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Abstract—An atomistic Monte-Carlo simulator of TaOX-
based resistive random access memory (RRAM) with bi-layered 
Ta2O5-X/TaO2-X stack is developed by considering 
generation/recombination (G-R) of oxygen vacancies (VO) with 
oxygen ions (O2-), phase transition (P-T) between Ta2O5 and 
TaO2 as well as interactions of Ta2O5-X/TaO2-X stack. The stack 
induced effects involving changeable Schottky barrier (SB) at the 
stack interface, the evolutions of O2- and lattice oxygen (LO) in 
the stack and the self-compliance effect are also included in the 
simulator. Using the simulation tool, the resistive switching (RS) 
characteristics of the bi-layered TaOX-based RRAM can be 
reproduced. The impacts of different stack thicknesses, oxygen 
contents and capabilities to take redox reactions with O2- of 
TaO2-X layer on RS behaviors are simulated. The simulation 
results can be utilized to achieve controllable switching processes 
and optimized device performances. 

Keywords—RRAM, resistive switching, conductive filament, 
TaOX, Monte-Carlo, simulation. 

I.  INTRODUCTION 
TaOX-based resistive random access memory (RRAM) 

has encouraged extensive study recently due to its fast 
switching speed, compatibility with CMOS technology and 
superior endurance property [1-10]. The resistive switching 
(RS) characteristics of TaOX-based RRAM are complicated 
due to the asymmetric bi-layered device structure and the 
multiple Ta-O compositions. Understanding the key factors 
correlated with RS behaviors of TaOX-based RRAM devices is 
imperatively needed for device optimization and future 
applications.  

In this work, an atomistic Monte-Carlo simulator of bi-
layered TaOX-based RRAM is developed taking account of the 
impacts of generation/recombination (G-R) of oxygen 
vacancies (VO) with oxygen ions (O2-) and phase transition (P-
T) [11] between Ta2O5 and TaO2 on RS behaviors. In addition, 
the interactions of Ta2O5-X/TaO2-X stack are included in the 
simulator which involve changeable Schottky barrier (SB) at 
the stack interface, the evolutions of O2- and lattice oxygen 
(LO) in the stack as well as the stack induced self-compliance 
effect. Using the developed simulation tool, the impacts of 
different thicknesses, oxygen contents and capabilities to take 
redox reactions with O2- of TaO2-X layer can be simulated to 

achieve controllable switching processes and optimized 
properties. 

II. SIMULATION METHODS 
A typical structure of TaOX-based RRAM consists of a 

Ta2O5-X resistive switching layer (RSL) and an oxygen 
deficient TaO2-X base layer (TBL) as shown in Fig. 1(a) [5,6]. 
TBL acts as a self-compliance layer and an oxygen reservoir. 
As illustrated in Fig. 1(b), during SET process, the 
stoichiometric Ta2O5 can be transformed to two possible 
conductive structure phases: VO-defected Ta2O5 or TaO2. 
When the conductive filament (CF) consisting of VO-defected 
Ta2O5 and TaO2 connects top electrode and conductive TBL, 
the device is switched to low resistance state (LRS) and SB 
effect between RSL and TBL is eliminated. When CF is 
ruptured during RESET and the device is in high resistance 
state (HRS), SB between semiconductor-like RSL and 
conductive TBL should be considered. 

 

 

 
 

Fig. 1 (a) Device structure of bi-layered TaOX-based RRAM composed of a
Ta2O5-X resistive swithing layer (RSL) and TaO2-X base layer (TBL). d1 and
d2 are thicknesses of RSL and TBL respectively. (b) Energy levels of Ta2O5,
VO-defected Ta2O5 and TaO2. The Schottky barrier (SB) exists between RSL
and TBL at high resistance state (HRS).  
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The RS dynamics include: 1) G-R of VO with O2- under 
applied bias; 2) P-T between Ta2O5 and TaO2 under thermal 
effect; 3) O2- migration from RSL towards TBL during SET 
and reversely during RESET; 4) redox reactions in TBL 
including O2- stored as LO and O2- release by TBL 
decomposition assisted by heat; 5) current rectified with 
changeable SB height due to Fermi-level pinning effect at the 
interface of Ta2O5-X/TaO2-X stack.  

 

 
An atomistic Monte-Carlo simulator is developed to 

quantify above processes. Fig. 2 is the simulation flow chart. 
In order to clearly show the impacts of Ta2O5-X/TaO2-X stack 
on RS behaviors, the related simulation processes are marked 
with colors in Fig. 2. Based on the XPS depth analysis of the 
bi-layered stack, the thicknesses of Ta2O5-X/TaO2-X stack and 
the distributions of Ta2O5-X and TaO2-X with different oxygen 
contents can be extracted as the inputs of the simulation. After 
that, the potential and current distributions in TaOX-based 
RRAM are solved by the resistance network in the simulator, 
and then the local temperature is calculated. Following these, 
the probabilities of G-R, P-T, and the transportation of O2- 
during SET and RESET processes are calculated respectively. 
By using Monte-Carlo methods, the processes of G-R, P-T, 
transportation of O2- and transition between LO and O2- can be 
decided. After one above process takes place, the resistance of 
TBL should be recalculated because the change of LO 
contributes to the change of resistance in TBL. If the CF is not 
connected between top electrode and TBL, the SB should be 
considered and the current is rectified with changeable SB 
height during different operation conditions. The above 
calculation processes will be repeated as the sweeping voltage 
changes. 

III. RESULTS AND DISCUSSIONS 
The electrical characteristics and microscopic behaviors of 

bi-layered TaOX-based RRAM can be simulated by the 
developed Monte-Carlo simulator. TaOX-based RRAM with 
20nm Ta2O5-X/20nm TaO2-X stack is simulated and the 
simulation results are compared with the measured data on the 
fabricated devices with Pt/Ta2O5-X/TaO2-X/Ta structure. 

Electrical measurements were performed with Agilent-33250A 
pulse generator and Agilent-B1500 analyzer. By considering 
SB effect, the measured multi-level I-V characteristics can be 
reproduced by the simulator as shown in Fig. 3. The multi-level 
characteristics are realized by applying different RESET stop 
voltages, which are 1.3V, 1.8V and 2.3V respectively. 
Excellent agreements are achieved between measurements and 
simulations by considering different SB heights in these cases. 
In order to figure out the impacts of G-R and P-T on RS 
behaviors of bi-layered TaOX-based RRAM, the I-V 
characteristics considering G-R, P-T and both effects are 
simulated and compared with measurements as shown in Fig. 4. 
Results reveal that SET/RESET voltages correlated with P-T 
are much higher than that with G-R and RS is due to combined 
effects of G-R and P-T while G-R dominates RS. 

 

 
Fig. 5 is the simulated microscopic evolution of CF and 

distributions of both dissociative O2- and stored LO during 
switching with 20nm Ta2O5-X/20nm TaO2-X stack. As shown in 
Fig. 5(a), during SET process, CF composed of VO and TaO2 
connects top electrode and TBL. The generated O2- drift into 
TBL under electric field and are absorbed by TaO2-X as LO. 
During RESET process as shown in Fig. 5(b), O2- and LO in 
TBL are activated to RSL to rupture CF at the interface of RSL 
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Fig. 4 Simulated I-V curves considering G-R, P-T and both effects as RS
mechanism and their comparisons with measurements. The I-V
characteristics considering both G-R and P-T effects best agrees with
measurements.  
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Fig. 3 Measured and simulated multi-level I-V curves of TaOX-based RRAM
using different RESET stop voltages. Taking Schottky barrier into
consideration, excellent agreements are got between measurements and
simulations. Inset is the equivalent circuit of the device.  

 

Fig. 2  Simulation flow chart of the simulator. Colored parts are related with
the interactions of Ta2O5-X/TaO2-X stack.   
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and TBL. The proportion of TaO2 in CF can be predicted by 
simulations in Fig. 6. Fig. 6(a) shows that the increase of  
compliance current (CC) during Forming under same ambient 
temperature (Ta) will result in the increase of TaO2 ratio in CF. 
Fig. 6(b) demonstrates that the increase of Ta under same CC 
during Forming will lead to the increase of TaO2 proportion in 
CF. 

 

 
In order to explore the impacts of different TBL on RS 

behaviors, devices with different TBL thicknesses and oxygen 
contents are simulated. Bi-layered TaOX-based RRAM devices 
with different TBL thicknesses are shown in Fig. 7. Fig. 7(a)-(c) 
are simulated CF and oxygen distributions of devices with 
20nm/10nm, 20nm/20nm and 20nm/40nm Ta2O5-X/TaO2-X 
stacks respectively. Fig. 7(d) shows corresponding SET 
characteristics with same CC. Results reveal that TBL with the 
thickness close to RSL are beneficial for self-compliance. The 
large VSET induced high local temperature of 40nm TBL results 
in wide CF which accounts for the relatively large current 
during SET.  

Ta2O5-X/TaO2-X stacks with different oxygen contents in 
TBL are simulated in Fig. 8. Fig. 8(a)-(c) are CF after 
FORMING and corresponding current profile under 2V applied 
voltage with O/Ta ratio of 1/2, 1 and 2, respectively. The 
higher oxygen content corresponds to higher TBL resistance 
[7]. Simulated SET characteristics of cases (a)-(c) are shown in 
Fig. 8(d). Results indicate that devices with higher oxygen 
content of TBL have better self-compliance characteristics. 
However, high oxygen content of TBL also results in relatively 
large SET voltage. Stack thickness and oxygen content 

tradeoffs are needed to balance SET voltage, SET speed, self-
compliance and power characteristics. 
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Fig. 8 (a-c) CF after FORMING and corresponding current profile (applied
voltage: 2V) in Ta2O5-X/TaO2-X stack with different oxygen contents in TBL.
The higher oxygen content corresponds to higher TBL resistance. (d)
Simulated SET characteristics of cases (a)-(c).  
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Fig. 7 (a-c) CF and oxygen distribution after FORMING in Ta2O5-X/TaO2-X
stack with different TaO2-X thicknesses. (d) Simulated SET characteristics of
cases (a)-(c).   
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Fig. 6 (a) The increasing ratio of TaO2 in CF with increasing compliance
current (CC) during Forming under same ambient temperature (Ta). (b) The
increasing ratio of TaO2 in CF with increasing Ta under same CC during
Forming. 
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Fig. 5 Simulated microscopic evolutions of CF and distributions of both
dissociative O2- and stored lattice oxygen (LO) after (a) SET and (b) RESET
processes of device with 20nm Ta2O5-X/20nm TaO2-X stack. CF is composed
of VO and TaO2. The generated O2- drifted into TBL can be absorbed by
TaO2-X as LO.   
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O2- and LO distributions in TBL are determined by the 
capability of TBL to take redox reactions with O2- as shown in 
Fig. 9. TBL in Fig. 9(a) is difficult to take redox reactions with 
O2- and thus the dissociative O2- can hardly be stored as LO in 
TBL. O2- will disperse in TBL under electric filed and thermal 
effects, leading to the dispersive oxygen distribution in TBL. 
This will result in the degradation of HRS after several cycles 
when the left O2- near CF region is insufficient to rupture CF. 
Fig. 9(b) shows the case when TBL can easily take redox 
reactions with O2-. In this case, TBL can easily store O2- as LO 
during SET and decompose to release O2- assisted by heat 
during RESET. The oxygen distribution in Fig. 9(b) is more 
concentrated than in Fig. 9(a), assuring the supply of O2- during 
RESET to rupture CF. 

 

Fig. 10 shows the simulated endurance degradation of 100 
cycles when TBL is set to be extremely difficult to take redox 
reactions with O2-. Inset in Fig. 10 is the case when TBL is 
easy to take redox reactions with O2- and no obvious 
degradation of HRS is observed. Fig. 11 shows the I-V 
characteristics of the 1st, 50th and 100th cycles in the degraded 
case of Fig. 10. The resistance window is gradually reduced 
during 100 switching cycles, revealing the degradation of HRS. 

IV. CONCLUSION 
An atomistic Monte-Carlo simulator is developed to 

simulate the RS behaviors of bi-layered TaOX-based RRAM. 
Excellent agreements between simulation results and 
experimental data are achieved. The developed simulator can 
be used to predict the optimized thickness and oxygen content 
of Ta2O5-X/TaO2-X stack for future device optimization design 
such as enhanced RRAM reliability. 
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Fig. 10 Endurance degradation of 100 cycles when TBL is difficult to take
redox reactions with O2-. Inset is the case of TBL easy to take redox
reactions. HRS/LRS represent high/low resistance state.   
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Fig. 11 Degradation of resistance window of the 1st, 50th and 100th cycles
when TBL is difficult to take redox reactions with O2-.   
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Fig. 9 Distributions of O2- and LO after SET when TBL is (a) difficult or (b)
easy to take redox reactions with O2-.  
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