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1 RESISTIVE SWITCHING 

MEMORIES 
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1.1 Non-Volatile Memories: NAND Flash 

1.1.1 Introduction 
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1.1.2 NAND Flash 
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 

 

 

1.1.2.1 NAND Flash scaling issues 
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1.2 Resistive Switching  
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1.3 Structures and materials  
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1.4 Electrical Characteristics  
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 
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1.5 Architecture 



26  Paolo Lorenzi – PhD Thesis 



Paolo Lorenzi – PhD Thesis   27 

∼

∼



28  Paolo Lorenzi – PhD Thesis 



Paolo Lorenzi – PhD Thesis   29 

1.6 Physical mechanisms of operation 
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1.6.1 Resistive Switching 

∼ 
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 

 

1.6.2 Current Conduction Models 
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1.7 Open issues 
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1.8 Prototypes 
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1.9 RRAM as Memristor 
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2 KEY ASPECTS OF RESISTIVE 

SWITCHING MEMORIES 

OPERATIONS: 

EXPERIMENTAL ANALYSIS 

AND MODELING 
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2.1 Devices 


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2.2 Quasi-Static electrical Characteristics 

  
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2.3 Waveform  

2.3.1 Experimental Setup 
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2.3.2 Ramp Rate influence on SET and RESET 

Δ Δ

 
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2.3.3 Pulsed Forming 
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2.4 RESET Dynamics 
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2.5 Device Geometry  
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2.6 Dependence of Forming and RESET on Temperature  



AE

kT
F e







74  Paolo Lorenzi – PhD Thesis 





Paolo Lorenzi – PhD Thesis   75 



76  Paolo Lorenzi – PhD Thesis 

2.7 Constant Voltage Stress   
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3 NEUROMORPHIC 

APPLICATION 
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3.1 Introduction  



94  Paolo Lorenzi – PhD Thesis 

 



Paolo Lorenzi – PhD Thesis   95 



96  Paolo Lorenzi – PhD Thesis 

3.1.1 Biological basics  



Paolo Lorenzi – PhD Thesis   97 



98  Paolo Lorenzi – PhD Thesis 



Paolo Lorenzi – PhD Thesis   99 



100  Paolo Lorenzi – PhD Thesis 

 

3.2 Neuron electrical models and circuits 
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3.3 Synapses 

3.3.1    CMOS implementation 


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3.3.2    RRAM based synapses 
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3.4 Networks 



110  Paolo Lorenzi – PhD Thesis 

 

1

N

i i ij j i

j

y w x b


 
  

 


φ ⋅



Paolo Lorenzi – PhD Thesis   111 

3.4.1    PSPICE simulated network 
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* SPICE model for RRAM devices, Created by Paolo Lorenzi 
* Connections: TE - top electrode BE - bottom electrode 

.SUBCKT MEMRISTOR-LORENZI TE BE 

.PARAM a1=-1.9199e-10 a1_2=-5.9199e-07 a2=0.0025 c0=50 

gamma0=73 gini=0.26gmin=0.25 g0=0.25 tens0=0.45 gmax=10 

gamma0_set=95  
.func Arg(V1,V2) =  {LIMIT(0.9667*(gamma0_set-

c0*V2)*V1,1000,-5800)} 

*function F(V1, V2, V3) - Describes the SV motion (V2 is 

the gap), V1 is the applied voltage, V2 * is the limited 

sinh argument and V3 is the gap; 0.9667 in the sinh 

considers a/(l*ke*T) 
.func 

F(V1,V2,V3)={IF(V1<=0,a1*sinh(V2),IF(V3<=gmin,0,a1_2*sinh(V

2)))} 
* IV Response - Hyperbolic sine due to MIM structure 

*a2=I0, V2=gap, tens0=V0 
.func IVRel(V1,V2) =  {a2*exp(-V2/g0)*sinh(V1/tens0)} 

* Circuit to determine state variable 

* dx/dt = F(V(t),x(t)) 
Cx XSV 0 1 

Rx XSV 0 1g 

.IC V(XSV) = 0.26 
Ex 2 0 value={ Arg(V(TE,BE),V(XSV,0))} 

Gx 0 XSV value={ F(V(TE,BE),V(2,0),V(XSV,0))} 

* Current source for memristor IV response 
Gm TE BE value = {IVRel(V(TE,BE),V(XSV,0))} 

.ENDS MEMRISTOR-LORENZI 
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3.4.2    STDP-based network for handwritten digits recognition 

TiN/HfO2/Ti
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3.4.3    Spiking Neural network with adapted STDP learining rule 
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4 SUMMARY AND 

CONCLUSIONS 
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