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SizeSize--dependent dependent 
MetalMetal--insulator Transitioninsulator Transition

RandomRandom Materials Materials 
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A Metal? An Insulator?A Metal? An Insulator?



Periodic SystemPeriodic System

•• With a With a band gap, band gap, or without  or without  
•• InsulatorInsulator: infinite resistivity at 0K: infinite resistivity at 0KInsulatorInsulator: infinite resistivity at 0K: infinite resistivity at 0K
•• MetalMetal: finite resistivity at 0K: finite resistivity at 0K



Random SystemRandom System
Aperiodic:Aperiodic: NoNo sharp band edgesharp band edgeAperiodic:       Aperiodic:       NoNo sharp band edgesharp band edge
MottMott :               Mobility edge (:               Mobility edge (kk space)space)
A dA d  diff i di t @ 0Kdiff i di t @ 0KAndersonAnderson:       :        = diffusion distance @ 0K = diffusion distance @ 0K 

(elastic tunneling)(elastic tunneling)
= = extent of wave functionextent of wave function

Metal: Metal: → ∞→ ∞
Insulator:Insulator: < ∞< ∞

•• MetallicMetallic if if  < <  •• InsulatingInsulating if if  > > 
Insulator: Insulator: < < 

Sample size (thickness) = Sample size (thickness) = 



An An insulatorinsulator, small enough, , small enough, 
is a is a metalmetal!!

Conducting
Insulating



Insulating



LongLong-- Random InsulatorRandom Insulator

•• Atomically Atomically mixing mixing metalmetal into into insulatorinsulator



NanometallicNanometallic Thin Thin Film: CrystallineFilm: Crystalline
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VoltageVoltage--controlled MITcontrolled MIT
~ 25 nm~ 25 nm 6
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LRS HRS

Mechanism for Switching (on/off)Mechanism for Switching (on/off)

TE
LRS

TE
HRS

T2 T2

T3

T1 T1

T3

electron flow

BE

electron flow
BE

Free electron path Free electron path (( > > ))
Isolated trapsIsolated traps  < < 

Filled trapsFilled traps RepulsionRepulsion

Change Diffusion Length: on/offChange Diffusion Length: on/off



Switching: Switching: A MetalA Metal--Insulator TransitionInsulator Transition
High resistance HHigh resistance HR stateR state Low resistanceLow resistance LR stateLR state
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Nanometallic GlassesNanometallic Glasses
SiO :Pt Pt

•• Random Random SiOSiO22::f f PtPt alloyalloy
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Nanoscale MITNanoscale MIT
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Random Random NanometallicNanometallic MaterialsMaterials
I l t M t l [001]Insulator : Metal
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NanometallicityNanometallicity  PercolationPercolation
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ff-- Map for MIT Map for MIT 
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Nanostructure?Nanostructure?



SiNSiN::metal Ametal A SystemSystem: : 10 nm TEM Films10 nm TEM Films

InsulatingInsulating SwitchingSwitching SwitchingSwitching SwitchingSwitching
5 nm

SiN SiN+ x1% metal SiN+x2% metal SiN+x3%metal

SiN+x4% metal SiN+x5% metal SiN+x6% metal metal

Conducting ConductingSwitchingSwitching
MetalMetal--rich rich NanoparticlesNanoparticles (Percolating)(Percolating)



Oxide A:Oxide A:PtPt SystemSystem
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Oxide Oxide+ x1% Pt Oxide+x2% Pt Oxide +x3% Pt

Conducting Conducting 
(percolating)(percolating)
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Metallic Nanoparticle? (Metallic Nanoparticle? (SiOSiO22::f f PtPt) ) 
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Capacitance (HR): Capacitance (HR): SiN:SiN:MetalMetal AA

C = Cdiel + Cmet NP

fcritical

I Cmet NP ~ nmet NP r2
met NP 

 r Switching % ~ nmet NP r3
met NP 

% Metal
Cmet NP ~ %/rmet NP 

ffmetalmetal < < ffcriticalcritical: : NoNo MetallicMetallic NanoparticleNanoparticle



Reality CheckReality Check

•• Scaling: Scaling: xx nm nm times times xx nmnm

•• Endurance: >10Endurance: >1077 cyclescycles



Electronic Transition?Electronic Transition?



Fundamentally Different FeaturesFundamentally Different Features

•• TT
•• Initial StateInitial State
•• Electrode’s Work FunctionsElectrode’s Work Functions •• Electrode s Work Functions, Electrode s Work Functions, BB

•• UVUV
RR•• RR

•• CC
•• Pulse Width, Pulse Width, 



Initial StateInitial State

•• NoNo formingforming
•• Initial state:Initial state: metalmetalInitial state: Initial state: metalmetal
•• High breakdown voltage High breakdown voltage >15 V>15 V



ø (eV) ø (eV) V Polarity

Top & Bottom Electrodes Top & Bottom Electrodes Must Be DifferentMust Be Different
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UV Resets Memory: ElectronicUV Resets Memory: Electronic
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Electronic Transition: UVElectronic Transition: UV--triggeredtriggered
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RRHRHR  DependenceDependence
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NonNon--Ohmic Thickness DependenceOhmic Thickness Dependence
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ζζ : Decreased by trapped charge: Decreased by trapped charge
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Symmetric Capacitance: Higher for HRS Symmetric Capacitance: Higher for HRS 
Equivalent CircuitEquivalent Circuit 6000Equivalent CircuitEquivalent Circuit
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No Pulse Width No Pulse Width  Effect Effect (>(>RCRC time)time)

No Rate No Rate 
Dependence:Dependence:Dependence: Dependence: 

Not Not AA MMemristoremristor!!

>> RC: RC: Same switching voltage regardless of Same switching voltage regardless of 

< RC: < RC: Increasing switching voltage at smallerIncreasing switching voltage at smaller 
Same Same observations observations for HRfor HR--LR and LRLR and LR--HR switchingHR switching

RCRC Time = Time = RRLineLineCCCellCell~ Cell Area ~ Cell Area 

Prediction: Same switching voltage Prediction: Same switching voltage 
down to down to psps in subin sub--m devicesm devices



Device PerformanceDevice Performance

•• RetentionRetention
•• VarianceVarianceVarianceVariance



Memory RetentionMemory Retention
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Retention per Constant Voltage Stressing TestRetention per Constant Voltage Stressing Test
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Retention per Constant Voltage Stressing TestRetention per Constant Voltage Stressing Test
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Switching Switching UniformityUniformity
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Switching Uniformity: Switching Uniformity: WeibullWeibull plotplot
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Switching Uniformity: RSwitching Uniformity: RHRSHRS & V& Vswitchingswitching
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Intermediate States: Metals or Insulators?Intermediate States: Metals or Insulators?



Intermediate States Intermediate States –– InsulatorInsulator or or MetalMetal? ? 
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Intermediate States Intermediate States –– InsulatorInsulator or or MetalMetal? ? 
109

 

) 109
 

105

107

1  

st
an

ce
 (

)

0

2

L2

0

15 L1

rr
en

t (
m

A
)

0123 105

107

10

1  ta
nc

e 
(

)

0

L2

0 100 200 300101

103

L1R
es

is
Temperature (K)

2
3
4-2 0 2

-15C
ur

Voltage (V)

4

1 10 100101

103

1

R
es

is
t

T t (K)

2
3
4

Temperature (K)

101

 

L2
Insulator

Temperature (K)

Reduced Activation Energy

100

Metal
1

 W
0

Insulator

ln ( )d TW T  

Reduced Activation Energy

10 100

10-1

3
2
1

Temperature (K)

dTW T

p ( )
 Multi-step on-switching: insulatorinsulator--bad bad metalmetal--metalmetal transitiontransition

 MultiMulti--statestate  MultiMulti--filamentfilament



Nanometallic RRAMNanometallic RRAMNanometallic RRAMNanometallic RRAM

SiSi d d td d t N t lli itN t lli itSizeSize--dependent dependent NanometallicityNanometallicity
Metal Insulator TransitionMetal Insulator Transition

Random MaterialsRandom MaterialsRandom MaterialsRandom Materials

Purely Purely ElectronicElectronic SwitchingSwitching



ConclusionsConclusions
N t lli tN t lli t i ff t i t d t i li ff t i t d t i l•• NanometallictyNanometallicty : a size effect unique to random materials: a size effect unique to random materials

•• MITMIT: triggered via: triggered via δδ ff VV && photon; switching due to changingphoton; switching due to changing•• MITMIT: triggered via : triggered via δδ, , ff, , VV, , && photon; switching due to changing photon; switching due to changing 
localization length, direction controlled by electrode work localization length, direction controlled by electrode work 
function function Thank YouThank You

•• Device propertiesDevice properties: : highly reproducible switching highly reproducible switching 
parameters short read/write time independent of voltageparameters short read/write time independent of voltage

Thank YouThank You

parameters, short read/write time independent of voltage, parameters, short read/write time independent of voltage, 
long retention time, adjustable switching parameterslong retention time, adjustable switching parameters

•• Nanostructure: Nanostructure: metallic nanoparticles irrelevantmetallic nanoparticles irrelevant


