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Big Data comes
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—Data volume in ZB =——Forecast Source: IDC

U From 2013, data nearlydoubles every twoyears

uln 2025, I t Os

Powerful and Energy Efficiency Computing to Process Big Data!

expect ed +180dB



Computing challengeiiniBigiDatacena \

Constant
performance
improvement
/20% per gen. F
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Computing performanceimproved 10°timesin past60years

Device energyefficiency slowdown due to power constraints at 22nm;
Architecture: CPU and memory wasphysically separated

An increasing performance gap between CPU and memory, which is
known asthe memory wall.

cC:. C:. C. .



Memory hierarchy 5
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U Memory Hierarchy: tradeoff between speed and densitybottleneck
to limit the computing performance.

U Universe memory: blurs distinction between memory (fastyolatile
and low density)and storage (slownon-volatile and high density).

NVM play more important role in future computing!




NVM:a solution to futuie computing .

= - - -

Storage

Memory Hierarchy: M/S Convergence: M/C Convergence:
more date movement less data movement no data movement

U Near term: M/S convergence by new NVM, simplifying
memory hierarchy, lessdata movement,high performance;

U Long term: M/C convergenceby integrating memory and
computation in one device, "iMemory Wallo problem can be

solved
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RRAM:: a promising candidate

RRAM

Non-volatile

CMOS compatible

Cost effective

Current

N 3D integration

HRS

Multilevel storage

Vol tage

RRAM: Promising Emerging Memory Technology !
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First array demonstration 2015

1962 2008 2013

Now

RRAM for
embedded
application

IMECAS

RRAM for
standalone
application

‘ Near future | Future

RRAM for
computing

First publication ElPida announces
Journal of Applied RRAM chip, aims

Physics, 196233:9 to enter market

Our group started the joint development ofRRAM in
embedded and standalone applicationswith industry from 2015.



28 nm RRAM integration 10
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RRAM Dbuilt betweenCT and Metal 1, as
BE, TMO asswitching layerandM1asTE

Interfacial layer betweenTMO and TE:
A Initial Resistancemore uniform and sensitive
to the thicknessof Ti or Ta
A Block TE migration at BEOL thermal process
PECVD, High T Q time, Ashing, alloy. More

than 90 min annealingat 400°C .
US Patent, 8735245 IEDM 2017, 36:39




Elecirical test on the TR airay
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HRS and LRS distribution in 1IMb array by
3V/10ns SET and -3V/100ns RESET pulse
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Resistance (W)

Category

Switch layer Material

Device

structure  Electrode Materiall BE/TE )

Forming

VSet(V)
VReset(V)
R_HRSR _LRS
Retention

Cvcling

Cell Size
Technology node
Memory array size
Processing temperature
Drop-out Cause

1TIR RRAM
TaOx

Cu'w

1.5~3V

0.8 V~1.5V
-0.5 V~-1.5V
=100
10v@85C
1M
40nmx40nm
28nm

1kb, IMb
<400C
Stuck at LRS

IEDM 2017, 3639




RRAM:a good cheiceftor 3Dsstiatking -

/ | 3!3 xpoint

3D VRRAM

Bit line \

Word line
\ memory cell /

U Suitable for 3D integration’ either in 3D X-point or BiCS 3D NAND
like vertical array (VRRAM).

U RRAM deviceslinear I-V in LRS, unselectedcells in LRS, sneaking
current could be generated

U A high performance nonlinear selectoror self-selectiveRRAM cell.




Solution for the sneakcuiirantilssues .

RRAM with Diode RRAM with switch based selector -

s Mater insulator transition Resistive switch: SeltSelective Cel\'/
o e 0 (MIT) _ Mixed ionic electroni¢MIEC) -~ TopElecrode (8 s
. | ) === = |8 1 Threshold switch(TS) Complementary resistive vy

B L L =t Y A switchstructure I : 2
A Selective layer (ML)

Bias Voltage (V) RIRAM

Bottom Electrode(BE) Vread/2

U Hybrid selective layer
and memory layer

U Nonlinearity ratio is
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Reduce off-state

U p-n type diodes, - i defined as

Schottky diodes, Hetero- T s ' |@Vread/Vread/2
junctioné U threshold switch be ' [EEmm= (i The only choice for 3D
(i Generally, applying to ' @s volatile switch e swenngd s s 1 \ertical RRAM.

the unipolar RRAM G applying to the unipola U applying to the unipolar or Selfrectifying RRAM:

i rectifying ratio is or bipolar RRAM bipolar RRAM PYWO,/a-Si/Cu

defined as R, /R, U rectifying ratio is U rectifying ratio is defined Selfrectifying Au/Zro:nc
W/ TiQ/Ni diode with self| defined as Ry,,/R, as Ry,/Ry AU/N+-Si

Pd/TaQ/Ta/Pd with Cu dopedHfQ, with non-

201Q 31:344, IEEEEDL, 2013, 34:229

compliance to integrate

bipolar Cu/HfO,/Pt
Nanoscle 2013, 5:4785 Nanoscle 2015, 7:4964 IEDM 2015, 245248



Thieshold Switching in Cu dopedHiO,
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Reduce off-state
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107 _— - leakage
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101 Threshold switching

107t W annealing

Single TS layer

TS layer + Tunneling layer

HfO2 layer

— Doped (2nmM)
Doped (2nm)+undoped (2nm)

= Undoped (4nm)

I— Moldeling dafa

00 02 04 06 08 10 1.2
Voltage(V)

g 10°® W/O annealing
S 10° Memory switching TE (Pt)
S -10
O 10 Tunneling layer (HfO )
10»11
1o TS layer (Doped HfO )
107"+
101 , , , : : . . BE (Cu) :
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Voltage (V) Threshold Switching ===+

U Cu doped HfO, RRAM fabricated in
130hm BEOL. TS observed after
annealing30min at 125°C.

U Introducing the 2nd tunneling layer,
the leakagecurrent was reduced by 5

orders.
IEDM 2015, 245248



Bilayer Selector IDevnice
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U Non-linearity >10/, Jon>1MA/cm?, Leakage current: pA level.

0 Asymmetrical |-V curve might be resulted from the barrier height

betweentop electrodeand the tunneling layer.
IEDM 2015, 245248



Selector Array

16

1011_
2-9-9- 990 90-0-90-90-90-9
= 10°F I l I l
?8’ L oo Read@0.3V
Peak :1V
E 10"} Period:100ns o Read@0.6V
2 | Width:50ns
(&)
X 10°l0 0 9 9 9-90-9-9-0-0-0
103 JJJJJJJJJJJ

10° 10° 10" 10

00 02 04 06 08
Voltage (V)

Consecutive DC switchingcycles

[EN
. S,
&

5
T

[N
o

@83C

=

o
© &
T T

[N

Current(A)
ov

-
o

'—l
o

N
[

[IN
C

@ read@0.3V
o read@0.6V

200 400 600 800 1000
Stress time(s)

umulative Probability
© o o o »m
N EN o)} [e¢] o

C
o
o

Distribution of
on and off state

current

o read@0.3V,
e read@0.6V,
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Current(A)

Endurance: 10, high
temperature without
degradation.

1 kb selector array with
1T-1S: High nonlinearity,
High on-current density,
tight distributions on and
off current.

Switching voltage
variation, limited voltage
window for reading.

IEDM 2015, 245248



Inteiface type selector
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W plug after CMP
as bottom electrode

Ta deposited by magnetron
sputtering

Plasma oxidation |

MO[] $53201

Ru Top electrode by

magnetron sputtering

()
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\"AYA

| Stoichiometric phasel

Suboxide phase
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w %
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U Gooduniform andlarger R window , Lower nonlinear and on-current.
U Trapezoidal band shape high nonlinear and on-current

crestedbarrier.

compared to uniform or

U O- gradually changed TaO, layer: in surface, Ta was fully oxidative, oxygen
componentdecreasedasdepth increased



Device jpeffiormainece 15
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U A higher current density (~1 MA), high selectivity (~5] 10%), lager
voltagemargin V,, (3V) achieved

U After 10° successivDC cycles,eachl-V curve is almost overlapped,
standard deviation is negligible, showing excellentuniformity .



Endurance and High T Operation 19
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U Endurance as high as 1% has been achieved
U High temperature without degradation is allowed.



1S 1R integration in 1kb Airayy

103 1S in 1KArray, F§EA|30-75:V 199, 552 \K\ J/'/Ty/
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U 10* nonlinearity was achieved in 21061
1S1R with excellentuniformity . ! ‘
i Thereadregionisfrom 1.2Vt0o3.8V. 3§
U The read region with nonlinearity 107 o P
higher than 10°is from 1.2V to 2.4V. 08 " 5 4

Voltage (V)



Self-seleative(Call((SEC)FoMNFRRAIV 2

Holes

Memory layer

Selective layer

Electrode

Selfselective cell

U In 3D VRRAM, intermediate electrodeis not allowed, memory cells
on the sameBL will be shorted, connectingwith the sameselector

U The selfselectivememory cell with rectifying or build-in nonlinearity
IS the only choicefor 3D VRRAM .



Typical I-V curve of bilayer SSC
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) |-V curve of bilayer SSC
U Ultra-low half-select leakage (<0.pA)

U Very high nonlinearity (>103)

U Low operation current (below nA)



3D VRRAM Iht&@rnatimh off SSC .

- - 83 4 layer 8] 32
3D VRRAM array
Inllne check 1 Inllne check 2 Inllne check 3

u HfO,/CuGeS bi-layer SSC
s with  TE deposited on
sidewall by sputtering.

CWL e e

SV B LT AT NN S 4 AN S

U Each horizontal WL was
openedby selectiveetching.

_." (0 Staircase WL contacts on
eachlayer are formed.

! ' IEDM 2015, 245248



Reliability test of SSC

1014 L

Resistance (W)
e = = =
o O O
E R B

o
i
o

Read @ -1.4V
—8— HRS

R i

SET with4V/1>s

r  RESET with 4Vv/500ns

r —@—LRS

10* 10° 10° 10° 10° 10° 10’
Switching Cycles (#)

-6-5-4-3-2.101 2 3456
Voltage(V)

24
1016 _
[ ]
L o ® ® ®
§101“-’ w. S
L Mo
E 102}
-§ . Read @1.4V
10
10

0 2500 5000 7500 10000
Time (s)

U Enduranceof SSCwith 10’.
U Retentionof SSCfor 1000Gs.

U Each layer devicesexhibit stable
and uniform characteristics

IEDM 2015, 245248



8 layer integration of 3D VRRAM
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e
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U An 8-layer integration of 3D VRRAM achieved

U High uniformity with on/off ratio (3100 times) and 100x
nonlinearity.

25

IEDM 2017,48-51
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Ways of Memory/computing convergence .
4
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U In memory computing, to eliminate the energyintensive and time-
consumingdata movement

U Focusedon identifying novel logic gate conceptswith lower energy and
areaconsumption

U R R A M@dvantages,as direct accessby interconnect lines, capability to
electrically reconfigure device and nanoscaleminiaturization .
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. RRAMI-baseatllagicuunit

D < <

28
V-R logic gate R-R logic gate
=T1 AND logic operation Rc
Vi
— Z Source: Nanotech, E. Linn RS device BN inoutn B inputn B oupuey

T2
T1(0)=V,_, T1(1) =V, X roud
T2(0)=V,, T2(1) =V,

A considerablesavingof static power

Low requirement of devicecharacteristics
Input (voltage) and output (resistance)
signalsare physically different. Additional
time and power

hardware burden,
dissipation will be cost

A

Source: Adv. Mater, P. Huang

Only physical variable-resistance

gate cascading can be achieved
easily

Devices with  high  uniform

characteristicsare necessary



High unifieimityyoffRERANM]
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NAND logic gate

30

Word Line
~

RS Layer
=~

NAND Operation

Bit Line —
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4
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0o 1
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~2/3V

0 4 8 4 8 4
Time(us)

B=1

Based on principle of
resistance Interaction,
NAND  operation was
realized.

Device A and B hold input
signal and device R store
operation result.

NAND is basic operation of
all the Booleanlogic, other
logics can achieve by
proper cascading
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Implementation of 16 Badlean igic

Logic NOT A NOT B
Name
v v v v v v
o H Set Reset N . ) . R=0 N .
perauon operation operation
Steps A & . et - E Re1

Function 1 0 A B A B A+B AB
And
Step number 1 step 1 step 1step 1step 1step 1step 1 step 1 step

U Resistancestatesof RRAM for representationof logic 00 and Al0;
U Via cascadeof logic units, 16 Booleanlogic can be implemented
U 10logic canbeaccomplishedin 1 step.



Implementation of 16 Bedlean iggic

Logic NXOR
Name

Operation - - = . - N ! : E: ;j N =
Steps T 1TEEE ;j ‘:t T #j;j ' .i: #j ;

AB A+B AB AB B+A A+B A+B-+ AB AB+AB
—AB — -
2 step 2step 1lstep 1step 2 step 2step (A+B)(AB) (A + B)(AB)

3 step 2 step

Function
And
Step number

Implementation of NXOR is the most complex one, it needs5
devicesin 3 steps



Realization of 1L1bit full adder 3

Unit structure

.- ‘ . o . i . i ' Ref The procedure of energizing signhals
ou s eu o e STEP mmmmmm

WL

Greyscale map of the resistance after the computing 1 l—l _J_l GND
- s I ----------- 1—‘, ----------- T i
m ! GND | GND | | | Viswo | | |
1 1 1 o= o p— - RRLLELELEELT EIELLL LD
' Voo ! I I Vo o
1 0 1 J—I ! | GND
° 1 1 ! GND |, GND | | | v
0 0 1 GND GND | GND | | | Vains |
1 1 0 1_,—| Vi | GND | GND
1 0 0
GND
- - ° _I I_ VNAND I I Vwe  Ground
(1] 1] 0]
Input State Output State

U 1 bit full adder needs5 devices and 1 referencessistor,

operationis finished in 6 steps.
Unpublished



Brain-inspired computing with RRAM "

—

E FEFE

U The human neural systemis inherently memory/computation convergence

U Basic elements neurons(eceives,processesstoresand transmits information
via its synapsey andsynapsegconnectionsbetweenneurons).

U In spiking neural networks (SNN), the neurons integrate inputs from neurons
in the previous layer and fires when a threshold value is reached, while
synapsesre connectionsbetweenneurons



