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Introduction

e Motivation
- Scaling limit of charge based memory
- ReRAM iIs the most possible candidate

Non-Volatility
FLASH

v Filamentary ReRAM

1. Advantages
New Memory - Fast operation

- High scalability

Density

2. Disadvantages
DRAM - Variability

Speed SRAM - Retention
ITRS ROAD MAP 2010
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Introduction

e Motivation
- Variability of Resistive Switching Parameters

Large distribution of
switching parameters

-
o
T

Fluctuation of I g

&)
I L]

_ Y ; Unstable resistive
Fluctuation of lygs /¥~ switching operation

Fluctuation of Vg, Fundamental

understanding of
switching parameter

_ variability
w“—  Fluctuation of V, =
-2 -1 0 1 2 1

Voltage [V] Relationship between

each parameter
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Introduction

 Motivation
- Chain Relationship for Variability Degradation

N
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\_ dissolufion of €F : \ Higher Veer =« Controllable | pg :
: +Non-uniform excess : - Large distribution of > Multi-bit operation
RESET_po_V\_/er induces . Veer dge to Random  « s . Trade-off relationship :
= thevariability of I gs = = formation of CF = g , ) .
e R R o %, With retention property

é < )
PreseT 1 RESET operatlorq

“IIIIIIIIIIIIIIIIIIII

: “ “

* e Large variation of . = . Non-uniform | .

\ - lrsrequires different = «Il \ . results in the Ig%e .
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. RESET : :  variation of Vpeger

i+ Applying fixed power = : and Igeser :
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Introduction

e Motivation
- Stack (layer) engineering for reliability

Inert TE
Binary M.O Binary M.O Binary M.O 2
Inert BE Inert BE Inert BE
2004 (Samsung) 2007 (Sony) 2012 (Tsukuba Univ.)
(I. G. Baek et al., IEDM 2004) (K. Aratani et al., IEDM 2007) (K. Kamiya et al., IEDM 2012)
Al,O,

HfO, VO v’ Larger p,

=> Difficult filament dissultion in M.O

Mo

(K. Kamiya et al., IEDM 2012)
(L. Goux et al., VLSI 2013)
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Outline

e Two-step set operation ReRAM
- Experimental
- Electrical Characterization
- Improved Switching uniformity
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Triple-layer ReRAM of Two Oxides

1. Experimental

on 250 nm via-hole pattern substrate
o LTINS O

¢ SiO, deposition by PECVD
® Pt BE deposition by sputter

@ SiO, deposition by PECVD & 250 nm
Patterning

TaO, (3.5 nm) deposition in Ar & O, ambient Sa iy
by RF sputtering Ti (O, reservoir layer)

® HfO, (4 nm) deposition by ALD

® Tioxygen reservoir layer and Pt

® Ti/HfO,/TaO,/Pt ReRAM e——
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Triple-layer ReRAM of Two Oxides

2. Electrical Characteristics

- DC bias

I Bias TIHIO TPt V., =195V

Pt (Capping layer)
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Triple-layer ReRAM of Two Oxides

2. Electrical Characteristics

- Two-step set operation

Two-step SET operation

3

Current [A]
= -~ 2
S £ £ €

Slide 11



Triple-layer ReRAM of Two Oxides

2. Electrical Characteristics

- Different filament formation ability in metal oxides

1ml
Triple-layer ReRAM ;
s 100y
Ti Ramdoly formed [
Filament in HfO, Z' 10“ i
| S [
e -
C L .
at: 1p!. No fluctuation of TaO,
- [
QO 100n )
Uniform filament in TaO, [ Set fluctuation of HfO,
10n

2 4 0 1 2
Voltage [V]

v' Variability in HfO,, but TaO, requires critical set power
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Triple-layer ReRAM of Two Oxides

2. Electrical Characteristics

- Defect distribution

Ti HIO; TaO, Pt

€ Bi-layer ReRAM & Triple-layer ReRAM

v Different filament formation ability with
different chemical potential (l,)

M. Kamiya et al., IEDM 2012
L. Goux et al., VLSI 2013
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Triple-layer ReRAM of Two Oxides

2. Electrical Characteristics

- Set and reset power requirement

PReset_IReset VReset _— Reset of HfOx and TaOx

5 100
1m| (PowertoReset) |
S | < 10,
- 100|-|[ T
! (Power to Set)l tonfoN G, _ -
1y 2 1 0 1 2
ey |\—\§0$| _“r(aOJ _“|\—\§0$| Voltage [V]
cel cet x of Rese"o

v Set power of HfO, was smaller than TaO,

v' Reset power of HfO, was higher than TaO, Cayh0
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Triple-layer ReRAM of Two Oxides

2. Electrical Characteristics

- Desirable ReRAM structure

Metal oxide 1 « Different chemical potential

 Higher set power of metal oxide 2

Metal oxide 2 BE

 Higher reset power of metal oxide 1

v' Then, filament can be formed with two-step set operation
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Triple-layer ReRAM of Two Oxides

2. Electrical Characteristics

- Two filament formation and rupture

1m

2
=

[A

| Positive Vstop

Current
=

2
=...

1:
On >

-1 0 1
Voltage [V]

v' To form TaO, filament, the critical voltage was required
v We can stop filament formation and rupture
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Triple-layer ReRAM of Two Oxides

3. Improved Switching uniformity
- Bi-layer ReRAM vs. Triple-layer ReRAM

g E Still varlablllty

2 100 oVReset vSeto 2 100} LRS

S 95 3 B o5l

£ 3

nE_ 70} £ 70}

S 9r g Wr

s 10} o W TaO, S 10}

2 —o-WIOTa0, g

3 N5 40 95 00 05 10 15 § lo— ~4 50k

&) Voltage [V] << Resistance [Q
* STD(0)/AVG,,,.=0.023 *  STD(0)/AVG,=0.04
« STD(0)/AVG,,=0.023 e STD(0)/AVG,zs=0.26

v' To form TaO, filament, the critical voltage was required.
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Outline

e Gradual set operation ReRAM
- Motivation/Experimental

- Electrical Characterization
- Improved Switching Uniformity
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e Motivation

Introduction

- Chain Relationship for Variability Degradation

( | )
HRS
:‘ * Non-uniform
= dissolution of CF
\_

= * Non-uniform excess

L Y
]

RESET power induces =

» thevariability of lygs
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*

Iy

r

*

Y EEEEEEE NN EEEEEEEEEEER .
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I:)RESET 1

e Large variation of
| rs requires different

I:)RESET

* Applying fixed power

( ; é
SET operation | ' | Rs

“.lllllllllllllllll l..‘ "‘.II,IIIIIIIIIIIIIII IIII..‘

« Higher I induces ‘_ . Different shape of CF ‘
Higher Vser : : .« Controllable I s :

. Large distribution of = = Multi-bit operation

Vger due to Random . T, ) . : .
formation of CE . H Tr_ade off rfelatlonshlp :

. Ry %, With retention property .«

—i

» * Non-uniform | rg

I(?ESET operatiorﬂ

“IIIIIIIIIIIIIIIIIIII

results in the large
variation of Vgeger
and lgeser
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Highly Reliable Resistive Switching

1. Motivation for HRS stability

995f _ | |t . "
m A n "
_ o5 - iy
. < "
00 R " n , 2> 70t i
u:' ' M 3 40 -
) ! /
l'::l l: _§ B
SEeUNEl ARG ey & 10f
A '.'.‘."v Vyise \ly DO I 2 —a— HRS a
1t 24 | . LeakyHRS
1 1L II 1
L X TR <Leaky HRS <HRS 01=4"0""1T"2 3 08-06-04-02 00
-05 00 0.5 1.0 Vreset = -0.4V> Vreset = -1.0V> Voltage [V] Reset current [mA]
(b) Voltage[V] @ :Cuion

v Defective HRS induces reliable switching!

v But, small on/off ratio was exhibited!

J. Park et al., Electron Device Lett. 2010
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ReRAM for Gradual Set Operation

1. Experimental
on 250 nm via-hole pattern substrate

i SiO, deposition by PECVD Thermal oxidation
Pt BE deposition by sputter l 1 1
SiO, deposition by PECVD & 250 nm

Patterning

TaO, (3.5 nm) deposition in Ar & O, ambient
by RF sputtering

Thermal annealing in O, ambient by RTA Ti

|l

HfO, (4 nm) deposition by ALD .T'.' 0 %0
| 10
Ti top electrode deposition

o0 0 ©

® Ultra-high vacuum annealing by RTA

® Defect engineered Ti/HfO,/TaO,/Pt ReRAM H. Zhang et al., Appl. Phys. Lett 2010
Slide 21 ESSDERC 2013 in Romania



ReRAM for Gradual Set Operation

2. Electrical characteristics

- Ultra-high vaccum annealing for Ti ion diffusion

1
"™ IHigh vacuum annealed T/HO JTa0 /Pt
1; Tiion diffusion Tiion = 100uf
y ¥ *./ §- 1oul'.
vV, & .|
= ;
O 100nf
3 min annealing =5 1

Voltage [V]

v" Highly reliable resistive switching!

v' But, poor on/off ratio owing to defective HRS
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ReRAM for Gradual Set Operation

2. Electrical characteristics

- Oxygen thermal annealing for insulating Ta,Oc ,

Ti ion diffusion by high
vacuum anneallng

Thermal oxidation

|l

Control thickness of Ta,Oc ,
by O, annealing

v" Insulating Ta,O, will increase HRS for higher on/off ratio
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ReRAM for Gradual Set Operation

2. Electrical characteristics
- For reliable switching with on/off & forming-less

Vacuum annealing is fixed as 3 min

0125 30

45 B -
1400 = {25
240_ 5 0.04 0 10-2 o\° On/off E
@ {3000 ® s \ T~ - J20 @
oo L 5003 S O 20} T~ _ =16 o))
8 g2 S 5 0.083 2 o N 8
=30' Vform_21 200&. 8 D E ------------------- C _\<0 ------ 9 415=
S — . l0.06p : o
229 / § 2™ s =5 ISANT -
g 110 3 0043 & O i "2
E 2.0} __,,,..o/ /Onloff (@) % 0.01¢ Q,\_;o\ § (@) , o J05 E
LE15 I -27 -0 ‘75 000 a 0-__:—_ ------- -OOM 0 ........ ‘IA(. ? OOLE
05 10 15 20 25 L7770 5 10 15 20 25 P 2 4 6 8 10 12
Oxygen annealing time [min] ~ Oxygen annealing time [min] = High vacuum annealing time [min]
e 0, thermal annealing improve on/off ratio e Ultra-high vaccum annealing
e Up to 15 min, no degradation of LRS and HRS STDs for forming-less ReRAM

v Highly reliable switching without degradation,
even no initial forming operation
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ReRAM for Gradual Set Operation

2. Electrical characteristics

- For reliable switching with on/off & forming-less
__M. Lee et al., Nature materials 2011

1 : 1m
. Reset )
10 el S e Non-linear HRS
—— 10 5;_
< 1z ¢
e % i
= 5 0%t
@ 't
- o L
=] 107 &
O 10 g
11 10 B .
2

= -1 0
Voltage (V)

, floltage [V]

Xygen ion

v" Not stepwise set operation, gradual set operation

v' Excellent reliability :
Slide 25 ESSDERC 2013 in Romania



ReRAM for Gradual Set Operation

3. Improved switching uniformity / Retention

- Switching uniformity

10° . E 1.5} E 3| Tripleayer structure
] _ 1.0 | - — —— o | Defect engineering of HfOy
o $ = 8’ i % |1 Defect engineering of HfOy and TaOy
E’ 10°} = & 05p 3
c | g 0.0f > 2 Iﬁ
[ o
2 10t Biiayer RerAM c 0.5¢ I=
o F— Triple-layer ReRAM S 1.0} — g $I
Q .42l Defect engineering of © !
m 10 H: ng ng Hfox Mt _1.5_ — —_—— o
1 Defect engineering of HfO, and TaO, 8_ 90l w1t $
HRS LRS HRS LRS HRS LRS HRS LRS © ~ SetResetSetReset Set Reset SetReset

v' High defect density ImmHRS stability & no forming operation

HRS stability (defect) |mmp (d\gfeésttgglgtcyk)

L} M

V,eeo Stability | 4mmmm | LRS stability
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Introduction

 Motivation
- Chain Relationship for Variability Degradation
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ReRAM for Gradual Set Operation

3. Improved switching uniformity

- Excellent cell to cell distribution
1m
I

100 cells distribution
2 (LRS)

[A]

Current
=

1.0
Voltage

v Cell to cell distribution of 4-inch wafer
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Conclusion

 Two-step set of the triple-layer ReRAM

- Two filaments formation and rupture due to different
fillament formation abilities for reliable set operation

- Stable set operation induces stable LRS

- But, forming operation & still HRS variability

 Defect engineering of the triple-layer ReRAM

- HfO, defect engineering for HRS stability & forming-less
operation by ultra-high vacuum annealing

- TaO, defect engineering for on/off ratio by oxygen thermal
annealing

- Lower operating current (50 uA) was achieved

3y
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Back-up slide

Electrical Characteristics

- Inserting various metal oxide layers

1m

100 3 2
_ T -
§' 10uf SO
= 4
£
-
O 100n}

% 3 7 0 T 2z 2 A 0 i

Voltage [V] Voltage [V] Voltage [V]

Ti/HfO/AIO /Pt TIHIOJTIO /Pt Ti/HfO/TaO, /Pt

v" Inserting AlO, exhibited unstable HRS

v" Inserting TiO, exhibited small on/off ratio
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