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EMERGING MEMORY ROAD MAP : IMEC ACTIVITIES

m 2019-20 2020-21 2021 & Beyond Explore

4 h :

High-k for DRAM: ! :

*  Phys. thickness / k-value / leakage trade-off | ! ) - \

optimization ! ! Material exploration
5 . * Oxide Semiconductors

- - ' 1 (PVD/ALD)

DRAM Select transistor: +  Contact Metal

* Demonstrate deposited semiconductor transistor meeting DRAM/other memory specs «  Gate dielectric

* lon>75uA/um (" Enable 3D DRAM * New module
- * loff<le-21 * Demo path for stacked 2D DRAM development /
e True3D
\_* ALD oxide semiconductor
I

( Energy efficient 10TS1PCRAM device / . \

e OTS(NL> 1e6, Half threshold loff < 0.1nA) [~ What is next?
\_* PCM energy reduction by factor of 10 3D SA?;I _challenges ¢ lsw< 10‘_"A )

I ° improvement * New switching

(" Vertical integration of storage class memory | ° WL/BLmetal mechanism, BT in

+  Demonstrate conformal chalcogenides material research

+  Optimize selector and memory element for fast, low energy switching * Memory device for

future compute

\_* NextgenPCM
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TOPIC REQUESTED

= |GZO progress and challenges
* Progress in OTS material design and switching mechanism understanding
= Progress in GST stack engineering
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D RAM SCALI N G ROAD MAP Imec view of industry roadmap

T e T 0l 020 | 20212022 | 2023-204 | o020 | 20272028
] DRAM D17,Dl6,DI5 Dl14,DI3 DI13,DI2? 3D array above peri 3D x layers
Technology MIM EOT 0.5 MIM EOT 0.5 MIM EOT 0.5 MIM EOT 0.5
Peri [~ Poly THKMG AK-MG AK-MG AK-MG HK-MG / FinfET |
<§t Array Classical Classical Classical IArray above periphery 3D DRAM (stack
g 2D/vertical integration)
Capacitance | 10 fF 8 fF 6 fF 4 fF I fF |
Cap: type, AR Cylinder, 25-50 Pillar 60-80 Pillar 70-90 Pillar 70-90 sidewall
Power (VDD) 0.9V 0.9v 0.9v 0.9V 0.8V
Periphery transition: HK/MG, eventually cheap FinFET Etch aspect ratio per DRAM node
Capacitor evolution: lower and lower C (design, BL optimization, 180 kevalue: 33
ECC,...), single sided capacitor, higher aspect ratio, pillar etch 160 Cell area: 9F2
* Challenge: D12 (I12nm half pitch STI): no room for even 140

single sided capacitor
3D transition
* Medium disruption: keep same architecture and put

120
100 =@ | -sided 10f

—8— sided C |0f

C aspect ratio
©
)

periphery under (required deposited semiconductor) 60 lsided 5f
. . . . , —0— | -si
* Next level of disruption: real 3D integration, etch centric 40
* Requires 2T cell to minimize capacitor size down to parasitic 20 2 sided C 5f
node 0

12 13 14 I5 16 17 I8
STI 1/2 pitch (nm)

DRAM keeps going but will need to be successful in difficult transitions
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DRAM: 3D CELL (STACKED 2D)

' WWL
< > RWL
. ¥ Cs=11/10f explored at the previous work
1.006-13
Iwt ‘ Target : >100ms tRET
€-14 - . o
SN € -
‘WTR 1.006-15 Cs=10fF
Cs_par) J_ ! (VIhW/ ' E 1.00€-16 \‘\\ -9 ‘_:.r
_-— - sy 1f
I |off -tr. § 1.00€6-17 /‘/1\ - .
) I d BL_para - Cs=10aF @this work J ~ - .
‘RTR’ - | | e ’
YE-1 - Treg
(Vihr) — S
2lrd 1.006-20
RWL D RBL WBL 100606 1006-05 1006-04 100603 1.00£-02 100601 1.006+00 1.006+01 1006402 1006403 1.006+04 1006405 1.008+06
tRET [s)
N
bitcell

3D flow under development (Coventor)

Simulation results so far for 2TIC - 2T0C
* Read and write possible, read disturb has small window

e Same Vth for both transistors is possible
Stacked 2D (3D DRAM) integration is feasible
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EM5 3T IGZO SELECT DEVICE FOR MEMORY APPLICATION

PRESENT STATUS

( )
Back gated device with Lg=80nm
. .-
:gj Va=50mV  WuI um L=0.07 pm 00001 Merw natistic memded _
000000 a
Q00| g
< 00000000 a
z = 1£.08
} Back gated device 1609 o
i e 1610
i ¢ 1E-11
1E12
1E-13
G 2 a9 0 2 3 4
3 2 1 0 1 2 3 4 velv]
VGS V)
* Very high variability across the wafer with FG scheme, tight
L distribution with BG scheme

CHALLENGES TO ADDRESS

J

How to address it?

New robust FG scheme = IGZO compatible processes

Contact resistance, IGZO passivation, IGZO stability: Ab-initio =» calypso =» Corte

Doped IGZO, composition,
Gate trimming to Lg 30nm
Strong post IGZO material research

Robust FG device scheme

Strong process impact: Patterning, contact metal,
dielectric deposition process etc,

Post processing oxygen passivation of the
channel

Hydrogen immunity
Reduction of contact and access resistance
Positive Vt

On current improvement
Reliability of the device
2T1C and 2T0C demo

“mec
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KEY ASPECTS TO CONTROL

Minimize & control defects in
IGZO  during process and
annealing (Ox vacancy, H doping
sources)

Structure

Gate metal optimization for Vth
control / Gate Scaling.
or M|

IGZO & Gate dielectric optimization
for high mobility and low Gate leakage

Minimize contact resistance ]
(thickness / type)

Optimize bottom stack to improve
IGZO defect control

Minimize access resistance ]

] mec 8 CONFIDENTIAL



CONTACT METALLURGY

AT!

TiN
Contact
—

Qe formation energy (eV per O atoe)
] |

Comparing oxide formation energies for all metals
All above Ru are expected not to react with IGZO

oo All below W are expected to react with IGZO

i Based on reaction enthalples at OK
M

104 N

-154 o
e % Rh " N ?ﬁ
‘(.u ™ » 0
-2.0 o
Zn l
-2.5 1 -
¥o L
10 ‘zb
: - f’ e o -
-3 .
& o ba
-4.0 T
0 2 4 6 8 10 2 14 1%
Metal resistivity (| OE-8 Ohm m)
65¢V

Oxygen defect forliiticn enmgy (#Vi0)
» ~ - - » . w
< v =] - o w o

—es s sy

, 'l CAAC- IGZO

7 -~
‘,ﬁ?ﬁ = 39e+20cm?
.

- TaN
313%= |.5¢+2| em?
: .| aiczo |
o
-vﬂ—.’—’—-—’—-—wTN
T '
[~
Ru
- *  anorptous
0.5% = 23e+20 cm? . winel
. caac
70 33 30 s ®o Bs Bo ©s mo

Ouypgen Sefect concentrstion

“mec

pc [Ohm.cm2]

Je-2
102
Je-3
fe-3
Je 4
Ted
3e-5
e 3
de-6
1e-6
a7
18-7

Je-8

Je-9
le 9

3010

REF:amorphous-IGZO

s &)
wé 2E-8 Ohm.cm2

Ti Snm
TiN 20nm

CAAC-IGZO

Ti 3nm
TiN 20nm

24nm-thick IGZO
TiN-W contact metal
(noTi cap)

o] Jeed des)

(VS

lesd Med oA dpen

SHEET RESISTANCE [Ohm/sq]

The pc is improved with CAAC |GZO thanks to

a better control of the formation of TiO,.

CAAC=> less driving force to scavenge oxygen
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MOBB — METALLIZATION MODULE DEVELOPMENT
BARRIER PYDTINVSALDTIN

“mec

POR SALSA3 EXPERIMENT CORTE

‘W ALD 5nm

TiN 10nm (ALD 370C)

IGZO 10nm (PVD 300C)
AI203 |5nm (O3 Based)

‘W ALD 5nm

TiN 10nm (PVD 300C)

IGZO 10nm (PVD 300C)
AI203 |5nm (O3 Based)

Si Si

Uniformity improved using ALD TiN
for the 70nm Devices.

Id/W (Afum)

W=lpm L=0.07 pm

DUS-ALD TIN MO
Metallization

D12-BASELINE
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SILICON-IMPLANTED IGZO PVD NFETS
WORKING DEVICES DOWN TO 180NM-LG DESIGN FOR THE FIRST TIME

LG=10um LG=0.18um -
Te-6 sioon - .
. oo (W SEEY
e- @ikl Si-implanted doped IGZ
2 Gate oxide Al1203
= 1e-8
S
—
T 1e-9 24nm a-1GZO: no gate
control demo’ed
1e-10 electrically so far!
L gty VDS=50mV ‘g®we,  VDS=50mV
W-IOum . ‘ W—Ium
-3 2 1 0 1 2 3 -3 2 1 0 1 2 3
VG [V]
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IMPACT OF ACTIVE SIZE ON EFFICIENCY OF O2 ANNEAL

V,=0.05V

W=| pm L=0.07 pm W=0.18 pum L=0.07 pm W=0.09 pm L=0.07 pm
o D08 502 o ;:. | 0. .
. PoxSton Ry1-30% 224K £o7-Si02 Do oo 014.60% 1248 7 008-5i02 : D113 DR2-HK
om‘ms:“m orm + Alzoz. D1 ¢ o T popos  potiering 10nm 10om « CAAC ald D2-FOR patterming uzms:“m 1 'm? cacols oM “’:‘ D20-POR patteming +
snm botiom stack 2 e AI2GE 56m bottoen APM et N203 Sam battom ASM Wt

o P e
04 ——SE— et
4o — — le5
des C—— dnt
Tos et —
29 R — 1e6 _
1:". — eT ’
-6 [ w—
o7 ‘"
o7
o

e E /: ..ﬁ

. /7 & ‘e .'. 3 = . R

= ﬁ el e s ' i 3 g
38 . —— ) 5 e - . f 3 ? P & -2 2
s | e 2wt N o {478 ¥ 3 .
- i [ — . = 3 LTt S Bt

w4 N :; S = 169 8 - g L D % .
191} L £ : = - s . e < e .

L0 4 4 o / ~ a0 » % ® .~ " . o s “

2 R . , o4 2010 o . L ',
o S PR o : i "

st ,".' / 411 ’ 3 S - ’y - 274 B . X
et $ 20 8 \ ‘e hnd ot P ¥ s
e i -/ o114 ' 2 i AR w- 2 :
o2 ‘ 3 Q.E“‘.‘J ‘ o h\:‘\ & Lt .” * ~
2612 . o 3
W2 e l;:‘ﬁ y

P Ol >

2e-13 ’ Ae-13
1e13 1)

123

Vg

* Smaller gate area = higherV,, confirming more efficient O, anneal
* SiO2 as gate dielectric: no doping in most of the devices > full passivation with POR anneal?
e D22 (HK patterning) shows the best |
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Intensity (log scale)

IMPACT OF HYDROGEN ANNEAL
100 % H, | hour ‘ i

@
In,O; Metallic Metallic In

@ y In incomplete structure

3 ]
T, =500°C 1
1
‘fl T Y | l fl 'ﬁ'l T r‘
15 20 25 30 35 40 45 50 55 60 65 70 75
20 (deg)

* Clear spectrum appears for 100 % H, anneal
* Phase separation into bixbyite In,0O; and
metallic In

“mec B
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DIFFERENCE BETWEEN SPINEL AND CAAC/HEXAGONAL

Structure of hexagonal/CAAC |GZ0

Structure of spinel |GZ0 (most stable)

Spinel:
all O-atoms only bind to one Zn

-
«

Hexagonal IGZO:
Zn and Ga can be
easily exchange
CAAC can contain
a degree of
amorphization in
the In and Ga
layers

In spinel

the In and Ga
atoms can be
exchanged at no
energetic cost

A 4

CAAC:
some O atoms bind to three Zn atoms
weaker bonding

some O atoms bind to 4 In/Ga atoms
stronger bonding

Spinel has a more uniform bonding of O atoms: higher stability against defects

] l'I'I'IE'C 14 CONFIDENTIAL



PURE SPINEL

Using Ga,ZnO, as template — vbiezo .

E

700 °C O, |h

RS -~

1 1 1 L 1 L L 1 1 1 L 1

Intensity (arb. units)

+ 700 °C O, anneal
No increase in peak intensity: no additional Spinel formed

] mec 15 CONFIDENTIAL



CORTE : MULTIPLE INTEGRATION SCHEME CAPABILITY

Gate First

. Advantages
No IGZO channel damage

= Drawbacks

“mec

IGZO damage at contact
area

Limited O2 access for IGZO
channel defect curing
Access resistance impacted
by O2 defect curing

Gate First

+

Buried Oxygen channel

Oxygen blocking
layer

Advant

Drawb

Buried
Oxygen
channel

Oxygen blocking
layer

ages
No IGZO channel damage
Improved buried O2 access for
IGZO channel defect curing
Access resistance not impacted
by buried O2 defect curing

acks
IGZO damage at contact area

Gate Last

Advantages

No contact damage

Post Gate opening O2 defect curing
Compatible with IGZO channel
recess approach

Minimize access resistance

One mask less

Drawbacks

Potential IGZO channel damage
(No IGZO channel recess)

Limited O2 access for IGZO
channel defect curing

Access resistance impacted by O2
defect curing

Gate Last

+

Buried Oxygen channel

Oxygen blocking

layer

IGZO

Buried Oxygen blocking
Oxygen layer
channel

Advantages

No contact damage

Post Gate opening O2 defect curing
Compatible with IGZO channel
recess approach

Minimize access resistance

Access resistance not impacted by
buried O2 defect curing

= Drawbacks

Potential IGZO channel damage
(No IGZO channel recess)
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CORTE INTEGRATION VEHICLES

Back Gated IGZO transistor Front Gated IGZO based memory
(ITIC,2T0C) (ITIC,2TIC)

METPASS METPASS
M2 - M2
I I V2A

VCAP

V2B

] mec 17 CONFIDENTIAL



OFF CURRENT ASSESSMENT WITH 2T0C — 10°

107 Id-Vg Rtr
CONNECTED THROUGH NEEDLE AL900737 D04 s &
" \’Y Ipm \% 10-9
Write operation rLM:_’-,.?quSTm SR
GWtr =2V DRtr =0.8V K=9 (theoretical) o 10_11
" 10712
- Y uberae 10_13 i R .
Calculated C,, = 0.37 F 3 2 1 0 1 B 3
Swe=2V Dwe = G C is charged \V/ disch Yos )
Wer™ Wir | ZWe ™ SR oxRtr ischarge
E— Rer to 2V 1.6 SR E
Wtr = Write Transistor 2" Y=14
Rtr = Read Transistor Sker D d G s 1oL . 829e-9'7483E'05X - t _~720s
— Witr an Rtr are 5"2 ret
shorted >° 14}
Read operation D. =08V RC* constant = 10258 s
Gy, =-0.5V Rer =0- 13 . . . .
0 100 200 300 400
time (s)
Swer=0V Witr Dwer = Grer | . Cox,R'cr =0.372fF > Roff,WTr =2.75x10"% Q
R Rtr Discharge of C,, p,.
off, Wtr | through Roff;Wtr V 1 4‘8V
Cox,Rtr I e G'Rtr = : o~ 4' 10_20A
OFF =p ~2.756190 %
Sac, of f,Wtr .

*itting the discharge with a constant R is not completely correct, R . varies

“tmec with Vg g, but wé®can estimate the order of magnitude of |4 CONFIDENTIAL



ALTERNATIVETO IGZO —

LITERATURE OVERVIEW

N-TYPE [1] — SOURCE:TRANSPARENT CONDUCTING OXIDES

, Exatic & toxic matedal

I

)
DJJI
I
200y
I
200

!

Mobifity (cm2/V.s)

! GG,O
Cd bosed

BEYOND IGZO (LIMITED TO HIGH Ion/lor)

R di

16412
1611
1,E+10
1E+09

lon/loff
g

1407
1E+06
1.E+05

1.E+04
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T.vs lon/i
G 2 inaizrsn0
© winMyie
nGazn0
ua ; o mmho
B InZnFo J’"W
O mz0
m @ lnm&""” ' SN0
o e 20 200 (SONMEOH
-l lnGﬂnO ( Mnl’:'o tm‘olml
O im0 o Gazod P 740 {urysti)
BetaGa20d - polpcrystalline 4
] 200 400 600 800 1000
Tdep (°C)

A
/i

Il Il l||l
PP
"y

1] 194 popers tevwwed
Warniag: bn Weratire, ey arveiobie
mobifty numbers can be found with
questionabie maobility extroction

e
|
I
'
1
I
|
J
'
'
I
I
|
I
I

x‘l .
S )

i

InGaZnO
InAlZnSnO
InSiZnO
InGeZnO
InMgZnO
InBaZnO
InHfZnO
ZnSnO
InS¢ZnO

SONNDENTIAL

|ST GENERATION

BEYOND IGZO
FIRST GENERATION CANDIDATES

lon/loff vs mobiiity
Targetlon/ioff> 107, Mobilicy > 40 (10) cmiVs

[

(I3
[

1
}nm
L0
Laats { B
oo
;.... o - —g‘:
S o -
Q‘T.:-"‘_ i InZnO
o ety
B0 e g SnO;
ZnSnO
InAZnSnO
ZnO:NI

‘umec

Bandgap (low I, vs mobility
Modbility > 40 cm?/Vs

| 58 2N

* DopedIn;O; <30eV
¢ Ga;0;>45eV

Non IGZ0" families:

* BaSnOjla

+ Cdin,O, (PVD)

cownppeTiaL

= Short listing candidates based on literature information
" |s there anything else (simpler)?
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[1] 10 different amorphous models used.
chemical composition fixed

FIGURE OF MERIT
In BASED ALTERNATIVE BINARY (A-B-O) METALLIC OXIDE CANDIDATES

10

Mobility

* Ga,Zn,Mg —In-O may be
marginally better that
Si-Mg-O IGZO in terms of band gap

and expected “mobility”.
The same for Zn-Si-O

0 — 40— =  Terrible hole mobility for

o
In-Sb Mg-5i nT Zn-Si . @ @ o .
emsi o M e zmm e zm -21 |InTHO oJe Qe ?II the candidates tested so
ar.

InGa Mg.Sn nZn ZrSi O Q | In-Ga-O  Zn-Si-O
* InMg ® SnSi ® InSb —4 - @
| | | = A-B-C-O?

-2 -1 0 1 2
Change in band gap (eV)

Worst Best

Bandgap w Bestin terms of expected “mobility” is In-Ti-O but at
the expense of a reduction in terms of band gap 2>

) impact on lon/loff & leakage expected
LT'IIEC CONFIDENTIAL

Worst

Change in ISWO

Best




ALD IGZO
HIGHER INDIUM FILM LEADS TO A SLIGHT IMPROVEMENT IN CARRIER TRANSPORT

Transconductance (uA/VA2)
N w F N (9, ] ()] ~

-

“mec

~ +10% Gm (~mobility)

increase only

*

IGZO ALD

Higher In%

0 1
VG-VT [V]

2

VDS=50mV
W=0.94um

3

REF. 1IGZO ALD

4

A IGZO ALD IGZO ALD IGZO ALD &

TR 0 W M S L
200kV x600k TE 19/09/18 11:21 50.0nm

BKM IGZO ALD attempts.
More optimization in progress
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ALD 1GZ0O

|GZO composition looks uniform.

] mec 2 CONFIDENTIAL



PROGRESS IN OTS MATERIAL DESIGN



INTRODUCTION —

MOTIVATION FOR SI-GE-AS-SE DEVELOPMENT

Half-bias NL

Sil6GeBAs4ETel0  GeblSedd Gey,Se SN2

Thickness

Previous work

Turmon voltage (AC) \

Firstfire Vokage (AC) [

= SiGeAsTe e
" Very good endurance, but relatively high |5 -
= Tellurides show limited Eg tuning Endurance
——— 7
CruliaionT [EESSme ¢ [N
= GeSe:SSiN R104 PTW04 2019, R104 PTW102018
" Lower |, but limited endurance Hobitsy goptumabiity
= Ellipsometry & ab initio show larger tunability of E, 2 tune | af IKGes
. Ge;Se oD'ticaI ba'nd gap'from 'SE i : mce [0S
This work ) % ' mcam% |
= As and Si doping of Ge-Se system GexSeion 3 i f ki &
= Benchmark SiGeAsTe versus SiGeAsSe TR TR TR . P e
R104 PTW04 2019 b aseec [

“mec 2
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QUATERNARY SYSTEM: SiGeAsSe VS SiGeAsTe

IMPACT OF SILICON CONTENT 8 .
26 —=—-SiGeAsSe
S 4 —o—-SiGeAsTe
> 2 —
= Increasing Si content = larger V4, 0 o
reduced | 5 10
= Trend in agreement with SiGeAsTe Si content (%) Se20%
= SiGeAsSe vs SiGeAsTe o LE-07 As/Se ~2/3
= V5 increase by a factor ~3 e < |.Eo8
" |ogr reduced by a factor ~500, down g < 1.E-09 ——SiGeAsTe
to [0pA o Z 1.E-10 Ej+S|GeAsSe
g = LE-II —=
® 1.E-12 —
10

Si content (%)
mec % CONFIDENTIAL



Vpulse=7.5V

E N D U RAN C E ION::—st:glA(;(S):SUA m

ED'Hhm

AL901595 DD5 CD=65nm

104 -.-non E‘
CRRURY :

i w7’ F
:EEISi\c,;eAISTe I R . )

= GeAsSe and SiGeAsSe >V, PTG
. . . . el | g
degradation with cycling, increased demonstrated e
|ea|(age . AL?oxs?s,;;z co=eSom
=] [
= Worse endurance performance - .
; GeAsSe $. e 2
compared to SiGeAsTe Degradation pod 1
= Possible Ti intermixing (TiN TE) to be during cycling bl J j
evaluated = in-situ C-based electrode o e e e e e 0 1o

now available, to be tested in next o 2

10*

: |
learning cycle T
o w7’ !

SiGeAsSe TR

Earlier failure compared : 2

to GeAsSe 8% 5

101

" o 10° 10' u.)’ n.)' 1‘0' 1;' x:v u.)’ 1‘0'
mec % Cycle # ENTIAL




COMPOSITION MAP
BENCHMARKING OF MATERIAL SYSTEMS

1.0E-05
2 1.0E-06
— |.0E-07
S -
> |.0E-08 ¢ (o) w
d : CB ¥ As2Se3-Ged0
C_’@) 1.0E-09 ¢ Siq o ¢ As2Se3-Ge30
C Q.
w |.0E-10 E “s. % As2Se3-Ge20 As25¢3-Sil 0
o - As2Se3- ¥ 7Se3.
- 1.0E-11 E Ge20Sil0__ -3¢ )2( Sstees
Setup noise resolution limit
1.0E-12 | | | |
I 3 5 7

threshold voltage [V]
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EXPERIMENTS AND MODELLING FOR SET E-FIELD INDUCED VH
DRIFT ACCELERATION OF OTS



IMPACT OF OPERATING CURRENT ON ENDURANCE

Pillar device, CD=65nm. 20nm OTS, CVD encapsulation, +5V, 00ns rise/fall time (triangular pulses)

= 108 cycles possible also
with large |5\ =1.8mA
(median)
= slight degradation with
cycling
" |ogr increasing, Vo
decreasing

= Attributed to lower Si
content than nominal (see

TEM)

= Some leaky devices at
largest operating current

“mec

ALB11596 DOS CO=65nm MRADS
S I s S S S—n

SiGeAsTe

Increasing operating current |y

ALB11596 DOS CO=65nm MRAGS
v T y—r ————-

ALB11596 DOS CO=65nm MRALS
r T r— e———

L3
~

A A

370uA [, 800uA [ e I.8mA
e i D Sy e T P _‘4',.;(%-.._ e |

v,

Cydle &
DOS MRADS

1 i A A A A
1w 19" 1w w' 1wt 10' 1wt 107 ot

v

L ——
— N 0e+0d |
e L Oesdd
— L0e+03
— 1.0ut+04 ||
e 1.0u+03
—1.0u+08
e 1.0w+07 ||
—— LOw+OR

o 1 2 3 4 5

A " i
6 7 Ll

Applied Voage (VI

29

1 A A A A
w19 1w’ w' 1t 0t

Cydle &
DOS MRADS

A A A
10* 10" 10

T T s
— 10e+0d ||

= 10e+2

— L0e+®3 1 _
— 0w 04 ||

v 1.0u403

— 1.0e408
— 1.00+07 |}

— L.Ow+OR

i
o 1 2 3 4 5

i A i
L3 7 L

Applied Volage (V)

Cyde &
DOS MRALD

A A A A A A A
w19 10 W' 1* 10' 10t 107 10*

L ——
— 1 0e+0d |
e L0e+d2
— L0e+d3
— 1.0e+04 ||
10403
— 1.0e+08
e 1.00+07 ||
—— 1.0w+OR

3 4 5
Applied Voage (VI

A " i
3 7 Ll
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PI LLAR DEVICE TEM ANALYSIS Vertical line scans in the center of the pillar

_,, FRESH
£ a0
= Lower Si content than s ¥
H 2 10
expected in the center of the E g
©10 10 30 50 70

. o .
pillar (16%nominal) IE8 cycles +5V, 800uA

= Si-rich interfaces £ 20
c 30
* In progress: study alternative 8 20
. . = 10
electrode material Si:C and s 0 ” “ -
impact of thermal budget on
. | E8 cycles -5V, 800uA
Si content g
. . . c 30
= Cycling does not induce Ti 8 2
intermixing § o
<10 10 30 50 70
= Slight shift of As/Te peaks for distance (nm)
device cycled at -5V S Ti ——Ge ——Te ——As

“mec



CARBO N'BASED ELECT ROD ES SiGeAsTe reference composition
IMPACT ON VFF,VTH’ IOFF Mushroom cell CD=65nm

- T o

w
o

a
n

= Confirmed functionality of newly
developed in-situ carbon-based
electrodes on mushroom cell

»

(=]
-0l

$55%

Voltage (V)
w
w

N
n

Hf
¥
o
§
¥

= compared to TiN reference, all carbon

splits have o | : i : .
: : : W o < < W
= Slightly larger Vi consistent with C A
.« e e . >
resistivity trends (link) v o
= Slightly lower V1, higher |5 . . . : ]
= Possible reason is higher operating <
temperature due to larger resistivit 107
p due to larger C resistivity 5 :
(larger cluster of delocalized defect $ :
states) g 10 i * . '-:'1
v 3
= Si:C to be tested with SiGeAsSe 2 0 ;
= Goal:improve endurance by avoiding =
. .. o . . . 10-% 4 1 A 4 A
possible Ti intermixing in selenides. o O e e e
o o“\

electrode
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file://nt3/memerg/Imec_Partner/RRAM/Meetings/01_Integration_Meeting/meetings_2019/20190903-wk36/20190903_Endura_5_C_electrodes.pdf

(1) Enlargement effect Geg,Sesg/in-situ TiN, IRIR, R ,.;=1.3~8.0 kohm

Current (mA)

— FF:Triangle, T ,..=T,;,=100ns, 5V
RSER|ES( IOP) DEPENDENCE SW:Triangle, T .=T,=100ns, 5V
Before FF After FF
A A
. R 8.0k 4.3k 3.2k 6k

- " “series " 100
1.3k ohm E < | 3
3t = leak =
1.6k \ \ 2 80 > 80
\ = =
2 3.2k 2 3
\\ o !
4l 3k\ 3 60 3 60
1 \\ a a
. 8.0'( §‘{¥ ‘g 40 g 40
0 100 200 300 40 o 2
Time (ns) g 20 £ 20
5 3
. o
Operation current (l,,) o | o b )
can be controlled by 1.00E-13 1.00E-12 1.00E-11 1.00E-10 1.00E-09 16 2 24 28 32 36
leak@0.5V (A) Vy, after FF (V)

Recries Value.

Higher I,, = Higher-l.,, and lower-V,, after FF
= Filament with more delocalized defects
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(1) Enlargement effect

POSSIBLE MECHANISM OF |, DEPENDENCE

Pristine state On-state
(Off-state) "

High filament temperature
=>» Additional localized-to-delocalized transition at neighboring defects

“Filament enlargement” is taking place during on-state,
depending on operation current (=temperature).
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(1) Enlargement effect GegoSesy/in-situ TiN, ITIRV,=1.75V (I,,=1.4 mA)

PULSEWIDTH DEPENDENCE FF: Square, T, .=150ns, T,,;4,=50~1000ns, T, ,=20ns, 5V

SW:Triangle, T ..=T,;,=150ns, 5V
P! T ™ 50~1000 ns |

ol 100 100

33!/ - 80 | - ~ 80 }

L t 2 | Twiaw 2 long

"1 8 short a

e e i L 8 60

Tore (us) 8 e
o o
@ 40 e Twidth=50ns @ 40 e Twidth=50ns
"3 -8 Twidth=150ns 'g -8 Twidth=150ns
'E 20 -~ Twidth=500ns E 20 -o-Twidth=500ns
5 -@-Twidth=1us = -@-Twidth=1us
O 0 (&) 0 N
1.00E-12 1.00E-10 1.00E-08 1.00E-06 1 2 3 4
lea@0.5V after FF (A) V,, after FF (V)

The same trends in
other |, (see appendix)

LongerT,. ., =2 higher-l_,, lower-V,
= Signature of “enlargement effect” during on-state
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(2) Quenching effect GegoSe glex-situ TiN, ITIRV,=1.75V (I,,=1.4 mA)

FF: Asymmetric, T, & T,;: 20~2000ns, 5V

IMPACTS OF RISEAND FALL TIME SW:Triangle, T, .=T,,=50ns, 5V

rise

-
8

T,ice : 150ns

-t &

-9 Ttal=20ns
- Thall=30ns
-»-Trall=150ns
-&- Ttali=500ns
& Ttall=1us
- Tfali=2us

8 & 8 8

Cumulative probabllity (%)
Cumulative probability (%)

o ',
1.00E-09  1.00E-08 1.00E-07 1.00E-06

he@0.5V after FF (A)

T. :20ns~I -
80 eak > 80
Te: 150ns z
1 60 | § 60
11 @ Trise=20ns g
g l o 40 | - Trise=180ns 40
% 5 - Trise=1us § -&- Trizea20ns
1 - | g 2 @ Trisa=150ns
|\ 5 3 o Trise=1us
. o e o =
2500 3000 3500 4000 4500 5000 1.00E-09  1.00E-08  1.00E-07  1.00E-06 1 14 1.8
Time (ns) Lo @0.5V after FF (A) V,, after EF (V)

T, is a key parameter. (Shorter T,,, = More delocalized defects)
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(2) Quenching effect

POSSIBLE MECHANISM OF
T.,, DEPENDENCE

Key :Time constant of

Off-state before SW

Off-state after SW

delocalized-to-localized transition

decreases at high-temp.

Off state

delocalized 7
G,(T,F)

(low-field,

just after SW)

TAG,,
v

localized

G, (T,F)

See R108 (next
presentation)

=>» Long relax time at zero field
due to energy barrier

=>» Consistent with “Vth-recovery”

(PTW2019HO!_R106)

“mec

PF-conduction through
localized defects - high-R

local -

heating

Large_current by delocalization More delocalized defects guenChed
- low-R, local heating

hod '
v
-

\
vV g

SW (with
enlargementl il o

On-state

36

4 )

L
W W
W

W
Vo
W W

Less delocalized defects remaining
thanks to long enough time for
transition
=> lower-l,., higher-V,,

%\Oé\og

et
e,

cooling

C
€
<

due to insufficient transition time
=> higher-l,.,, lower-Vy,
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(3) Flexibility and Reversibility
POSSIBLE MECHANISM OF FLEXIBILITY AND REVERSIBILITY

Off-state after SW

Off-state before FF

\

local - g :

Heating and quenching take place in every SW, so that filament
properties are modulated every time according to T, of each SW.
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SiGeAsTe(20nm) /in-situ TiN, ITIR V=175V (I,,=1.4 mA)

PULSEWIDTH DEPENDENCE FF:Square, T, ,.=150ns, T, ;4:,=50~1000ns, T;,,=20ns, 5V

SW:Triangle, T, ..=T¢,=150ns, 5V

rise

N | Toaan™ 50~1000 ns 174

n
=]
»

-@-Twidth=500ns * Twidthn820ns

- Twidth=1us

-@-Twidth=1us

100 100
(Square pulse Fh £ g..»
experiment i e
o 40 -e-Twidth=50ns @ & Twidihi=50ns
Tees=150 5, Tis=20 ns E -e-Twidth=150ns i & Twiilth=150ns

0 _

‘i
" ll l 1.00E-12  1.00E-10  1.00E-08  1.00E-06
=l B | leak@0.5V after FF (A)
Tl | SRS
I | f
if |
) || i
SRR SE R S——

g

@ = N o .

Torw lon|

o
o

" | @ Twidth=50ns
-&- Twidth=150ns
- | - Twidth=500ns
-9 Twidth=1us

40

=
(-3

- Twidth=50ns

& Twidth=150ns
o Twidth=500ns

o Twidth=1us

~N
(=]
N
o

g
£
g
a
@
Z
K-
F]
E
3
o

Cumulative probability (%)

0 . 4 i
1.00E-12  1.00E-10  1.00E-08  1.00E-06 2 3
less@0.5V after FF (A) V,, after FF (V)

—

No dependence onT,,,,, = no “enlargement” in SiGeAsTe
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SiGeAsTe(20nm) /in-situ TiN, IRIR, R, ies=1.3~8.0 kohm

Rseries(Zlop) DEPENDENCE FF:Triangle, T,;,.=T¢,=100ns, 5V

SW:Triangle, T .=T,=100ns, 5V

series

rise

Before FF After FF
GeSOSeSO 100 ém”kA% Ut b
ﬂ . 3 obm |;
g £ e
3 é 60 OP'
H low high
I’ i,
g 20
S 5’ ol Y
1800-13 1.008-17 120011 1.008-10 1 00R09
? [ 100 200 30 00 b @03V (A
Time (ns|
Operation current (I,) || SiGeAsTe lcax Before FF  After FF
can be controlled by gm — E
\ Reeries Value. > 80 z 80| _
Rseries= ] Rseries_
” Ok o 8% 8.0k ohm
2 40| 4.3k g 4.3k
3 3.2k 5 3.2k
E2T I.6k | |.6k
s 1.3k e 1.3k
1.00E-12 1.00E-11 1.00E-10 1.00E-09 1.00E-08 2 24 28 3.2 36 4
L @0.5V after FF (A) Vy, after FF (V)

No dependence on |, in SiGeAsTe.

_ Possible reason: fewer “active” defects (further work to be done)
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CONCLUSION AND OUTLOOK

= Conclusion

= Filament properties of Ge,Se,_, are very sensitive to SW pulse condition

= Higher |, longer T4, or shorter Ty,
=» Filament with more delocalized defects (due to enlargement and quenchin
g q g

= Flexibility and reversibility, depending on T,

" SiGeAsTe shows no dependence on |, and T4, and less flexibility.

=» promising for stable circuit operation

* Outlook
= Filament formation mechanism in SiGeAsSe
= Retention characteristics of filament properties
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PROGRESS IN GST MATERIAL DESIGN



SCANDIUM-DOPED GST

) = \

GST -a-2.1V SGST -a=15V
--20V -
.""r Alﬂ
. . ° g S
= Scandium doping (~3% g 210
. 20 S
Sc content) reported in £ i,
. . = -3
literature to improve wh :
crystallization speed 0 20 W 60 80 100 O30 0 %0 100
(6ns SET Speed) and Pulse width (ns) Pulse width (ns)
reset energy [1] K [17Y. Wang, Appl. Phys. Lett. 112, 133104 (2018) /
= First experiments at — i
imec (~5% Sc) "1 | e i B
) it - = : Smaller ? Lic =3 :
= Larger cell resistance, = F T=lps PN pulsewidthz | ¥ =20ns ciuscceadd]|
but no significant s S w ;
improvement in terms § » | St | M :
of crystallization 3 I 1
speed or operating _ : e e :
cu rrent 10? i L 1 1 31 1 ; 10? i L 1 2 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Current (mA)

full re-crystallization partial re-crystallization
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RESET CURRENT OPTIMIZATION
C HEATER WITH ALTERNATIVE CAPS

" C-heater was tested in previous
LCs w/ reference TE 5nm
Ti/TiN

= C-heater w/ alternative caps

deliver sub-mA operating
current

= LowNTiN

= Best split in terms of memory
window

* HNGST (heavily nitrogen-doped
GST) and 2nmTi/TiN have
similar performance

=  Small MW for Si:C cap

“mec

Cap layer splits

GST

S C-heater”

AL907144 CD=65nm DS
T T T T T

Resistance (ohm)

e D16
wiees D17
- D18
— D19

LowN TiN
1 L 1

L Il
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Current (mA)
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ENDURANCE
C HEATER WITH ALTERNATIVE CAPS

2nm Ti HNGST barrier Low N TiN
. . AL907144 D17 AL907144 D18 AL907144 D19

= 2nmTi and HNGST splits ReSET 30y 260es bS] 3% Lo eSSy 3 s

10 R .. . { . S—— K I .7 ¥ U — ¥ S 7Y A S—
have similar endurance | e ] o} e

g S 1 : W 3 w
performance o — 3 IR 1 3| F
. 3 . T LA i T ] i e IHIRE
= HNGST slightly better, ” s " T L e |
|E8 cycles TTEEEEEEE  Cwwrrees e

= Low NTiN

= Confirmed larger
window during cycling
but failure to HRS
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C(W)/SI CAPS

= W:Si:C alloying (5% Si)
= 22%W

=/ Smaller initial resistance and
tighter distribution compared to
Si:C

=  LRS reduced by a factor 2

= Expected benefit for ISIR cell:
lower FF voltage

= 50%W
= XHigher initial resistance

= Possible interfacial oxide due to
weaker interface?! (pure W fails
adhesion)

“mec

Resistance (shm)

COF (%)
2

Initial resistance

H
T

N
-

-
oo

-
S [Ty T

" i "
1w 10 10 1w 10!

wtinl resistance (O)

R-l characteristics

ALSO7144 CO=65nm DS

3

22%W
_RS reduction

Lo 1.8 0 25 0
CorveM (mA)

45

Blanket resistivity
Credits: T.Witters

Si-W-doped Carbon
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|OTS-1PCM



PATTERNED ISIRTEM INVESTIGATION

= MOI’PhOlOgiC&' Oxidized layer since samples were
demonstration not encapsulated after etch

of |OTS-1PCM
patterning

i SiGeAsT
= Tapering angle to iGeAsTe

be improved
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SUMMARY

* Phase change memory (mushroom cell architecture)

= Reset current optimization: carbon heater coupled with optimized GST capping layer delivers sub-mA
reset current

= W-Si-C electrode - smaller initial resistance, better uniformity compared to Si-C electrode
= Expected benefit for ISIR cell 2> lower first fire voltage
= Results to be confirmed on pillar device lot

= OTS selector
= >|E8 endurance demonstrated with SiGeAsTe pillar device, CD=65nm
= TEM analysis reveals lower Si content than expected. Investigation of the root cause in progress.

= C-based electrodes developed in Endura5 (in-situ) and validated electrically on SiGeAsTe
= To be tested with SiGeAsSe = goal is to improve endurance

= |OTS-IPCM
" Integrated OTS(SiGeAsTe)-1PCM(GST225) pillar patterning demonstrated morphologically

* In progress:improving tapering angle
* To be tested electrically in planned device lot
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ALD GST & OTS DEVELOPMENT

TOWARDS 3DSCM REALIZATION
Powes | ADOTSGee | mDPcRamGsT

GPC 0.34 A."cycle (10 nm in 2 Hrs) 0.66 A.fcycle (20 nm In =3 Hrs)
Crystallization temperature 370°C 200°C

Composition Stoichiometric GST325

Wiw NU 7% 69%

Density 4.1 glem? (75 % of bulk density) 5.4 g/lem’ (85 % of bulk density)
Impurities S5%C.5%H. 4% Cl 3%H, | %C1L3%0,.3%C

RMS surface roughness - 0.3 nm ~1.2nm

Step coverage | |

ALD PCRAM GST

Excellent composition uniformity
of the GST film

gl 0T g

Conformal ALD GST films

“mec o

ALD OTS GeSe

U Nim

(a) and (b) TEM showing the thickness and amorphous nature of the GeSe film

(a) Highly conformal GeSe, (b) Smooth morphology of GeSe films, (c)

Composition uniformity of the film
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EMI GST 225 PCRAM BASE LINE PROCESS

PRESENT STATUS

-

Resistance (ohm)

Si:C electrode
AL811596-3 CD=65nm DS

~

-

" 50nm GST

0.5 1.0

1.5

Current (mA)

2.0

= Switching current density <30mA/cm2 from 65nm

k pillar device

2.5

J

“mec

CHALLENGES TO ADDRESS

-

K Energy scaling remains most difficult challenge in classical PCM )

Towsrdy

% Iovage.C

'
e 11 pp. A1T4ABEE Now 2017

(a)

>50MA/cm2 -

luA reset current for Inm2 cell, I00MA/cm?2 reset current density.

Example of aggressive scaling
Carbon nanotube contact

Contact Diameter (nm)

Fong © M Newmaen and H 1 F Weng "Phase-Changs Me

18 Musrvery.” i REE Trasssinos an Bantron Devass

oM

2SMA/cm2

Best published switching current density is ~25MA/cm?2
Energy per bit: >1n)

~

Where do we see opportunities?

Interfacial phase change memory (iPCM) is a recent follow-up concept for phase change memory (PCM)
leaving out the inherent high-power physical mechanisms inducing amorphous to crystalline transition

Atomic displacement that occurs when using super lattice (SL) structure of GeTe and Sb2Te3.
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WHERE DO WE SEE OPPORTUNITIES?
GOING BEYOND PRESENT AMORPHOUS/CRYSTALLIZATION PCM MECHANISM

Interfacial phase change memory (iPCM) is a recent follow-up concept for phase change
the inherent high-power physical mechanisms inducing amorphous to crystalline
displacement that occurs when using super lattice (SL) structure of GeTe and Sb,Te

Reduced power consumption down to ~1/20,
theoretically calculated

l

.P. '. IPCM Set
L T
=ord O\ P »
o] S
3
3 lO'! Firat cyeh
y r ’ -
o0 0% 1.0 15
Current (mA)
0
=3 PCA GST
> ?,\_ ,— LmeEARassan
B a3\, -*‘k’..
é w ‘ .__\‘ :p« -..
R T TP — After W04 erelis
T \ -t T
Q0 05 1.0 15 20
ont (mA

Ackn. to Y. Saito, A.Kolobov et al.

Need to benchmark in imec state of the
art test vehicles

“mec

m
4
By

W

<00x>Sb,Te; 4 nm

"
&
-

Hesistimer |Ohw]
m o m
l 3 ‘
~> & '
Resistunce |Ohm |
"=
&

m
L

<II'l> GeTe | nm

(X 0 40 s6 80 |0 0 0 M 60 8O
Current [nA} Current [nA}

Fg 18 Restance- sument curves of [Geg Ty o 'SbiTey (x = 0 5) ISLTRAM TEG
(a)Reser cusve. (h) Set cunve: Set and seset cumeats of 35 wA obmmed

N.Takaura et al, [IEDM 2014

Current density | order of magnitude
lower

" <00x> Sb,Tes 4 nm

GeTe/Sb,Te; superlattice

VdW gap

VdW gap

Ackn.to Y. Saito, A.Kolobov et al.

Need finetuned deposition control (layer thickness,

stoichiometric composition, ...) for <00x>/<I | |>
vdW epitaxy
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embracing a better life
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