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. Intelligent Era




AN " Challenge g
»" a8 > 105 synapses

» Power consumed: 10-20 W
® |ess than a light bulb

Power hungry High efficiency

Application Hardware |Estimated
power
used consumption
o | Emulating 4.5% of human brain: Blue Gene/P: 2.9 MW
t_g 1013 synapses, 10° neurons 36,864 nodes, (LINPACK)
0 147,456 cores
Q
O Deep sparse autoencoder: 1,000 CPUs ~100 kW
3 10° synapses, 10M images (16,000 cores) (cores only)

Stanford, S. B. Eryilmaz et al., [EDM 2015
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Conductance of RRAM array
represents the weight matrix
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RRAM cell optimization

Material selection -- Developed several categories of RRAM devices

bt = |resel <TuA Icompliance =1uA

il ' WO, based RRAM shows low

+ 1E-71 -

3 \ / RESET current and multi-level

£ 1E8|RESET SET .

3., storage behavior

1E10%5 0 05 00 05 16 15 2

Voltage (V)

. i®|  HfO, based RRAM fabricated with
G o et CMOS compatible process. Bit yield
Q LR - | .._.'.:a:-. -

e : >99.9%.

i i Yol

2 100

0 40 60 80
Cycle Number (#)

Resistance(ohm)

@ 7
a -
o1 ot ol oo TN e e
10 . . |
MR RS R
10°[
‘
10 1
10° | | {1 | |
SRS ESIA S
10° Reset: 1.7V, 150ns
4 Read: 0.V got .1.9,100ns
1 Lt s i i

Cycles

10° 10" 10° 10* 10* 10° 10° 10" 10° 10" 10" 10"

TaO, based RRAM shows excellent
endurance performance.

12

APL 2013; APL 2014; Nanotechnology 2016



RRAM cell optimization

Retention improvement — suppressing relaxation effect

981175°C baking b B ™ e (.b)m-mm
90| 128kb Array /. £ 95k . R1-100k
|-m HRS initial | g ' gz-zoo«
| & HRS-2 mins g o 1] RS
3’370 < HRS4 mins . e e} s Ra400
T 991 y HRS-8 mins | 100k S 40p B
Q 30 « HRS-16 mins ,. 2] =
» HRS-1 hour = Ed T 10F
101 ¢ HRS-4 hrs C39w| £ g sl .
o 10nmHfO, HRS=167Ka 3 Lo poaibin e s
'1 10 100 1.|-( 10k (.] 40.00 5000 100k 200k 300k 400k 500%
@ Resistance(k) (c) Time(s) Resistance (ohm)
_ ) _ 1.0+ _m125C 1 1.0 oﬂ%dg%;;l#e 10 nm HfO
Quick and stochastic retention loss after 09. DM - o
program is observed in some of the bits S 03 100 HiO,
Q_tj_o()?: e I?n value
%067 HRS=167KQ
|VBL:VBLv Vs =VsL, VWL=VWL| [IOO.S i 54 — o |
vyl i | Optimized operation 9% e — I i ——
— 0 2000 4000 6000 8000 0 2000 4000 6000 8000
s> g &  scheme to suppress © Time(s) @ Time(s)
BL>=VpL_€N No SET i . . . -
ja = BL '_[he rela!xatlon effect Various characterization methods are utilized to
o q{ Is provided explore the mechanism of relaxation effect
END WL=][C Transistor 13

- EDL 2016; EDL 2017; IMW 2016; APE 2016
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> 4\4*‘\ —A- set500
5 l 2Kb E 10% < .\ . f:i?fo
% \< e —«— reset100
Q \<\ reset500
3 ~ = —®-— reset1000
BL/SL driver, S/A T A\
1E-4 e o
joital Control 2 o = 1E-5 e,
Pizital Control "~ Analog/Ret o1 ,\g 'y _
= 0 10 20

Read_ref current(uA)

1E-8 | 1 s
1E-9 b Lo
15 -1.0 05 00 05 10 15
Voltage (V)

AL A

= ‘1’

B -0

« Develop a foundary+lab platform for future production and application

« 1T1R array with HfOx/TaOx stack as RRAM cells
« >99.9% bit yield; >99% bit yield after 104 cycles

NVMTS 2015; IEDM 2016; IMW 2017; Submit to IEDM 2017 14



Security Application

(a) 200 (b) 200 The process of initialization
Distribution after 1% RESET Distribution after Split e -
: Ref_Split Chille ge |Device Challenge | Response IR
150 1 Ref_Split 150 - ! ™ "1001000] 101100 !
I [HRS/ 0" LRS/'1’ . Response g1on10| 010010 Y\ {
@ 2 e 0111010] 112001 - -
E 100 Read @ 0.15 V - ?,1““ -
Array128 X8 Split |ithi5¢h€-??? Challenge f \
50 1T1IR 50 authentic — @ Y
Read device A? | 21| Response’ Response"/
Variati T e =T
K T TR a—T T toon foam The process of authentication
Read Current (A) Read Current (A)
(C) Analog Current Distribution after First RESET Operation (Fig. 2(a)) uyq0™
" ®
10"}
L | 10years /- 27°C
T Rl o
- I 7/
s 10°f / o
c '/55“0 Ea=1.15eV
= 4
e 10T o -e- 8 cells as 1 bif
, B 150 *C -@=1 cell as 1 bit
10 Il » I’ I’ »

25 30 35 40 45
1/KT (1/eV)

Utilize the variability of HRS resistance, Good reliability is demonstrated
the random key can be generated on our RRAM based PUF

15

EDL 2017; VLSI-TSA 2017



Requirement of synaptic device

Ideal synaptic device: o T amemay ondiamentary
® Enough level number Level number

® |ow current

® Fast speed Linearity /\ Current

e Low voltage ﬁ

® Good reliability

e Conductance linearity Voltage Speed

o ...

Reliability

v There are some defects for both filamentary device and non-
fillamentary device. Device engineering is needed.



Challenge of filamentary RRAM

- T -

v T v T - T -

Gradual RESET Compliance Current

g

Current (A)
2 2

100n |

10n b
-2.0

1.5 20

15 10 05 00 05

Voltage (V)

1.0

|-V curve of HfOx based filamentary RRAM

Filament rupture

Simulated oxygen vacancy distribution

v Abrupt SET transition is always observed in filamentary RRAM
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‘ Filamentary type I
-0-No gap
—gap=0.5nm
=7~ gap=1.0nm
-O~-gap=1.5nmJ
A < gap=2.0nm

w
T

Origin of abrupt SET
W RESET

RESET

b [ N

— I///// —
SET SET

Simulated 2D map of electric Simulated electric potential
distribution of different switching phases distribution along filament region

N
—

Electric potential (V)

o

T

—

- QD
~

0 1 2 3 4 5
Depth (nm)

v’ Electric field increases continuously as filament growing during SET
process, resulting positive feedback which accelerate SET process

B. Gao, et al., IEDM 2016, 176



Improve analog switching

Reduce the positive feedback of electric field during
SET process

Avoid forming single strong conductive filament

» Disperse oxygen vacancies to a broad region

» Forming multiple weak conductive filament




P = exp[(qu — ef)/kT]

(=
=]
=

—
[=]
-
X
(40]
(77]
(4]
=

Current (AL)

-
=

1oon} TI/HFOX \

1 0 : 1 -1 0 1
Voltage (V) Voltage (V)

v Ti/lHfOx RRAM device exhibits abrupt switching at room
temperature, but shows analog switching at high temperature
v High temperature reduce the influence of electric field during CF

formation
° atio EDL 2017



P = exp[(qu — ef)/kT]

1m ' v . v Y v 1m_
groouf(" Zrooy
: : o [
§ 1opReset : : E 10[.1:
- e [
o uf 3] o

100n} TI/HFOX 100nf 11/ EIRTOXY

1 0 1 -2 -1 0 1 2
Voltage (V) Voltage (V)

v  HfOx RRAM shows excellent analog switching in both SET and
RESET by inserting the TEL

EDL 2017



Insert thermal enhanced layer (TEL)

L
g

(7] ] 'Vset=1.2V PW=50ns 5100 L ) .' V;es;ert£1 .41'01 ) _ ' |
= go| @ Vset=1.3V A4 2 | o Vreset=1.5y" W-o0ns
@ | A Vset=1,4V, 8 80}k
2 6o} e |
] _ s 60}
el u I
g 40 S 40}
T | HfQx 2
(o) 20} o 20
O | O 0.
0050 100 150 200 0 20 40 60 80 100
Pulse number Voltage (V)

Conductance modulation under identical pulse train after inserting TEL

v The conductance increases/decreases gradually by applying
identical SET/RESET pulses for Ti/TEL/HfOx device.

EDL 2017



P = exp[(qu — ef)/kT]

[ M Simulated 40} HfOx Measured from array
1 | 2
i3 220 [ Ei
i | - .
Fle = :/m = =B
o 3
3 [ HfAlyOx © 40} |HfAlYO
g g0f A0 @ | 8 4or [HiAkOs| =
+ - tH g 20 I!J () ‘."
e = SV m ™
. A " R 2 0
10 20 50 100 200 10 20 50 100 200 500

Pulse number Pulse number

v We fabricated HFAlyOx RRAM with ALD multilayer deposition
--3 cycles HfOx layer and 1 (or 2) cycles AlOx layer

v Doping Al could localize the formation oxygen vacancies (Vo) and
avoid crystallization




Doping Method

1000

-
[=—]
=

Count{#)
S

FEOL

Hf3Al2 means

HfO,/Al,0; multilayer structure - 3 cycles HfO2

ALD
TEL sputtering

TiN sputtering

Al pad evaporation

Top electrode pattern

[ o/p=0.054

-

mm HfO,

mm Hf3AI2
o/p=0.063

8k 10k12k14k 16k 18k 20k 22k 24k 26k
Low resistance(Q})

LRS distribution

Doping Process

1000
100} mm Hf3AI2
§ o/p=0.32
5 10 ofp=0.14
3}
1t
200k 400k 600k 800k

High resistance(Q)
HRS distribution

™

S
—
N
(=]

Conductnce (uS)

o

2 cycles Al203
3 cycles HfO2

2 cycles Al203
3 cycles HfO2

N A O @ O
o O O O O

Bake@150°C |

O

0 500 10001500200025003000
Time (s)

Retention

v Uniformity and retention are improved by Al doping




- Connect to a transistor

3 2 1 0 1 2 3
Voltage IV
1T1R cell structure is used Typical |-V curve under DC sweep

v Transistor is used to limit electric field and avoid overshoot

v Reliable bi-directional analog switching behavior of 1T1R cell is
observed



Summary

Structure bt:::i 2::;?:;:: Retention Ratio | Array size
TaOx/Ti02[4] [7] Bi-analog 9V/50ps >10ks@RT >2 Single cell
Mo/PCMO([8] Bi-analog 3V/10ms >30ks@120°C >3 11k-bit array
Al203/TiO2-x[9] Bi-analog 1.1/500ps >50ks <2 12x12
Pd/WOx/W[10][11]| Bi-analog 3V/400ps 10%s >2 -
TiN/HfOx/Pt[12] | RESET analog | 1.6V/100ns - >100 | 24X24
Ag/GeSz2/W[13] Binary 2V/10us - >104 8X8
PCM[14] SETanglog | 1V/1ps - >2 10x10
This work Bi-Analog 1.6V/50ns MLC >3ks@150°C | >10 1k-bit array

v With material engineering, we demonstrate reliable bidirectional
analog RRAM with fast speed, low voltage, and good retention




The 11;‘ Class The 2:" Class The 3‘,3 Class
Training set from Yale Face Database for experimental face classification

Vv Synaptic network W n%ﬂtrzl:]ts V; V, Vs Vi
g BL,| BL,| BLs Bl
4 3 > ]
v iy, ——» (fy Face 1? WL, ““fk LT .p“‘f* L |sL, I
2 - * + &
Input WL n—f,‘" ll—wb n—r,‘-" S n—r,‘“
NEUIONE I ——» (f2 Face 2? 2 ,,2 i 5 i, [SL, 5
3 y 3 2 4
ls) —» (fa) Face3? WLs ,{M %{‘.{,‘* h*f‘* i{su I
320
Vi L,=3V,-G,  f=tanh(BI)

m=1

The schematic of the perceptron implemented by the 1K bit array

v A perceptron is demonstrated experimentally for grey face pattern
classification based on the 1K bit array to verify the capability of the
device and the two operation schemes

P. Yao, et al. Nat. Commun. 8, 15199, 2017
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Set 1: The 24 unseen test images Set 2: Augmented noisy test patterns

v Set 1: The test database from the Yale Face Database

v’ Set 2. Augmented noisy pattern set consists of 9,000 images by
Introducing noise to the training images. Noise patterns are
generated by randomly choosing some pixels and assigning
them a random value.



o 80% —=— Test Set | o 80% —=— Test Set
® 18
5 60% 4 5 60%
& 40%f {1, 540%}
8 I8
& 20% X 11 § 20% 12.5%
s 8.3% =
0 ; et —t | 0 - ; - } ; "
& 80% —=— Training Set 1 | % 80% —=— Training Set
S 60% 1y 5 60% '\
2 =
T 40%} /—\ {1 9 40%} 1
5] 3]
8 209 | 11 2 20y f\/\/ '
o 20% 2 = WAA \.m..“u, .
s : : : : 0% | 0 : . : . 0%
00 2 4 6 8 10 12 I 0 10 20 30 40 50 60
# Epoch 1 # Epoch

The activation function output value of the first class versus the iteration number

L) Ll T Ll L] I Ll T T T
200t B initial 11 200} B nitial
B Final I B Final
~ 160 | 4 L
)
=
8 120}
=
8
2 80t
£
o
© 40t
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Conductance (US) Conductance (uS)

Initial and final conductance distribution comparison of the first row @ initial state
LRS. Inset shows the final conductance map
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Xeon ppjm
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1000x energy saving than a Intel Xeon Phi 20x energy saving than a hypothetical Intel

processor with off-chip memory system Xeon Phi processor with on-chip digital
RRAM memory system

v The two methods have similar energy consumption per iteration
during training process (around 30 nJ / iteration). This shows a
remarkable energy saving than the traditional way.
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Z. Wang, et al, Nature Materials, 2017
C. Du et al, Nano Letters, 2015, 15, 2203
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