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[ZFH=& (Memristor) RIS
. FoEERRSELA B

RESISTOR

Standard definitions from classical Circuit Theory textbooks:

What is a Resistor ? e R

R | v=Ri ° V() = R() *i(Y)
What is a Capacitor ?  C
T e [i=c® c g = C) * V()
What is an Inductor ? o L
Ty | v-1g © o) = L(t) *i(t)
o 7

0

INDUCTOR

@
2
> =
Q =
| _
@)
=

The Missing Link J

o 21 FEBRUARY 2020



IZBESE (Memristor) BYHES:

IS
- 1971 RS RE D BESIERE HATIZ RIS
Memristor E 4 Basic Circuit Elements
voltage, volt v RESISTOR current, Ampere A

= _ tangent
2 (C) : “slope = M(g)
»q

== e [

?=Aq)

-9 _ 4, 9

dt
W LS
Mg i

v=M(q) i

M(q) is called the Memristance. charge, Coulomb ¢ MEMRISTOR  flux weber ws

=0

L(g 1)

CAPACITOR
INDUCTOR

o 21 FEBRUARY 2020



1ZBE28 (Memristor) BRZ

- BT &FE » TR
o FINEE o fHLEZTTEAR
o YERRIRTR - FINDEITE

Memristor is an Analog
Non-volatile memory

Example: A two-state Charge-Controlled Memristor

high- @, Weber Charge-controlled

resistance P-qcurve:

state ?=@q)
() R—

v (1) ®
AR

E =
v(t) L4 ;(0)
m 1 L

For a memristor with a smooth function

@ = @(q), we can obtain a continuous range
of resistances, not just binary states,

by simply choosing the pulse height E, or
the pulse width w of a biasing voltage pulse.

- low-resistance
Charge- state
controlled > (g,

memristor Coulomb

Application : Ideal for neural network
learning via synaptic tunings. With the
tiny HP memristor, which can be scaled
down to 2 nanometers, it is possible

to mimic biological neurons with more
than 20,000 synapses per neuron.

Memristance

M(q) = -

o 21 FEBRUARY 2020



[ZPH=S (Memristor) HYSCIR

20084 HP SCESZEERR T Crossbar RRAM, BIZ BEEEHTRIE

viemristor Millestones
4
1971 i G ptf
2 - noz_i V
Pt . s
B — “Virgin IV
P T s o
-2 -1 0 1 2

Crossbar Architecture: A memristor’s structure, shown here in a scanning

tunneling
microscope image, will enable dense, stable computer memories. Image: R.

= -
August 2010 o——— \'.;'/, Stanley Williams/HP Labs
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[ZBH=E (Memristor) HU4FI4ER N FE

LI R
_ g BRI <1 ns
— ] AEVE S M D 1012, (SRR TR > 104 /@200°C
— B k. 2AA
— &R Z8ESA0 nm. n] S 4ETERY

o HLEEERFIE
— [FIIN AR g s i JE A R
— WS TR A
— K (normal off) . IFEAIL

— JEHE S IR A T

o 21 FEBRUARY 2020 7



[ZFE8E (Memristor) A9

Memristor
Applications

Crossbar .
Array Discrete
Analog Digital Analog Digital
Tontent =
Neuromorphic | || Addressable | H Chaos Logic
Networks Circuits Operations
Memory v ¢
— || Schmitt | rryiarear
Field | Nonvalatile Trigger Gates
Memo
JProgrammable L4 Variable g—1" |
. lﬁeconﬁgurable
Analog Array [ogic ' Gain o FR e
* Mgt S Logic Circuits
|Circuits Amplifier
TABLE I | Difference Pattern
SWITCHING PARAMETERS FOR METAL-OXIDE MEMRISTORS iComparator| | Recogniser Image
Devices . Cellular
Parameter TaO, HfO,, TiO.. Parameter . Neial Speech
(mean) [9] [20] [21] variance Networks
HRS 10k€2 | 30082 2M 2 +20%
LRS 2EQ 30k 500k12 +10%
:}P %55\:! (:'F‘EK( %55‘{, i:gzj’ Fig. 3. Modified taxonomy of memristor circuit applications from that
; n 1 dSps '1 Ons -1 Ors T 5%" reported in [62] to the incorporating emerging applications such as in imaging
swp
Town 120ps | 1pus I0ns +5% and speech.
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1ZFE=E§ (Memristor) HIT{EIAT

* Forming

° 'TZBEE%#%Z"E\;&Lm1EEBEIU\tJJTﬁE’\JI)J§E,LlZ\ZDﬁY_ XZBIXIHE
TR PB MR E X NEUAIRIEZ a3, TZ,BHa§1fF7I =

BIEERYZBEYF4% i : . (b)
e SET z ‘ z W:: /-:/ -
> ZBEEEHRFERS(HRS “0")# R EHEEZN(LRS "1")A0iT7E 5 8 /;

bt RES ET 10705 10 05 00 05 10 15 20 z:.s 1015 3o a5 0.:) 05 10 15 20 25
Voltage [V] Voltage [V]
- {ZBEESERIRBEZR(LRS "1/ L ESEA(HRS 0“2

(c)

(C) SET

(B) RESET

(d) (e)

7 [nm]

Y[n?n] 5/-5 X{gm\ - Y[n?n] 5/-5 X{gm\ - Y[n?n] 55 x[r(\)m\

Current

Figure 3.8: Simulated forming-reset-set process for a TiN/Ti/HfO,/TiN RRAM device using the 3D
RESET KMC simulator. (a) Simulated (b) experimental I-V characteristics. Vo (red) and O2" (blue) distribu-
tions at the end of (c) forming, (d) reset, and (e) set operations. Adapted from [64].

Voltage

o 21 FEBRUARY 2020



[ZFEERHNIES

How to Write Memory State ?

IM Dlustrative Example ]

Assume
nutial
condition
® & z0)
=0

WA uu condition
Assume
L v #(0) = 0 att =0

, Coul omb
¥ &G.3)

“binary state 1

2
Ap= (AE) (&) Q(}.os)
p— | :
0s

e !

ar

o0 = [ur)dr

To WRITE binary state (), To WRITE binary state | ,
bias memristor 2t Qy(1,0.5) bias memristor t Q,(3,3)

Q) )=(AE)(A)=1 || 9(Q)=(AE)(At)=3
Cboge .". Choose

3
AE= —Volt AE= Z-‘-Volt

How to Read Memory State ?

[ An Hlustrative Example |
KIT' (Kl) q l‘u::.n:::l\':k\l

Hagh-revntance
sate R N

o 21 FEBRUARY 2020
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[ZPHEStH R EImEYIRESY
« THRSIE « W RAESE
s — RRAM 44
* BUEA v B E
» BKIER v R UHIR
. AEEMEARR v OB AL R AE
» L2ERNE - RREEEQ% .
\ R e v EHzhilll ¥
« FERIBH AR AL PRekaiods
* RRAMZEIER A 7 Z m R imit & &
— R FEHI R RAE
— psE KIS LE TR
— PRFEEL RS BT
— RIEEREZH] B 3l
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01 Forming 02 Cell I-V-t characterization

IGUE Forming BI/SAYEEME. BEIRBEEFHRIVIKESE, Mz set/reset HRS/LRS 1-V £51%, {ZFEESHY
—fig5 Cell IV FFENIHESE—# EHARME
03 High speed pulse testing rEERBk izt 04 Data Retention £E{FES izt
FA7RE#Y Erase/ Programa}, SET/RESET ki 53T SRGRFE, EARISMNERGE (BE, BE
ES s T, #Sat, Witz sE
HIEFAN
0102 HREEHTMER
05 Cell Endurance fEHR/REE - 1R R R 5
%;ﬁ%ﬁ«_‘ifz (set/reset), LT, NEIZPEEEE TR LAMISAHY “3 FAR PRt S 0EE
EEIRE

04 05 FFENFE N8




] - \ \ A
01 02 Device Cell 1-V-t %5
s IAJ VL
S| \ > Q
® I'V‘t ;mUlit ,j—\1q: Type of Agra-S8i | TaO,/TiO, | PCMO | AlOx/HfO, | ETML/HfO, | ETML/HfO, | ETML/HfO, | ETML/HfO, | Ideal analog
analog RRAM [2] [3] [4] [5] (0.8mQ-cm) | (4.4mQ-cm) [(30.4mQ-cm)| (2 parallel) RRAM
° IxSMU, Opt IxPMU Nonlinearity |, 4 0.66 3.68 1.94 0.96 0.93 0.04 0.08 0
=10 (SET) ) ’ ’ : : : ) :
VSet/Reset @‘<19V’ | @>nA L Nonlinearity ) _, g 0.69 6.76 0.61 3.26 2.63 0.63 0.63 0
t @>50ns [E]pF (RESET) -4 0. -6. -0. 3. 2. 0. 0.
On-state .
o |-V Sweep, Opt. Pulsed I-V e | 26M0 | SMQ | 23MQ | 17KQ 10KQ 30kQ 100kQ 50kQ High
gﬂ 8 iﬁiﬁ) 125 2 6.8 44 10 10 10 10 Large
. %EBQ fj =z SET pulse |3.2V/300ps | 3V/40ms | 2V/1ms [ 0.9V/100ps | 1.7/50ns | 1.5V/50ns | 1.6V/S0ns | 1.6V/S0ns L;’:‘S’t"s‘l’]::ﬁe
<
o HW: %52' ﬁ*ﬁ'f}\{ RESET pulse | 2.8V/300ps | 3V/10ms | 2V/Ims | 1¥/100ps | 1.5V/50ns | 1.5V/50ns | 1.5V/50ns | 1.5V/50ms L;;ztvs(;::ﬁc
- =
« 4200A-SCA Variation 3.5% <1% | <1% 5% 3% 3.35% 3.7% 1.5% 0%
= 4200_SMU 1.0F T T T T j 1102 8 2
o 05R A — | F 143
4225 PM EAVAVAV 1R
. ol o, o, 103 s 2
* Manual Probe Station Q/\/\/\
- 3 05k 3
= SW: Clarius

00 01 02 03 04 05 06
Time (x109)

o {RkZA HW: SMU

m

t g
= 26xx ehKIRINEE E: g
. R e, IR
. KiCk Star ﬁg?ig)ﬁ*ﬁ -~ o o -1.0 0.5 Vo?t.aogg 0.5 1.0




03 Device EiElk/H Set/Reset

. ENERKH Set/Reset
o Device JRE4EE
o BITHNEE set/reset ATEIZRR B BN

~50ns k& <lns Bk&
=iE (FHCHAER)
AFG31000/
it 4222%%%8'\/'%5 ’ AWG5200/70K ARTRER
4295 PMU MSO/DPO70000 SERNEEE
6 RN AR
R Customized SW Customized SW
BKEE T v <1ns 80ns(AFG3102X)
» P 20ns(AFG3125X)
=/ \kEs 200ps (AWG5200),  16ns(AFG3102X)
R 20ps(AWG70K) 6nS(AFG3125X)
S L 0.75 Vp-p(AWG5200) 4 Vp-p 500hm
PR 0.5 Vp-p(AWG70K) 8Vp-p FfH
ERERE 200MSa/s 100GSa/s R EEe RS
TIA Opt. from FEMTO N/A

100y

Current(A)

Figure 4: Measurement taken at 5 ns sample interval with the PMU.

KEI 4225-PMU

» Min 20ns pulse generating
» Fast 200MSa/s (5ns interval) Reading

Adv. Ele. Mater. 2017

n
.. BE oty
y

M

G)

50 Q

5 |

Probe tip

{Model w/o_Rth

N

Model w/_Rth

[uN

e 30V
ﬁ alOOk
B
400ps I-——1 é 10k
[ ] l. &)
o

00  10n  20n
Time(s)

10p 100p 1n 10n 100n 1p

Pulse width(s)

200 ps Write1 Pulse Width

TEK AWG5200,/70K MSO/DPO70000
* Min 200ps pulse generating
+ Fast 100GSa/s (10ps interval) Reading




04 FHIEFEEMIE Device Retention Test

IR, ENRIRERT (R, B) T, S, ARIZBR ST REEREA)
BT, BER BRI
el

1T i 0.20~

‘ \c > L] L] T L] L]
100 G dkmg @ 200 L QQ,::&‘\;; ' " LO% qg) 1G 10 Vr O 85 C 10 yr @ 10% ( :- 20.19 - @1 25=C,erad=0.15\"'
‘.:’\ Y b | S er. SRS PSRN AR S——
T 106 L ® ® F100M B 27,7y ] 20.18F —~—HRS 1
o 16 Qgs\\ & ‘ » o 10M < Ry vr @ 92°C E0.17 - 4
8 QW ;i =) ; D '“‘ ‘ T 0.16
£ 100 M e ' 238 1M V3 - ” B ~ v
£ N /- B ot a© ! e
2 10M Failure Criterion ,fg [: = 100 \j2~ '~' P_ ) : S 64 T T ' T T T T
B geecccccmccmahtee- — . s N 3 -
&) ‘M I AR[ ]{5’10 o ° E o?‘ 10k pe ) \ .\ i 0 . ——LRS
. .E O 1 1\ - ‘ \Q\ | u
100 k . o ° . e 9 " o ® 6.2}
—u— [LRS_10 pA 3 o 100 A\ Statistics ()w.[ 60 cell o
10k —eo— LRS_100 pA &“J 5 10 for each data ,mmt 14 6.0Ls (b) . ) . ) ] .
£ 1 L 1 ! 1 1 I | 1 1 L 1 1 ! "
Ly 10 10 1k 10k 100k 1M ! 0122 23 24 25 26 27 28 29 30 31 32 3 34 35 0 10082% 309|.. 400 500 600
Baking Time [s] 1/kgT daKing i1ime (5)

Figure 2.9: (a) Temperature-accelerated retention test for IMEC’s HfO,-based RRAM at 200°C
(b) Arrhenius plot of retention time to failure at three temperature 250°C, 200°C, and 150°C.
An activation energy (Ea~1.5 eV') was extracted for cells with compliance current = 10 pA.

Adapted from [44].




05 TBIRXECE Cell Endurance Test

» RS (set/reset), FHEHE, WIFIZIERBITAMZIEERE | o

o 4% HRS # LRS AULL=R . R _
- Set/Read/Reset/Read {IA. I

- SZMERFYI, TERFIAEIEE 07

° _IEIH'%/_TE%UEX1¢ 10 o 0 T T e
- IRUFIRASER BER (B{FR10) Bt& LRS/HRS HYZE(L
. gg?‘ﬁﬁﬂﬁ UUEE lgonse BB Veense LEFZZMITVES, 2IBSX320 iR

Y

- BIRIESIMBEAZRIETE,
o EUEMNThEMFRIEINREL (endurance) , EEXNERXEBRERHERHET
15EEY, ERSSM4FEE102LA EAITIHA,
o BEFI_ENIEE108LA FAEE L],




05 BIRXECNAT Cell Endurance Test

/ S==r—
 RRAM 'ﬂﬁﬂhéﬁ—’ﬁ cycle loop
o Set/Reset lcycle:  SET SET, RESET, Readtg39Bki
o Pulse Set/Reset Read Read

I_ FXEAIR(ES
RESET

AligEcyclefll (&A10000:%)

o Memory Retention, long time pulse

o HW: Parameter Analyzer
= 4200A-SCA

M

Bit error
rate tester ‘j

- 4200-SMU ol —— o
- 4225-PMU i J\ ---------------------- oD
= Manual Probe Station : = o EHRSVSS‘
. AWG fRIREK L, K
- BSX320 {iRfBM (FYMEITHERE) ag@ S R
o SW: Clarius w/ &M et | T




g 1+ ’I\Z, Bﬂ%%;l)-l\u iit o . DEVICE RELIABILITY

(For MLC Level zz and 4)  [a1d
- TR {ERRREAYLEEE [ ﬂ.ﬂ

A A A

. ﬁfﬂﬂﬁaﬁ Set/Read 50“ EyEEgBﬁ T b =

Read Read Read Read RESET Read Read
— 20 1-1
< '[@125C,Vread=0.15V S ¥
K = 1-4
& 6 :‘E 10
= 5} £
= 4} %K 10k SO M TOMIOM TG
S 3
- 2F 99999000 0-00-9-900090500¢909 =20 :3';
S1f seesesoeeees £ o
m 0 »_ - ' f; 10
0 100 200 300 400 500 600 s

[ .
aklng Tlme (S) O1k 10k 100k 1M 10M100M 1G

Resistance (Ohm)




Device Resistance Dynamics Test

L FN
* fRES SRS
* ABKIH I-V-t, BB
JUSE =
° HW: ES{RSED Y
+ 4200A-SCA
+ 4200-SMU

= 4225-PMU
= Manual Probe Station

o SW: Clarius w/ SES|{t k44

Listl

4225-PMU/

Pulsed V

Measure |

4220-SMU

1.8 - 101
Voltage [
| Delay tim — - C t
12 l 4 =100

Rey
64’5{/.
©r
Jif e

B0 e,
e
P
ot i
“‘llwm|||’|‘||||“||||I’|""‘ i
| mlll"l|||“I|I|I||I|-:a,’i e
S

3 1071

| 102
0 10 20 30 40 50
Time (ms)

e
S 0.0 blo
@ E
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- o
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e gl T tser = 200 1S, by = 200 1S »
0 1 2 3 4 5 6 7 8 9
S 0.0 0 <
= omHhhhhhhh R &
o -0.2 =
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Q2 -04 | 1E
— " (@]
-0.6 s e
7 =3
s -0.8 -2 8
g‘ } ISE =200 ns, 1 'S

time (us)

04
024681012141618

Z. Wang, et al, Nature Materials, 2017
C. Du et al, Nano Letters, 2015, 15, 2203
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FiFMEREAE

- S1ZBsE—1*, BEF—EE

- HEBXAFK

JHIR

o« I5ebitEIT— RS —

.

4

e

FEERTT

BAT2013F 55T AR

HIZEREE, MTTHIRY ¥ — el hiE=s.

o EER, ERVN.

A

symbolic representation

Control gate (CG)

Semi-floating Embedded
gate (SFG) ™\ —‘  TFET
4
Source.@)_l—li Drain (D)

Embedde dTFET
Ba dt Band Tun
(Is* '

(TFET) {EFEMFNIRMERER, AR _RER=HF M

KI0%E, BEStnE CMOSTZHE, sttt

Public at SCIENCE VOL 341 9 AUGUST 2013

o 2020/2/21
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FiFERANE Pk
- ABE—F=IKE, RINYESZEEEMEENT,

°%§%¥§W FIESHAR F gk TS
BEERTE

}

- FEFMFESRERREHIEERERR,
o ARSI SRS RS T

- EIEPK P RER A HIBNPEES/NT 1ns, BRAIBEE
1~3V

- (BFEHIBKIT R LRI ERENINE R,

» WINERFA R BEFoNIRIFSNEREATINL, IR
HENRIRFER, IRFRESICIREG TN,

A

Pulse Generator

G‘nd Outp;m Output2

1 R

Trensient time / second
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Z= T BE A of 22 4

(AWG5204)
LAN control

Signal wire

Driver Amplifier

CH1

Power
Supply CH2
(2230)

CH3

Driver Amplifier
(PSPL5865)

AWG CH1
(AWG5204)

(PSPL5865)

Bias Tee
(PSPL5547)

Oscilloscope CH1
(MSO 5s)

Oscilloscope CH2
(MSO 5s)

Bl Oscilloscope CH3
(MSO 5s)

Workstation /
Characterization system
(4200A)

* Transimpedance Amplifier: converting current into voltage

B et - o (Cstom Tets11]

Sel

S -

o8 ¥
default

4 = Sterminaln-fet

vds-id

pulse-vds-id
waveform-meas

4 3terminalnpn-bit

Custom Test
Custom Test_1
res2t

nulse-resistor

>

qure
4

Custom Test#1
Oclete

A

LB BB BB B BB BN BB BN N<]

‘!u

widthRead ‘ 0.00015 l s

B
v

b

o -

Custom Test#1
User Libraries:
Rshit |0 ohm
THU_RRAM
Ro.detta | 1e+06 ohm
User Modules
Ri_delta | 1e+06 ohm
datalogCycde | 100
maxCyce | 1000 Output Vahs

reacCyde { 10

modeRead | 0
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LTI RIS Nz Bk b
GHELESE
- TSR EA e S FRERHAIRT, NIRRT, BERISREL. WLRREE

o SZEHMHIFHRIFINN, FrINERERIBEAE
o V/2 or V/3-2V/3 to improve the safe write margin

o BEITARENMESINNERR, AL EERTINEE.

2
:
: __________ Roff I Ron
i
_____ A
[ .—/ Ron v
on I off
[ > V2
V=0 - vi2




fERZ Elﬂ%?_ ERES B

fe5 25192
- BEFIT RS, idEEs
> NXN

- AT, WEEAR
° IM (17MZFB=8) -
Tomianil CMOS Bt
- HFEAVMYEHRE, BEitETE
2M  (21MZBEER)
= Allow negative weight
1TIM (I 8AE, 11Z0E28)
- FRREIE M ER AT
= 5 |)\Ta/ *AY CMOS %TU
AM  ([O1MZBHES)
= Allow to change sign of weight
1TIR (IPMFFM&EAE, 117EHE)
3T (BMFEFMEAE)

o

o

o

o

(e]

Neuromemristive Circuits for EdgeComputing: A Review

o 2020/2/21
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A

f

2ok 2B =T

Sl ASTHUES

TFE=fE I IERS

RRAM BEFIINEHEAX

WIEFEENE T RITRERE,

L/LTEIJ%IJEk; Fst SN X tail bitsHYS/NE, ERESEFATNIIFE
FIRSZH A, BEEYAverify Boiilllizz =N 2Rk

SERIIE,
rES

Y1

m @ ] ‘ WL, WL, WL,
4—— O = . ~1-BL,
+ J 2 2

- <
ARB Y1 Bias-T =

[Ln

ARB Yp

Bias-T

Operations

Switching Matrix Y

SMU Y

ARB Y
Switching Matrix X
SMU X

Oscilloscope

Low Speed (>150us)

Write (Set/Reset)

BLn to Pulsed SMU
SMU Yj < BLn, other BLs to
SMU(s) = 1/3V

SMU Yj = Pre Programming
Pulse Voltage
Other SMU(s) = 1/3V

N/A

* WLn to Ground by SMUk

other WLs to SMU(2/3V)

SMUK = Ground
Other SMU(s) = 2/3V

N/A

Read (Verify)

BLn to Pulse SMU
Single BL for verification

« All BLn driving by SMU for

inference

SMU Yj = Reading level
pulse

N/A

*  WLnto SMUk

SMUk reading the current
for reading result

N/A

High Speed (AFG31000 20ns or AWG5200
1ns range)

Write (Set/Reset)

BLn to ARB Yp (single Word
write)

« Other BLs to SMU(s) = 1/3V

*  Other SMU(s) = 1/3V

* ARB Yp = Pre Programming

Pulse Voltage

*  WLn to ground by SMUk
*  Other WLs to SMU(2/3V)

SMUK = Ground

*  Other SMU(s) = 2/3V

N/A

Read(Verify)

BLn to ARB Yp (Multi Words
reading)

N/A

* ARB Yp = Reading level

pulse

* WLn to Oscilloscope Xn

Single to multi Word reading
N/A

Oscilloscope Xn for Words
data reading

Si%

N

[q]

Gu ¥ Gn1

11

& S
Switching G

12
Matrix Y

BL,

A
A

& ()—"Ta - - BL,
oK A o
Il !
JL ——— O
Oscilloscope X1 ﬁ
: Ep=—=CD S
N ————= &b
Switching
Oscilloscope Xn Matrix X
SMU
X1 )< & Stz ©
Xk

Solution:

+ HW: S500 w/ ARB (AFG31000 or
AWG5200/70K), 3/4/5/6 Series DSO

« SW: Customized ACS
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i Ly Y | WSS
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- 1M - )
> 1T1R Array (e C
- Cawes T wis
o 3-T Device Array —
-'—:IE e s SMU 28368 P;‘;g(’)i‘gg'y
s —_— S S LS sulea v {9' .-..l
o TR f -~ p—

o ARBEPRIA, ABKEHIL
o AR ANINSHKEIMSHKEHRILRLMABAN (AWG-SMU)
o ARRKREVIMESHILH, ATIrEME TNt ERE

 FRHRAER MRS :
- =5 | ___V;mzos 3
LURIRES ey

ER IR - Ve o

Industrial PC control 1 4

 Solution: S500 (AWG5208+SMU*12+DMM*1+Scope*1)

GPIB
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