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LABORATORY ACTIVITIES 

  Experimental data  

Technological & Nano-Characterization  

plateforms  

Materials Properties Devices Characteristics IC Performances 

mm 

“Physics” & backgrounds 
• Gate stack and RRAM(atomistic 

approach, DFT) 
• Quantum transport (NEGF, Wigner)  

TCAD 
• Process  

• Devices 

SPICE for circuit design 
• Compact Modeling 

• Electrical characterization 

focused on parameters extraction  

Å 

Atomistic simulation: Physical understanding , physical parameter supplyer  for TCAD 

and compact model 

TCAD model: Compact model approximation to get the most physical model 

Compact model integration in design flow, parameter extraction & model card  
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 QUICK MEMORY OVERVIEW 

• Metal-Insulator-Metal 
(MIM) device 

• BEOL compatible 

Flash (Intel) 

MEMORY 

Volatile Non-volatile 

Mature Prototypical Exploratory 

Flash 

Non-refreshable  

SRAM 

Refreshable 

DRAM 

Floating-body 
Nanomechanical FeRAM 

PCM 

MRAM 

STT-RAM 

RRAM 

OxRRAM 

CBRAM 

Polymer Molecular 

NOR 

NAND 

Production Development Research 

• Low cost (2-3 layers, 2 terminal 

 2-3 additional masks required) 

• Fast access (<50ns switching 

time) 

• Low voltage operation ( ≈2V)  

• High Density: 10nm scalability 

demonstrated today 
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OUTLINE 
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FROM AB-INITIO TO COMPACT 

MODELING OF RESISTIVE MEMORIES 

I- Ge-S2 CBRAM 

 1- How it works?  

 2- What brings atomistic simulation for modelling? 

 3- What brings TCAD simulation for compact model? 

 4- Compact model 

II- Oxide Metal CBRAM 

 1- New phenomena to take into account 

 2- Adapted compact model 

III- OxRRAM 

 1- How it works? 

 2- What brings atomistic simulation for modelling? 

 3- What brings TCAD simulation for compact model? 

 4- Compact model 

IV- Conclusion 
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 1- How it works? 

[1] R. Waser, et. al., part 1-3. Advanced Materials, pages 2632–2663, 2009. 
[2] S. Menzel et. al., J.A.P 2012 
[3] M.F. Mott and R.W. Gurney, Electronic Processes in Ionic Crystals Dover : U.K (1948) 
 

(i) Oxidation of the top electrode: 

 

 

 

 

 

 

 

(ii) Migration of the Ag+ cations through the solid 

electrolyte 

 

 

 

 

 

 

(iii) Reduction and electrocrystallization of Ag on the 

surface of the inert electrode, then on the filament : 

𝐴𝑔 → 𝐴𝑔+ + 𝑒− 

𝐴𝑔+ + 𝑒− → 𝐴𝑔 

SET operation [1] 

RESET(V<0) = filament dissolution       

SET (V>0) = filament contact with 

top electrode 
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I- Ge-S2 CBRAM 

(i) and (iii): Butler-Volmer equation [2] 

𝐽𝐵𝑉 = 𝑗0 exp
𝛼𝑒𝜂

𝑘𝐵𝑇
− exp −

1 − 𝛼 𝑒𝜂

𝑘𝐵𝑇
 

𝑗0 is the exchange current density,  𝑒 elementary charge, 𝑘𝐵 Boltzmann constant, 𝑇 

temperature, 𝒋𝟎 exchange current density[2], 𝛼 exchange term[2], 𝜂 = 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − η0, η0 is 

the Nerst potential 

𝑗𝐴𝑔+ = 2𝑧𝑒𝑐𝑎ν  exp −
𝐸𝑎
𝑘𝐵𝑇

sinh
𝑎𝑧𝑒𝐸

2𝑘𝐵𝑇
 

Mott Gurney equation [3] 

z is the number of electrons, c the concentration of mobile ions, a the jump 

distance of the ions, ν the frequency, Ea the activation energy between two 

nearby possible positions for Ag+ and E the electrical field 

Physics of RRAM is still in debate but most 

of researchers agree on : 
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Support the assumption of 

a quasi metallic filament 

Electrical Resistivity of Ag2+xS [5] 
 x ≈ 2% : Metal/semiconductor transition  
 x ≥ 5% : Metallic character reinforced via 
Ag atoms clustering 

Supply physical values 

[4] Z. Xu et al., ACS Nano 2010 
[5] T. Z. Todorova et al., SSE 2013 

Understanding  of physical phenomenon 

 2- What brings atomistic simulation for modelling? 

MOS-AK Workshop | Reyboz Marina| 03-12-2015  

Ionic conductivity of 

Ag
+ in the electrolyte 

(ii) Migration of the Ag
+ 

cations through the solid 

electrolyte 

(i) Oxidation of the top 

electrode and (iii) 

reduction 

Ea of redox phenomena in 

Ag2S or GeS2  

[4] 

I- Ge-S2 CBRAM 

Silver electrode 

dissolves in the 

electrolyte ->Ag2S 

grows rich in silver 

And create a new 

phase Ag2+xS 

Ag2S clusters 

under acanthite 

shape  

when x becomes 

superior at 5%, the 

quasi filament 

becomes 

conducting. 
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 3- What brings TCAD simulation for compact model ? 
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𝑉 = 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑜𝑛 B1
𝑉 = 𝑉𝑑 𝑜𝑛 𝐵2
𝑛. 𝛻𝑉 = 0 𝑜𝑛 𝐵3

 

 

𝑒[𝐴𝑔+] + 𝑑𝑖𝑣 𝜖𝛻𝑉 = 0 

Boundary conditions 

Poisson equation 

σ, ε  and D represent respectively the permittivity, the 

conductivity and the coefficient of diffusion of Ag+ 

𝑛. 𝑒𝐷𝛻[𝐴𝑔+] + 𝜎𝛻𝑉 = 𝑱𝐵𝑉 𝑜𝑛 B1

𝑛. 𝑒𝐷𝛻[𝐴𝑔+] + 𝜎𝛻𝑉 =
𝑺𝟏
𝑺𝒓𝒆𝒅

𝑱𝐵𝑉 𝑜𝑛 𝐵2

𝑛. 𝑒𝐷𝛻[𝐴𝑔+] + 𝜎𝛻𝑉 = 0 𝑜𝑛 B3

 

𝑒
𝜕[𝐴𝑔+]

𝜕𝑡
− 𝑑𝑖𝑣 𝑒𝐷𝛻[𝐴𝑔+] + 𝜎𝛻𝑉 = 𝒇𝟏𝒃𝒅

 

 

Boundary conditions 

Charge conservation 

f models the absorption on the surface of the filament 

and 1bd is an interface filament electrolyte function 

[6] S. Osher et al., Journal of Computational Physics 1988 
 

Level set method [6] to follow the growth of the filament 

 

 
The interface between two domains is a level set 

of a function 𝜑 
𝜕𝜑

𝜕𝑡
+ 𝑣 . 𝛻𝜑 = 0 (advection equation) 

where 𝑣 : filament growth velocity defined as 𝑣 = 𝑣𝑔
𝛻𝜑

𝛻𝜑
  

where 𝑣𝑔 defined by electrocrystallization model 
Faraday’s law 

Local deposited volume 𝑑𝜒 and local deposition current 𝑖 
linked by Faraday’s law: 

 

⟹ 𝑣𝑔 =
𝑖

𝑑𝑆
 
𝜒𝐴𝑔

𝑒
   with 𝜒𝐴𝑔 the atomic silver volume 

     Ions transfer limited reaction  

 
𝑑𝜒

𝑑𝑡
= 𝑖

𝜒𝐴𝑔

𝑒
 

𝑖

𝑑𝑆
= 𝜎𝛻𝑉 + 𝑒𝐷𝛻C𝐴𝑔+ . n𝑓𝑖𝑙 

⟺
𝑑𝜒

𝑑𝑡
= 𝑑𝑆𝑣 . 𝑛𝑓𝑖𝑙 = 𝑑𝑆 × 𝑣𝑔 

I- Ge-S2 CBRAM 
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 3- What brings TCAD simulation for compact model? 

The model takes also into account [8] 
 Nucleation: initialization of the filament [9] 

 Ag-rich clusters  

[7-8] P. Dorion et al., SISPAD 2013 & 2014 
[9] A. Milchev,  Kluwer Academic Publishers, 2002 
 

Results for the SET operation [7] 

 Calibrated TCAD model: simulation reproduce experimetal data 

 Predictive model: allows varying the geometry of the device 

 Link to the compact model: as regards the compact model, the scale of simulation allows to 

neglect the transit time of the first ions in the electrolyte and thus to assume that IBV=IAg+ 

I- Ge-S2 CBRAM 
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 4- Compact model: generalities 

CBRAM 

MOSFET 

Vreset 

Vset 

Vread 

Schematic view of a CBRAM with the transistor 
and the different programming pulses 
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- Implemented using Verilog-A 

langage 

 

- Simulations are made with 

ELDO simulator 

 

- Only transient part is 

important for circuit design 

 

- MOSFET to program the cell 

 

- Adapted to Ge-S2 doped with 

antimony CBRAM  

 

 

I- Ge-S2 CBRAM 
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 4- Compact model: current derivation [10] 

t
kT

Vq
evhh kT

Ea

h 






 









 
(

sinh0

 * 

V > 0 h0 is equal to 10 nm, L to 50 nm 

t
kT

Vq
evrr kT

Ea
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V < 0 r0 is assumed 10 nm 
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1

RVI /

  « store »=1 when h=L 

  « store »=0 when r≈0 
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[10] M. Reyboz et al., IMW 2014 

VA 

VC 

NMOS 
VG 

VA 

VC 

NMOS 
VG 

I- Ge-S2 CBRAM 

_ 

_ 

_ 

_ 
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 4- Compact model: validation on measurements [11] 
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Switching time versus applied voltage Impact of the compliance current 

[11] G. Palma et al., IMW 2012. 

𝑅𝑜𝑛 = 𝑎 tanh 𝑏. 𝑉 − 𝑐 + 𝑑 

I- Ge-S2 CBRAM 
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Resistance (ohm)

C
u
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u
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u
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n

102 104 106 108         

Compact Model 

Measurements

LRS HRS

Ron : Gaussian law 
Roff : Gaussian law 

LRS: Va=1.5V and Vg=1.4V 
HRS: Va=1.5V and Vg=2.5V 

In this case Ron and 
Roff are parameters  

Random sampling 

Monte Carlo simulations using ELDO 

 4- Compact model: statistical dispersion 
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Important for a design point of view 
->  to be sure of the functionnality of a circuit in the worst case 
-> allow proof of concept of new circuit in the best case 

I- Ge-S2 CBRAM 
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II- METAL OXIDE CBRAM 

 1- New phenomena to take into account 
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[12] G. Molas et al., IEDM 2014. 
[13] M. Barci et al., IRPS 2014. 
[14] G. Molas et al., to be presented IMW 2015. 

- During forming, oxygen 

vacancies are created in the 

resistive layer, facilitating the 

Cu insertion from the top 

electrode into the electrolyte 

 

-  Roff depends on Vapplied 

 Roff as a function of VBL [14]  

Forming, set and reset operations [12] 

Typical IV characteristics of CBRAM 

structure during forming and 

SET/RESET operations [13]  
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Methodology to identify corners: a) CDF of LRS and HRS for given set/reset conditions      

b) Plot of the corners with X-axis as LRS level, and Y-axis as HRS level. 

 

 Corner plot for optimal programming window, with statistical 

data from experiment (black circle) and simulation (red circles and 

blue triangle). 

 

II- METAL OXIDE CBRAM 

 2- Adapted compact model 

MOS-AK Workshop | Reyboz Marina| 03-12-2015  

R
o
ff

 (
Ω

) 

Vbitline (V) 

Roff versus the 

applied voltage 

[15] F. Longnos et al., NVMTS 2014. 

Forming and Roff(Vbitline) Statistical dispersion [15] 

𝑅𝑜𝑓𝑓 = 𝑎′ tanh 𝑏′. 𝑉𝑐𝑒𝑙𝑙 − 𝑐′ +d’ 

LH HH 

HL LL 

A fitting parameter 

time_init0 allows taking 

into account a delay for 

the first SET 
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III- OXRRAM 

MOS-AK Workshop | Reyboz Marina| 03-12-2015  

 1- How it works? 

[16] C.Cagli et al, IEDM 2011 

SET operation [16] 

RESET operation [16] 

A positive voltage breaks Hf-O bonds 

creating oxygen vacancies and ions 

 

 

 
    - Oxygen ions migrate towards the 

top electrode under high electric field 

and elevated  temperature 

    - Ti induces formation of a TiOx 

interfacial layer between HfO2 and Top 

Electrode  

 

HfO2 ⇌ HfO2−𝑥 + 𝑥VO
2+ + 𝑥O2− 

RESET is the migration of oxygen ions 

under high electric field and elevated  

temperature and creation of Hf-O bonds  

HfO2−𝑥 + 𝑥VO
2+ + 𝑥O2− ⇌ HfO2 

FORMING 

Pt: Cathode 

Ti: Anode 

HfO
2 
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[17] K. H. Xue et al., TED 2014. 
[18] K. H. Xue et al., PRL 2013. 
[19] A.S. Foster et al., Nov. 2002  

 2- What brings atomistic simulation for modelling? 

Supply physical values Understanding  of physical 

phenomenon [17-18] 
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Metallic conduction emerges in 

some tetragonal suboxides Hf2O3 

or HfO in HfOx, x ≤ 1.5  

Tetragonal Hf2O3 filament 

(in circles) embedded in 

HfO2 

Zinc blende HfO filament 

(in circles) embedded in 

cubic HfO2 

Support the assumption of 

a quasi metallic filament 

Activation energies of 

diffusion phenomenon [19] 

Ea of oxygen vacancies diffusion 

Ea of oxygen ions diffusion  

Filament composition [18] 

oxygen concentration in the 

filament 

Activation energies of 

redox reaction 

Ea of oxygen ions in Ti electrode 

E A,V E A,0 

 

1.5eV  0.7eV 

𝑶𝒊
𝟐− much 

more 

mobile than 

𝑽𝒐
𝟐+ [19] 

𝒏𝑫𝒎𝒂𝒙 

1.5∙1028 m-3 

III- OXRRAM 

HfO2 is depleted 

in oxygen 
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 3- What brings TCAD simulation for compact model [20]? 

Generation of oxygen vacancies and ions 

predominant during SET 

 

[20] O. Cueto et al. , SISPAD 2014 
[21] L. Larcher et al. , IEDM 2012 
[22] G.Bersurker et al., JAP 110,Nov. 2011 
[23] T.R. Waite, The Journal of Chemical Physics, Vol 28, n°1, 1958 

𝐺 = 𝐺0exp −
𝐸𝐴𝐺 − 𝑏𝐹

𝑘𝐵𝑇
 

Recombination oxygen vacancies and ions 

predominant during RESET 

 

            
𝑅 = 4𝜋𝑎0 𝐷Oi

2− + 𝐷VO
2+ exp −

𝐸𝐴𝑅
𝑘𝐵𝑇

𝑛Oi
2− . 𝑛VO

2+  

Ion migration: Mott Gurney model 

Conductivity model 

𝜎 𝑛𝑉 = 𝜎0 +
𝜎𝑚𝑎𝑥 − 𝜎𝑡ℎ
𝑛𝐷𝑚𝑎𝑥 − 𝑛𝑡ℎ

𝑛𝑉 exp −
𝐸𝐴𝐶
𝑘𝐵𝑇

 

nDmax is given by ab initio calculation 

III- OXRRAM 

[21-22] 
 [23] 
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 3- What brings TCAD simulation for compact model? 

RESET operation: creation of Hf-O bonds  

 

SET operation: breaking Hf-O bonds creating oxygen vacancies 

a) t=0s b) t=9 10-6s 
1.5 X 1028 1/m3 

Link to compact model: 

Migration of oxygen ions is 

dominant compared to 

migration of oxygen 

vacancies and is governed 

by Mott Gurney law  

III- OXRRAM 
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 4- Compact model 
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h represents the height of 

oxygen depletion in the 

quasi filament 

Compact model will reproduce: 

- Level resistances 

- Voltage dependance of the 

switching time 

- Forming operation 

- Ron(Icomp) 

 

The calibration is on going work 

First results are to come 

h 

Developed compact model similar 

to the CBRAM model with:  

III- OXRRAM 
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IV- CONCLUSION 

 Compact modelling of many technologies of resistive 
memories were developed: Ge-S2 CBRAM, Ge-S2 doped 
with antimony CBRAM, metal oxide based CBRAM and 
OxRRAM 

 
 Compact models are implemented in Verilog-A and 
integrated into design flow. The GeS2 compact model 

was also transferred to industrial partner 

 
 Models are (or will be) adjusted on measurements for 
different technologies of resistive memories 

 
Statistical variations are added to the model to allow 
circuit design evaluation 
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Proposed block level schematic of non-volatile LUT (NVLUT) 

S. Onkaraiah et al.,“A Hybrid CBRAM/CMOS Look-Up-Table structure for improving 

performance efficiency of Field-Programmable-Gate-Array ”, ISCAS 2013. 

IV- CONCLUSION 

 Many circuit designs are based on the developed model 
 

2-to-2 CBRAM switch box schematic 

with its programming environment 

S, Onkaraiah et al., « CBRAM-based Compact Interconnect Switch for 

Non-volatile Reconfigurable Logic Circuits », ICICDT 2013 

Non-volatile Flip-Flop with CBRAM cells  

M. Reyboz et al.,“From Compact Model to Innovative Circuit Design of 

Ag-GeS2 Conductive Bridge Memories”, IMW 2014 
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Thank you for attention 


