7 Celectrode—limited”  WAUFS A3 FA=EHE AHE
EXo] F9¥w barrier height9} interface’} 83 Q4olt}
‘Bulk—limited” ™AUFY] A+ +4 =4 A9 54 941
trap energy levelo] =23t} [15] A% nonlinear selector ol A]
bulk—limited conduction mechanism= HQl A& Ax}el= Pt/Ti02(8
nm)/TiN[16], Ta:05/Ta0«/TiOs multilayer tunnel barrier[17] &©]
9o, electrode—limited conductions T2 HQl MAYHAAZ=
Pt/TiO2(4 nm)/TiN[18], Ni/TiO2/Ni[9] G&°o] <dAF¥ n} Qlth
Pd/Ta0./Ta/Pd[19], Ruw/TaOJ/WI[20] A&z}t x=  Schottky
emission¥} tunneling®] X5 YEFEOH,  TaNi+/Taz0s/TaNi«
trilayer tunnel barrier [21], TiN/Ta20s5/TiN[22],
Pt/Ta0./Ti02/TaO«/Pt[23] A¥A2AEL  tunneling conduction

mechanism% H ¢t}

11 A 2t H
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) (c)I -
. . . ) SYM-1)R,,
% I J— {2} R
PR F EINNR,

Figure 2.2.1. 2D CBA®°lA sneak path® A& T3l 4. (a) 2D

N bit lines

CBAYA 9 3=2%; ¢7] AFA), 753t sneak path(3Fsha),
7} 3% sneak path(ZZF4). (b) T3 @A19 325 WHE. (o) HFE

3|2 % M3 (sneak path A3 3 A]).[13]

c
(a) (b) () :
R 0V Rep:-%V
{ Ra:0) P
4 A
Ru*RaRAV, F Ry LY Y M R Y, h e
X e By i Y, %V
v v 2% ¢ v .
" . G “ : i G o G
. Raa 7Y, w, % %Y,
F WV, Ve
F F VW F F %V, v, W, Ve \4 ViV
W, W, W W,

Figure 2.2.2. Reading scheme®] W& sneak path ¥4]. (a) Floating

scheme (V; scheme). (b) 1/2V, scheme. (c) 1/3V, scheme.[13]
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sivueure | 1570 | e’ | Tow® | bipolar
IR 4F? No Low Yes
1TIR > 6F* Yes High Yes
1D1R AF? Yes Low No
1S1R 4F? Yes Low Yes
Table 2.2.1. A&z} =3 ZohA
g A&



2.3. RRAMY] opd=1 A9H

wERY FFLAN AW AR AF A2d ALE 99
RRAM?®] conductance”} synaptic weightE Z FEA}lsfjol 3skt}, =
A Q14, Zaehs 22 B taskE0] obdZI 545 7MW RRAM
array® 39 vk Qlth.[24,25] SHAW arraye A7|E 7193
AAA o7 ARGt A o, 1 ol &aAe ofd® I 54d0]
Ho]+= nonlinearity, asymmetry, dynamic range degradation,

variation 59 EA|7} 85 A W o]F F=E Ao A accuracy

T

degradationS & ©7]7] wjFo]t}. [26] o= Figure 2.3.1¢] # e}
otk ¢4 dynamic range ¥4 (Figure 2.3.1.(a)) & &2#F2] ¥ LRS,

HRS window® A=z AT $+ ¢l

rir

Zlo]3l,  nonlinearity
A4 (Figure 2.3.1.(c))+ 2 pulseE 7[5 S W conductance
Walgo] P ZolH, asymmetry Al (Figure 2.3.1.(e))+
potentiation®} depression®|A pulse numberel] W& ofdE 7 EA]
Mol vE AE FwIoh  olgd  EAEs A Sl
electrothermal modulation layer (ETML)S AJ8tAW[27], defect
engineerings A|E3FAY[28,29], programming schemeS ZA3+=
WA [30]1 =01 A5 3l

A pulse width, pulse height$} #2 HA~ Z7 £ o]y sth
Azxsel 8% &S vE + Utk Figure 2.3.2¢14 9 o], 713
programming Aol YHF Fow  state’} WH3lstr] oy,

asymmetricdtx ZS  dynamic ranges SEskA ok v E

m

programming Z%to] YH o A8 state’} pulse 3 WHOF

AUAA FHeo] ¥y A8t nonlinearity7}F @A 4 3l7], Zﬂl@}_
14 ;ﬁ'! _uIJ_ 1-.l:
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Dynamic Range Nonlinearity Asymmetry

8 8 8
c c c
g 8 8

o o
3 3 =}
° ° T
5 H £

#Pulse Number # Pulse Number #Pulse Number
(a) (c) (e)
Impact on Accuracy Loss
100 Accuracy (%) 100
— Asymmetry from data
ok =
& o Numericat
> 60} £ g —
) 3
g —— - £
3 40| Ratio Variation H 5
g, F oom10% 5 e
4+ 0=20% 5
o I 1 1

0.001  0.01 0.1 1 0 1 2 3 4 5 6
(b) AG Reduction Ratio (d) LTP Nonlinearity (f) i Tr‘aoiniv:gs .pg::h el

Figure 2.3.1. RRAMS] o}z EXoA 2 AlFA %%, (a) Dynamic
range, (c) nonlinearity, (e) asymmetry. (b), (d), ()= Z+Z+ (a), (¢),

(e) 2 <13} accuracy loss.[26]
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)
Sy nbol: Measure
Line: Model

w
=]

3
Conductance (uS)
N
o

Conductance (uS)
N
o

ols L L L ol L 1
0 100 200 300 0 50 100 150
(a) #Pulse Number  (b) # Pulse Number
40 40
Good Analog

Behavior \

w
=
T
w
=
T

Striding|

Harder to SET(] to LRS

-
o
T

Conductance (uS)
S
3

Conductance (uS)
N
o

1)
10 12 14 16 18 10 12 14 16 18
(©) SET Voltage (V)  (d)  RESET Voltage (V)

Figure 2.3.2. Pulse 27 #A3}9 T 24. (a), (c¢) SET pulse, (b), (d)

RESET pulse A%}t A7) w& opd=1 A9%H W3} [31]
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3. £7 =3 RRAM A& 9 HAehele] 58

3.1. 438 57 4 A4

Electroforming—free RRAMS AZ357] &l A AG[5]l
71Wkele]  Figure 3.1.19] YeERd 29k o] HfO,E resistive

switching =22 A3 Tas AFAF(TE)SZE, RuO.=

rlo

SHE-A=(BE) 2 o] g3kt Aax A ¥ Ay A9 7
WAE mgith PY A2 713 el A A #H0 = 9F 100 nm2
Si0z & AAdsta, SS03A9 7HFA| (PR, photoresist) =3
Aetsty HMeAFE5ATFAISRC) S maskless  photolithography

ZH] (NanoSystem Solutions. Inc, DL—1000 HP)E o] £3}o] 8-S

1 ¥ PEALD (CNI1, Atomic Premium plus 200) AH]E o] &35}

Hf[N(CH3) (C2Hs) 14 (TEMAHD & AT-AZ Table 3.1.19 A#EAAE

1r

w2t HfO: layers T28F3 3L, YAl maskless H| = 3E|Fstal 4
= &8k % liftoff &3t sk A5 FZ A Tie adhesion
layer®, Pt AATS 2EF7] &l ARt 552> B reactive
sputter (SNTEK, CDS 5000)% S#3}%°™ 3 inch A&9 &%
EfAlo] AFRE QA 2712 Table 3.1.2%9 2t} Ta, RuO; A= EHA
FA7F oF 20 nme] it A Aol w=d, o]2fst %9 RRAME
resistive switching layerd A& Y331 A= EFZ RuO<

Abg-3 7] wj&o] forming—free A% %W © Y& EAS BY

b

17 -":rxﬁ-: ""i' 1_-“
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225 AlFeRginh. TiOz layer B 7178 7 nme] 1L Ti(OCsH7) 4
(TTIP) & ATAZ, 03 %5 250 gm "2& 3} Table 3.1.39
Z71& wgt thermal ALD (Evertek, Plus—100)% sttt
ek A RRAMS SA o] vehA] gkofof 3817] ol oA
A=o]l AARE wiskA] k= Zlo] Feste] wpxZAE °oF 20 nmo
RuOy A=) AFEHSQIYy. 5% array operations @5l o
F7HA o7 AAEGS FF7] Y& Au’l e—beam evaporator (Sorona,
SRN200) &2 Z&H ). A8z A2 A9 Ti adhesion layer 3%+
e—beam evaporator® &% 3t}

AE2AE RRAM flell AFsh7] S 34 3] S =~
&= W, %4 Figure 3.1.2.(a) ¢ o] RRAMI} Ad€iats wz
A2ty probe Ul 7HE ol &sta S AlolES Fal dAdste] A4
545 #E2AY. 22u g5 Alols dF &Ae otdEI1 54
A7 oHq-eH, FJAS A= AFol ZFAolt 1SIR A5
oMY EAQA oJH %2 Figure 3.1.3%F £ 2 34 A9
etch® stAl &= Al F Al W9 liftoff o] Fodk oA 7]Q1gth
ST E "AFol B F43 S layer# adhesion® 5 7]
&ell 1S1IR &AE A= Al Figure 3.1.4.(a) 8 A9} 7ol
liftoff7} 2 o] Fox|%] ¢k= FAI7F AAeh. webA 2 A=E=2 vhekst
PR % dose F71° = maskless HEHYS 3o liftoff SAHEE

Adstdlal 1 A3E Table 3.1.4¢) debdlidict ¢4 730 IA4

i

714 % PEB(Post Exposure Bake)+= PR WS Hwtslsly, =% A
18 A 21

| &) =
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standing wave©] 98 A7 FYZ Zo]7] 93 Hl=A] FaFdych kA
SS03A9%} 2 positive PRE & % doseE EZY doseE AA
g vk liftoff7t & =9, PR 54 profileo] A dnkA<l
Atdte] ol Bu 7 EA] FA ] de Zew FAEHIY. EE

5 E sputtered metal A=A AZ52149 22 negative PRS A3

¢

A9 PRo| exgpe]l &R ol d4d HF7E folstr] dwitel liftoff7}
ZF etk (Figure 3.1.4.(b)). 184} negative PR swelling &740]
o},

A AEel RRAM HFi2 22> AFo|A oxygen vacancy A9

r (

Aot} 2 um olF AHL Az FARA Fa= vl 9

32

variation®] Z3l forming—free E4Jo] 2 yelyrz stEAITES
positive PR&, 3Hd =3 AH A= negative PR ©] 8319 Figure
31.2.msk #el 5% AHFE 1SIR AAE AAch ohwk A
AT [BlelA= 4 pum x 4 um AZFNA £ 549 RRAMS A AA R
AA A2 A3 8 um x 8 pumolA7FA forming—free AH&s©o| %
LS

2AE2] AV|A EAL probe  station (MSTech) oA
semiconductor parameter analyzer (SPA; Hewlett Packard, 4145B) &

[-V sweep modeZ =439 21 RRAMS retentions 0.2 VoA

LRS, HRS Ztz}fef tjslo] L2 574383

19 i’—'! ST II



1R TEI

Ta

1R

HfO,

RuO,

R BEI

Pt

Figure 3.1.1. Electroforming—free RRAM A A}9] R %,

Sage | pVAE | Ar | Op | Os(Plasma) | Ar | L1asma
Temp. power
PEALD | (¢ Inj. (s) Pur.(s) | Inj.(s) Ini. (s) Pur.(s) W)
200 1.5 20 1 7 20 100
Table 3.1.1. PEALD 3% %3 % A@A,
Power Ar flow O2 flow Prorkine
Metal rate rate
(W) (sccm) (sccm) (Torr)
Ta 100 30 1.5 x 1072
RuOs 60 30 3.5 1.5x 1072
: RRAM
Reactive Pt 30 16x10°2
Sputter
Ti 20 4.0x107°
Ru 60 30 1.5 x 1072
Selector | RuOs» 60 30 3.5 1.5x 1072
Pt 30 1.6 x 1072
Table 3.1.2. Reactive sputter &4 Z7.
20 _H 2.

1_'_]'| e



TStage TTIP Ar 03 Ar
Thermal emp.
ALD (C) Inj.(s) Pur.(s) Inj.(s) Pur.(s)
250 3 5 3 5
Table 3.1.3. Thermal ALD 374 74 2 A&~
-
1STEI Ru 1S TE
15 T0, I i
RUO, s TiO,
1SBEI 15 BE Ru0,
"”EI= B
Ta R HfO
A 3 R . 2
a ::(;2 1RBEI RLIO2
g I
(a) 2 R

Figure 3.1.2. 1S1R &x}9] A%,
Azl 57

BE Mask &

SiOi

Figure 3.1.3. 1S1R

HfO, Dep

u
Adhesion

Si0,

S|

(b)

(@) 1IR¥} 1SE 9% o=

2" (b) IR¥} 1SE A=,

IE Mask &

SiOi

= 2 ¥

TiO, Dep

E
Sioi
g AL
21

TE Mask &
PAD Mask & Etch
asie &=l
(TE EEN
[ = | CIE |
Sio SiO.
s s



BE 1IE TE
Ti/Pt/RuO2 Ta/Pt/RuOq RuOy/Pt

SS03A9

PEB X X X X
Dose 100mJ

SS03A9

PEB O Bad Worst Worst
Dose 100mJ

SS03A9

PEB O Good Bad Good
Dose 150mJ
D§§e5§éij Best Best Best

Table 3.1.4. PR, PEB, Maskless dose Zde°l| w& liftoff 43}

|~ ~
Figure 3.1.4. =70 w& liftoff 23} ¢JA]. (a) BE Bad, (b) BE Best

A5-0 FeAng A,

22 i A—E 2 Eﬂ ?]r



3.2. 48 23 4 n#

A ZsE HEO, RRAMS top view AFAS Figure 3.2.1.(a)°ll, oxide
T wE -V I EZE Figure 3.2.2¢] uvERdTh SET, RESET
Here Z+7F 0.6 ~ 0.8 V, —1.8 Vo]l ow, SET compliance current+
300 pA= HojF3ltt,

HfOy forming—free AAFE A ZHel7] Y3lA oxide F7A5 243
U331 Ta. RuO29} o] oxide WH-9 oxygen vacancy source %
!

4% growth per cycle(GPC)o] &35t7] uliel, AAs F/4&5 27|

rlr
2L

=& o]g3tgity. 18y PEALD A9

o

sink 9= 2 3

A3l PEALD AlE2 cycled 234 228t oxided T3t 2
A3E Table 3.2.1° Yehiglon, 122 F cycle 5 GPC7F M=

2 R7|sHA etk AEEC] Aol S XRF
T AEH} Zol ¥ SiOp 71® $1e HIO, 775 A A<,
HfOo= SiO2E.TF RuO. fellA =HFe] growth per cycle©] <2F 3#j
AvkE AYAF[5]E EUE RuOz 9 HfO: F7E AXterqict. HIO,
FA7F ¢F 2 nm ©]3F(Figure 3.2.2(a)) 1 AEX = oxide To] W
9FS BAZ leakage current’} ¥ SETo] & compliance
current® 2#oF 3l T3 FAES AUAA oW selecting
device$} current levelo] Yrx] 931, window?} #otbd 7hsAdE
grolsltt. A HfO, ©F 4 nm ©]7%¢ (Figure 3.2.2.(c, d)) AEZA+=
oxide film®] F74% forming—free EAJo] YeEUA B33, over—
formingo] ¥doJubA array® AHESHY] olEwe FAE AUk
& Figure 3.2.2.(b) &k o] HI0.9 F717}

3
AF AAZ forming—free EAS HYS oot ot A 23

23 *—'! o 1]| =



AR 2
i=i

|

off Al B cello] forming—free 5435 2 HolA| 4St7] diel,
array operations ;A= cellft variationeS =< a7} 3t}
Figure 3.2.3% forming—free RRAM 2£#}2] %W retention
HAE ZAyfo|ty, &5 AH3] &9 A9 80 CTAA%E 10° secZHA
state7b 2 FAEH A ool o] AAE o] &ato] ezt A%

AEsi bz HAES Faskt,

o

Figure 3.2.4% 1R w= Azst Agazte] -V gisZoln
okuber Ezlo] 7psgom MEIAAO] nonlinearityE (1.5 VoA g
A #/0.75 Veldel A zholEt Zostd 10 oldew A
AFE aydozr zdd $ oz 7|ge. o] RRAMI}

RS £33 1SIR 249 top view AFZS Figure 3.2.1.(b)el,
DC I-V sweep A= Figure 3.2.5¢1 YER3IT. RRAMY}

B 25 external Aol &2 A43E H-9(Figure 3.2.5.(a) 8 348

Za A&k A (Figure 3.2.5.(b)) A FAFE A5 S 92 = A

AE A2 i e A JYox= a9A S 2 leakage current’}
e, F2 FdYgo RRAMSO forming—free SAE  29]
vebgth 28y 2 window b cell?t variation ¥Al= iAol H

JQs Aow HT

24 i’—'! ST II



(a) (b)

Figure 3.2.1. #| 23t &#}2] top view AFZl. (a) RRAM, (b) 1S1R.

10?2 102
(a) (b)
: 107
— — 10°
< <
= = w0
5 5 l.c = 300 LA
g ‘g 106 Ve = 0.6+08 V
Q (@] Vieser = -17 V
) 107
10 - other cycles 10 27100 cycle
107 -1 0 1 2 m'g—z -1 0 1 2
Voltage [V] Voltage [V]
( ) 102 ( ) 10?2
C Over-forming d Over-forming
10° / 10°
— 10 =
< <
E 105 E 10
¢ £ o
5 104 S 10
O o .
7 10
10 — _
—— 1" reset -
100 - 0%} ——1 reset
other cycles —— other cydes|
10‘]-2 -1 0 1 2 109-2 -1 0 1 2
Voltage [V] Voltage [V]

Figure 3.2.2. Oxide ¥/ RRAMS] I-V curve. (a) 2nm ©|3}, (b)

3.3nm, (¢) 4.4nm, (d) 5nm.

25 i x‘:] —1_%- Eﬂ -;l‘



Sample (a) (b) (c) (d)
XRF (ug/cm?) 0.52 0.9 1.2 1.4
XRF thickness (A) 6.42 11.11 14.81 17.28
Estimated RuO 3.3nm
S. fmated xut2 < 2nm (forming— 4. 4nm 5nm
thickness (nm) free
behavior)
Table 3.2.1. 2= XRF A8} AALE oxided 4.
()"t RGN ()"
i 107 E 107 z 10% I— Y
3 rmie— | 3 —s | 3 -
! Tim;m[sec] - ’ Timgo[sec] - ’ Timzo[sec] .

Figure 3.2.3. #2383t RRAM A2#}2] &% retention A%, (a) 40 TC,

(b) 60 TC, (c) 80 ToA 2 retention.
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107}
104 L
10°
10-6 L
107

108} 1

Current [A]

10°

1070 1

10"F 6umx 6 um
102

-3 -2 -1 0 1 2

Voltage [V]

Figure 3.2.4. A 23t selector &AF2] I-V curve.

( ) 102 (b) 10?2
a 10° 10°
10* 1075
—
— 10% s
z 10 < 10
€ 10° T 1080
[ o
5 w0 E 107
5] 3
108, ] [GET
SetV:15~19V
-8 i, 9L
1o Reset V:-3.6 ~-38V 10
1 le (f free)| . _ 1
Jote, e foming s I 300~ 40D uA 10710 | =1 oycle (forming free) 1
i other cycles H
10711 . " . L n . B " M . n -1 L L . P P i " — .
4 3 2 4 o 1 2 2 L D I R T T
Voltage [V] Voltage [V]

Figure 3.2.5. A &3 1S1R £2A9] [-V curve. (a) Y HAAo=

QAT A, (b) A58 A5

2
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4. AR AT} ob 2T EA4 wX & FF

4.1. 49 54 ¥ 24

H AolEZE 1S9 1RS ddshd H& A olyg} parasitic

element?] F7IE obdE I SAo] WIlEHE s #EEL, 53]
A9t W™l dd #BAY parasitic capacitance’} F7HE Zo®
Azrstdtt. metA DUT (Device Under Test)eo] WHE=Z AdHE
AN R S7hE W AAR AAbe] opdRI 5A4e] ofweh JFE

e
Al

A gelely] gekel TAE AYEH T oAE olg, Lol A

)
£

HJAHE ¥E d4dste] S4& ALskqlth. 2%+ Figure 4.1.1%
2t} Pulse generator (PG; Agilent, 81110A)%2 HAAE 7}st
oscilloscope (OSC; Tektronix, TDS 684C)% dHX~ XEUYHHS
3t o™ (Ven, Ven2), SPAZR DC read® 3F3ith. PG voltage—
programmed current source®, ¥ 3 A4S ket A Lopw =%ﬂ
AFE Z9) Figure 4.1.19 3 ZA Rpyr = 10k0 2+ 7Hgsd &
A2 Reotar 5002 AECIIL, V = Reprar X ltorar = 2k 8 E7F PGS
e x Qs Alolo] o A Al f

Jhd HA 22 RRAMSO obd®I Age] A E=(dynamic
range, nonlinearity, asymmetry %)°l| 23 &S v|x]7] wjio,
APA 2] FFe szl kA Figure 4.1.28F o] AAA SR
7b & Wl pulse width} heights st A g &5 AlLsHsith

44 A2 28 ANNEE Bz 94 4L 27 NFeR T8

28 *—'! = ‘_'.]i



widthE 1 USE _ﬂ?@

dolgkol
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o

94 pulse widthel wh&

A,

9]

olXLE] Al

Ftet.

S

pulse height 23S B4

ofi
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S 7% 0.05 VA4
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Rpg =50 Q

W [

C, parallel with DUT

Analog switching test with the
best linearity, pulse height
starting from less than V,..../2

(Veer/2) (A)

Does device
switch within
10 cycles?

Yes

Re = 1MQ
WA I
VCh1
Cp =X
|1
I Repa = 50 Q
Coor e —h
VChZ

Figure 4.1.1. &A1 old2 7 SA 54 3=,

Increase pulse height by
-0.05V for depression, +0.05V
for potentiation once again (B)

Increase pulse height by
-0.05V for depression, +0.05V
for potentiation

Choose an optimum pulse
height between (A) and (B)

30

Figure 4.1.2. Pulse =74 #A 3 34 =A%,

gl




42. 48 A% 9 3%

Figure 4.2.1914 2} #o], A pulse widthE W3FA] 7] 23] &)
A3} pulse width7} S71e5 A2 pulse number® i conductance
H 3}
A8t A¥sk3ar, Figure 4.2.2¢] AAAIE Yepldth o] A EelA

depression Alol+= —1.3 V Bt} 22 Ao conductance H3H7}

i
ol

o =
dods &<l

F Tk o]% pulse widthE 1% 3l1 heightE

i

d

s, —1.4 VB & dAgelMs AUAA Wdlete] ofd =T

P
>
ol

2 $83l7] =) Potentiation AloE 1.05 V  odlo A=

>

‘(H

Az 29130 dojde & & 9tk o] =9 45 4 RESET

o,

o]

oA

ojuyf#] ¢krow 1.1 V oJXoA depression®] A H.th

pall

pulseE —1.35 V, ¥4 SET pulses 1.1 V

Hl
i
o,
_O‘L
¥
=
DX
Y
i
K

#HA zz710] EAT, Figure 4.2.39 2ol 44 W del| 7 pulse
height7} EA8klth. ¥4 SET pulse? 29 1.08 V, RESET
pulse® A% —1.41 VSit}

Figure 4.2.4% olgA -8 % HA~ O = external cable®
AZd3 1SIR 478 opg 21 SAS S A3 Aot} o] A&
HA Fx 71 SET 1.15 V, RESET —1.45 Vo|3la 1.6 VellA] DC
readE sttt ofdE1 EA #BolA nonlinearity®t asymmetry:™
UEelA| 9t dynamic range degradation® 53] potentiationolA]
o719 LRS Aei7AA Az FEetA k= Aol FEE At
olefgt Hlo]FARl ofdrT A9H Awe dJES v Zuh A
WA 2, RRAM #pA 9] g]le] EA gtk RRAMS| o= A9
GAR o] FolXtt. SETe] dojub= #HAolM Zwtel= filament}

A= ZF gapell w2 A7]Ao] de o]l drift’} §7]9] conductance

31 -':rw-. | ""l::l' 1_-“ ol
¥ el I

1



H3}7F X9k AA) lateral growthE & wjofli= o]u] #go] o}zl
el AA AFo] ZolE5M filament FHOE XY oxygen
vacancyZF F2b i@ Eo] &E = Fsgo] o
RESETOA % vh7kA &, filaments #1% AR gapg & o]
t] o]¥ ¢ conductance W3}&o] Fopxith I
oxide?] Aol XA ¥E= metal oxide interfacial layer® <skx
T oF St} [34] Figure 4.2.59 #o] TaOy interfacial layer”7}
A7]1= Zlo] Tagh oxygen ion® whd<= ®afieta, 7hs &= Zsto]
switching layerel &3] dAge A& Heth 7 AR, o|ysh
RRAMel 1S 22b7F F7bg o2 wshs avs e = 5 Sl
AsPAGte] w2, ML nonlinearity JE7F 1S9 1R A
of 9 WA "ol old® 5A ABE linearityol®
FEFS = AUArh[35] AEiA7E 7EA ‘on’ o] ©vd RRAM
o] F43%] v @& HAste]l A =d, A7F Aol RRAM @so®
QS wWHth ¥ A7 % conductance’} WS HA3] WHE o4x7} Qe
Zolty. ey ATtelA AREE AEAaAe] V=78 AR
nonlinear selector® 7d-% RRAMol| ZAzl= Aol A dAJEH
248715 st oEkA d 1S1R 2] ofgd R 5445 WAl
£ QI parasitic capacitance? FHOo=Z HAEHAY. =,

Aol &y FAJEE <13t parasitic capacitance S7}7} ofdE1

ol ezl f&l DUTel BaAstA AFAIHE Adsho
parasitic capacitance® F43}1l 11 PGS dolH ). olu= A3
ISIR &AE ol &3l AlolE A4 Ao A9 oln] ofdzE 1

5740l FA4 &1 wiielt. DUTS =9 7] AWAHEAE RC



delay® T3S o ¢F 500 pFZ FHAHAHJY(C = %, 7 = time
constant). F7Fsh= AMWAIE A FE x2F skl x = 680, 1000, 3300
pFZ 3195 ul Figure 4.2.6.(a) ¢} 22 o211 AX AHRE AT}
Figure 4.2.6.(b)2] ‘Pot/Dep ratio’ ¥ Figure 4.2.6.(a)c°lA
| Potentiation #} A2 & A7 W3 (= Potentiation window) &
| Depression g Aol F HAF W3 g (= Depression window) ©. =2

T #= ARk Feola,  ‘Dep window ratio’ & AIAIHE
F7belA ok thx the] depression window”} drbt A=A
7 W& AAREE Aol Figure 4.2.6904 7FE Fh#Als RS
oA wkel o] window % Pot/Dep HIS] At AWAEE
F7hekAl kske o= &Whell 5A3] stateZt Wakl SHANE AL
As AT AE7A #& &Y. gy F7F ASAE glol
S7Fe4=  window”7}  #roFX|311 dynamic  range degradation©]

AsiRom, ANAE grol o AA A9 ofell transitiono] LA

okgrth. HAl =4 F 80 %7323 F 2553l FU}
ANANEATE S7HES olef st AFAdS Bl

obdE 7 conductance”’} ZEWbel| |H243%] Skttt saturation® =
Hgow o]Folx Q7] wiwel, 7 aFHE Tz Hds AL F
mean squared error’7} HA7F HEE eq.(1)8 21O =% exponential
fittingS Al =38F3ith(Figure 4.2.8, Table 4.2.1). Linearity factor<
eq.(2) &} #Zo] ¥Y gz VeV HEwS VL7 HUgeR v
TAE A AT
I=A4eP"+C (1)

(I: current, n: number of pulses)

33 A L) ¢



min(dlyeset or set/d M) _ MindGreset or set (2)

Linearity factor = =
y f max(dlyeset or set/d M) max dGreset or set

1 A3+ Figure 4.2.7.(a)$ 2t Figure 4.2.62 oAk
A 2 AR AT E7HEEE Pot/Dep  ratio®}  window 7}

]_

a.e

2 R

32

o}, 2ANFA © 7 windowe} trade—off TAe] U=

ol

o,
o

linearity:= HAA+= e HPOY, window?d degradation©]

JH
\1

Aetetd 5 UEf A &88 4 gls ZoJEE ratiod ATt
gL 2 FEAgn AAstge. 3t Figure 4.2.7.(b)ol] YERA A
Zol, Pot/Dep ratio$} Dep windows F7Fst AsfAIH ) P34
WA Qddn ASAEHE A 4sts o VIEAoR  EAsid

APAEd A7 500 pFYF 7] Wi, o]= Z=o]" Pot/Dep ratio %

-

depression window7} ®th AZA & QIS5 AdAElE & rh

linear fitting® x AA-L °F 2500 pFZE, ©] ALY AYAEHE

F7hebd A9 o] AE dojuA] ¢k Zlolgt o= Zhssitt
Figure 4.2.9¢% OSCe] Chl3 Ch2e] Alztel] wp& At 1)

[
i

Uel it RESET peak H¢to®= —1.45 V, SET peak H¢tog=
1.05 V& g8ttt Chl #tellA Ch2 At wiwl DUTY 4+
TTL

discharging® @] =7] wel DUTS sk 3l AF[F7E A3

o}
H

[
o
sk

T e, AMANEA7E AFAFH charging

= 7Fstt}, Pulse width7} A|gtE o] Ql7] dwjoll, &%+ DUT A7
Zetel =717} DUTS conductance W3E F3A7Ivty e 4
O]]jl_'

obX Ay equivalent circuit models o Awd 4+ gich

4

F0lE 93l Figure 4.2.10% o] 325 tAagtsta, HA 3 HS
b o DUTY A3 el Rol A9 WsehA &e=v 7Hgshd, ¢4

current sourceql PG7} AA3st= F AFE eq.(3) 8 o] Hehd
1

S

T [, -11
34 A =



%0,
nt

lotar =l + 1o = (3)
(k: input peak voltage value)
ok Vidt Vool 32 eq.(4) 9} 2ol Rioll A= Ak Eoh
Vi +V, =501 (4)
np ko 2 Ce} Rell 2% A7 2 Reol

ol eq.(5) 3 Z2 2o At}

ot

2= AF 27

Ea.(3)~(5)2 W eq.(6), (D)3 o] Vi3 Vool tler 4 2&
% 9le,

R+100
2Rx —
V1 = 1 —e 100RC t (6)
R+100
R+100
100x Rx -
v, = + e 100RC (7)

R+100 ' R+100

Vidk Voo ASfAIRIA ®iste] wE digAl JE2 Figure
4.2118F 2ok 2712 oW Al tollA, R} By #AAJA C2 kol
S7HEFE Vie ZolAal Vo AXTh F, AAEI ¥dE gd
A7 Fol Aol HMAs] Frkske Aotk I ol o Zrh
Astelv AR7E 7FeliAZ] A sk A A @b AAAHA =
V= %94 Ao ol skl Ay A vk wEbA Relk H¢Ho]
A gevh 2t AR Ay AYAFSF Vel Frhekal
Ao AF7 32A @ a2Hd ARANEATE FOFS$ time
constant”} 7] wWiZel Vio] ©f "Hs] Frhstth. Wk pulse width7h
ol Avhd Vel A Hol A Relwt oEstEE A C gtell
wAglel Hol Aol ="

widthell A= AAERE TA F7HA17] : _
35 -":rxq ""l::' “H

sk ,/1‘: o] 7—11x]u H /\21@9/] pulse

)
o
G
—
=2
2
i
ofj
Az
ol
1w



A A EshA = Sl

ololA 2 circuit modelol4] DUT®] conductance state, < R©]
GeA | DUTel  7hsliAl= Adel  owd IS vX=A
ool w gttt (Figure 4.2.12.(a)). Eq.(6), (7)< SET g% RESET
g B AEHEE 27 Vo @2 9E2ZAY Figure
4.2.12.(b) ¢} 2 MEE FAET oldd Rel wE Vio JHEE
A HEE P EH 2719 tellAl DUTE Ado] &5, = LRS
AE7E Ho] ZEE Vo] o #om, ARte] ¥ EFIlE

9= Hu Hder gk w3 ] &Zghh AFAl o)A ¥ 7] 22 O F parasitic
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A B C
Dep Pot Dep Pot Dep Pot
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Abstract

Effects of capacitance on
electroforming-free HfOs RRAM

based one-selector-one-resistor
(1S1R) device

Sunwoo Lee
Department of Material Science and Engineering
The Graduate School

Seoul National University

Resistive Random Access Memory (RRAM) has attracted attention
as a next—generation memory to replace existing memories that are
expected to reach the scaling limit. In particular, when RRAM is used
as an analog synapse in a crossbar array (CBA) structure, it can be
applied to neuromorphic computing, which can solve the von
Neumann bottleneck and process more data with less power.
However, the commercialization of RRAM has limitations, such as
device variation and breakdown due to the electroforming process
and leakage current in CBA. Therefore, in this study, efforts were
made to make up for these limitations by exploiting electroforming —
free RRAM and selector devices. An HfOz;—based forming—free
RRAM and a TiOz—based nonlinear selector were fabricated and
integrated, and their electrical behavior was observed.

For application to neuromorphic computing, it is desirable for

RRAM to exhibit ideal analog switching behavior, but one—selector—

31 O 1]
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one—resistor (1S1R) devices connected by external wires showed
severe dynamic range degradation in analog behavior. Herein, the
leading cause of this phenomenon was considered to be increased
parasitic capacitance, and the parallel capacitance of the stacked
1S1R was adjusted to experimentally prove the effects of capacitance
on the analog characteristics of the device. In addition, the cause was
analyzed through a circuit model. Finally, this study suggests that it
1s essential to reduce parasitic capacitance by using an integrated
stacking process rather than an external cable connection when

manufacturing 1S1R.
Keywords : Resistive Switching Memory, Electroforming—free,

Nonlinear Selector, Capacitance, Analog Switching, Nonideal Effects
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