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“Anatomy of Resistive Switching Behavior in Titanium Oxide Based RRAM Device”. We greatly 

appreciate the valuable and constructive comments from you and the reviewers. After several 

discussions, we have carefully addressed the critical comments pointed out by the reviewers in the 

response letter, and we have also explained the facts causing the difference and the relationship 

between resistance and CF thickness in the simulation. 

The Reviewer #3 commented our work as “The manuscript has been revised according to previous 

reviewer's comments. It is believed that this paper is ready for publication.” So, we believe that 

the importance of our paper makes it suitable for the publication of Materials Science in 

Semiconductor Processing. 

 

Thanks very much for your attention to our paper. If you have any question about this paper, 

please don't hesitate to let me know 

Yours Sincerely, 

Yingtao Li 

Cover Letter



Highlights

Anatomy of Resistive Switching Behavior in Titanium Oxide Based RRAM Device

Kuan Yang,Liping Fu,Junhao Chen,Fangcong Wang,Lixue Tian,Xiaoqiang Song,Zewei Wu,Yingtao Li

• E�ectively decrease forming voltage and operating energy of RRAM

• Explicitly analyse the switching behavior by stochastic numerical physics model

• Dynamically visualise evolution of conductive filaments to understand the mechanism

Highlights



Dear Reviewers, 

Thank you very much for your valuable and insightful comments for our manuscript 

(MSSP-D-21-01529R1), entitled “Anatomy of Resistive Switching Behavior in Titanium 

Oxide Based RRAM Device”. 
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significantly revised the paper according to the constructive comments received from you. We 

hope that all the issues have been addressed appropriately. We would be grateful if you could take 

time to examine our detailed response regarding how we revise our manuscript on the following 

pages. 

 

Your time and patience are highly appreciated! Please let me know should you require any 

additional information. 

 

Yours Sincerely, 

Yingtao Li, Ph. D 

  

Response to Reviewers



I. Comments from Reviewer #1 

Comment 1: In this manuscript, authors claimed the simulation results can predict the oxygen 

vacancies after forming. However, there is lack of results like EDS mapping to confirm the 

simulation results. 

Reply to Comment 1: Thank you very much for your comment. We highly appreciate the 

reviewer’s suggestion to include advanced methods within the work on RRAM. We do believe 

such work is critical and meaningful, which could dramatically enhance the understanding of VO 

profile after forming. While, the tough point is, the distribution of VO and the morphology of CF 

are generally stochastic. It is challenging, considering our current conditions and facilities for 

experiments, to obtain the dynamics of VO for the whole RS process by method like EDS mapping, 

and this is why we rely on simulation to discover the underlying mechanism. However, rest 

assured, we do firmly agree with your viewpoint of introducing these advanced techniques to 

further inspire and validate our investigation. We would painstakingly continue our research and 

expand our experimental methodology for purposes including validation. 

On the other hand, the objective of our work is not limited to the prediction of VO profile. 

Our pursuit is to elucidate the impact of different VO concentration on the performance of the 

device, for which we introduce kMC simulation method to model the dynamics of VO evolution. 

Moreover, the simulated results, for example, the I-V curve from simulation, coincides with the 

results from experiment. Hence, we hope the simulation part is still useful to support such 

objective in our manuscript. 

Comment 2: In figure 3, the results show the same LRS after the set and the forming process. 

However, the simulation results show the LRS after the set process is thicker than the LRS after 

forming process. Could the authors explain the facts causing the difference and the relationship 

between resistance and CF thickness in the simulation? 

Reply to Comment 2: Thanks very much for mentioning this point. In short, the resistance is 

dominantly determined by 𝑁, the number of VO participating in tunneling when CF is formed. 



Due to the changes in tunneling possibility, although 𝑁 is highly correlated with number of VO or 

CF thickness, the relation between 𝑁 and CF thickness is slightly different from a proportional 

relation. 

First of all, we revisit the Eqn(7) in the manuscript. 

𝐼 = 𝐼0 exp( −
𝑎

𝑎0
)sinh⁡(

𝑉

𝑉0
) +⁡𝑁𝑞𝑣𝑑 

Here, 𝑁 is the number of traps participating in the tunneling process, where𝑁 ∝ 𝑛𝐷.The first 

term 𝐼0 exp( −
𝑎

𝑎0
)sinh⁡(

𝑉

𝑉0
)⁡is the current flow generated by the VO migration, and it is remarkably 

smaller than 𝑁𝑞𝑣𝑑 which measures the current flow comes from tunneling process when CF is 

formed. Since we are considering the relation between CF thickness and resistance (CF is formed), 

we left to consider the value of 𝑁. In other words, for larger 𝑁, we have larger 𝐼 , and 

consequently, smaller resistance. Based on the relation⁡𝑁 ∝ 𝑛𝐷, generally, with more VO, we have 

higher 𝑛𝐷, therefore smaller resistance. 

However, note that, 𝑛𝐷⁡ is slightly different from being density of VO. As from the 

manuscript,⁡𝑛𝐷 ⁡comes from the density of VO that participating in the tunneling process, hence, it 

is smaller than the density of VO. We believe such difference is critical if we focus on the relation 

between resistance and CF thickness, hence we also modify our manuscript for clarification 

purposes. 

“where 𝑛𝐷  is the vertical density of oxygen vacancy participating in tunneling, which is 

computed by the configuration of VO” 

Apologize if this causes ambiguity. 

Then we have enough armoury for the following explanation. The mechanism of TiO1.6 and TiO2.1 

device is generally the same, hence, we would mainly elaborate on TiO2.1 device. 

For experiment part, Supplementary Fig. 1 shows the I-V curve where I-V curves from I-V 



sweeping and forming are presented. In LRS, we could witness that the current of forming is 

slightly lower compared to that of I-V sweeping in the regime of 0.6V→0.0V. As we could judge 

from the simulation, this comes from the difference in CF thickness during these two phases. 

 

Supplementary Fig. 1. ExperimentalI-V curves during forming process and I-V sweepingprocess. 

The current of forming is slightly lower than that of I-V sweeping during 0.6V→0.0V. 

Then, we proceed to the simulation part, whose I-V curves of sweeping and forming are presented 

in Supplementary Fig. 2. 

 

Supplementary Fig. 2. Simulated I-V curves during forming process and I-V sweeping process. 

The current of forming is slightly lower than that of I-V sweeping during 0.45V→0.0V. 

The case of simulated curve generally follows the situation from experiment, while, the only 

deviation is, in the regime of 0.5V→0.45V, the current of I-V sweeping is slightly smaller than that 



of forming. In other words, the I-V drops earlier. It is the distribution of VO that increases the 

difficulty of tunneling, further reducing the 𝑛𝐷 and 𝐼. 

Before we explain details of this deviation, we would have to clarify the difference between 

the experiment and the simulation in obtaining the I-V characteristic curves, which is the root 

cause for this. For experiment, the I-V sweeping curve is obtained right after the forming process. 

However, the simulated sweeping curve is based on simulated VO dynamics in Fig. 4, where the 

VO profile during I-V sweeping is an average of 100 times of kMC simulation of the particle 

evolution. 

It is already reported [1] and also witnessed in our simulation, the resistance of1st ON state is 

generally smaller compared to the following cycles.Based onour simulation, the reason is that, for 

the first few SET/RESET cycles, the CF would generally follow the morphology after forming 

process (like what we can see from Fig.4 (f) and (n)), which is ‘complete’ and ‘regular’. As the 

increase of I-V sweeping cycles, part of the CF, in particular the tip, would undergo abundant set 

and reset processes, therefore the tip of CF would be more and more ‘discrete’ and ‘random’, as 

what we can see from Fig. 4(h) and (p). Since the kMC would be iterated for 100 times, the 

simulated I-V sweeping is thus based on the discrete VO profile, while, the experiment I-V curve 

comes from a more regular VO distribution as it is captured right after the forming process.  

The impact of the difference in VO distribution contributes to the change in tunneling 

possibility. When the voltage is adequate, such discrete shape increases the difficulty of tunneling, 

since there are few paths but many electrons. In other words, although the CF is seemingly thicker, 

many of electrons are trapped in isolated VO nano-islands due to the discrete shape of CF with 

insufficient conductive paths.However, when the voltage decreases, such phenomena would be 



less important, since the electrons are fewer. In other words, even the CF is discrete, the 

conductive paths are still sufficient for the fewer electrons. Hence, when the voltage is smaller, we 

would witness the thicker CF generally brings lower resistance. 

In order to support our viewpoint, we also supply an E-Map here. The E-Map illustrates the 

electrical field profile of our device. Generally, the larger electrical field would imply higher 

current density. We focus on the left region of the E-Map, which is the tip of CF. What we could 

see is that, the area of region with higher electrical field (brighter color means higher electrical 

field, here, it is the region with green color) in both two devices are generally the same, and the 

higher field region is disconnected in ON state. The reason is that, due to the discrete distribution 

of VO that increases the difficulty of tunneling and conduction, and many electrons are trapped in 

VO nano-islands. Therefore, the current could be slightly lower for I-V sweeping, although the CF 

is seemingly thicker compared to the forming state. 

 

Supplementary Fig. 3: E-Map of TiO2.1 device at 4V after forming process. 

 

Supplementary Fig. 4: E-Map of TiO2.1 device at ON state after SET process. 

In conclusion, generally, the thicker the CF, the smaller the resistance. However, there could 

be small fluctuation, as illustrated in Fig. 2(a) in the manuscript, due to reasons including changes 

in distribution of VO which affects the critical tunneling possibility. 



[1]. Y. S. Chen et al., "Highly scalable hafnium oxide memory with improvements of resistive 

distribution and read disturb immunity," 2009 IEEE International Electron Devices Meeting 

(IEDM), 2009, pp. 1-4,  

 

II. Comments from Reviewer #3 

Comment 1: The manuscript has been revised according to previous reviewer's comments. It is 

believed that this paper is ready for publication. 

Reply to Comment 1: Thank you very much for recommending our paper for publication. 
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1. Introduction

Resistive random access memory (RRAM) device based on the binary transi-

tion metal oxide is regarded as prospective choice for next-generation nonvolatile

memory applications considering its simple structure, excellent scalability, fast

speed, low power consumption, and high density [1–5]. Recently, abundant re-5

search has been done on titanium oxide film for RRAM applications due to

its simple constitution and feasible compatibility with CMOS technology [6–

9]. So far, various models, including power-induced mechanism [7], Schottky-

emission-type conduction [8], and conductive filament (CF) channels [9], have

been utilized to explain the resistive switching behaviors in TiOx-based RRAM10

devices. Among existing models, the idea of the formation and disruption of

CFs seems to be one of the most plausible [9, 10]. Moreover, the evolution and

morphology of CFs are believed to affect the electrical performances of RRAM

in terms of the forming and the subsequent resistive switching process [11, 12].

Nevertheless, the details of microscopic changes of CFs responsible for the re-15

sistive switching are still lacking, partly because the initial generation of CFs

by electrical forming process is also poorly understood.

In this letter, in order to generalize the resistive switching behavior of TiOx-

based RRAM, we carry out an experimental analysis and also introduce a nu-

merical physics model for insights into VO CFs during the forming and the20

subsequent resistive switching process. The model can accurately capture the

forming and I − V characteristics of TiOx-based RRAM devices with different

oxygen content in TiOx films. Such a comprehensive analysis of the VO CFs

formation and rupture would strongly aid the manufacturing of the TiOx-based

device for optimization purposes.25

2. Experiments

The cross-point arrays Al/TiOx/Al memory devices with device areas of 20

µm ×20 µm were fabricated on SiO2/Si substrates. 200 nm vertical lines of

Al as bottom electrodes were first deposited by electron beam evaporation and

2



patterned through a lift-off process. Subsequently, TiCl4 was used as the Ti pre-30

cursor and H2O was used as the oxygen precursor. An atomic layer deposition cy-

cle with four steps was adopted for this experiment. The four steps were TiCl4 re-

actant, N2 purge, H2O reactant, and N2 purge, respectively. The pulse durations

of the TiCl4 and N2 were 200 ms and 1500 ms, respectively. In order to investi-

gate the effect of oxygen content on the resistive switching characteristics of tita-35

nium oxide films, two sets of TiOx (30 nm) devices with different oxygen content

were defined by the pulse durations of the H2O with 250 ms and 450 ms, respec-

tively. By using x-ray photoelectron spectroscopy (XPS) analyses, the oxygen to

titanium ratio of the as prepared films for the two sets of TiOx devices was about

1.6 and 2.1, respectively. Finally, 200 nm horizontal lines of Al as top electrodes40

were deposited by electron beam evaporation after the last lithography, and

then another lift-off process was used to pattern the top electrodes. A Keithley

4200-SCS semiconductor characterization system was applied for measurement

of all electrical characteristics. During the measurements, the top electrode was

biased with the bottom electrode grounded.45

3. Results and Discussion

Fig.1(a) shows the typical I−V curves of the Al/TiO2.1/Al and Al/TiO1.6/Al

devices. Both devices show high initial resistances, and to trigger the reversible

resistive switching behaviors in both devices, an electroforming process through

the utilization of a large positive voltage is essential. After the initial electro-50

forming process, both devices can be switched from the low resistance state

(LRS) to a high resistance state (HRS) (reset process) by applying a neg-

ative bias, and through a positive voltage to switch from the HRS to the

LRS (set process) again, as shown in Fig.1(a). For each structure, a group

of 20 fresh devices are selected randomly, and the statistics of the initial resis-55

tances (RI) and forming voltages (VF) are shown in Fig.1(b). For each struc-

ture, a group of 20 fresh devices are selected randomly, and the statistics of

the initial resistances (RI) and forming voltages (VF) are shown in Fig.1(b),

3



Figure 1: (a) Typical I-V curves of the Al/TiO2.1/Al device and Al/TiO1.6/Al device. (b)

Statistical distributions of the initial resistances (RI) and forming voltages (VF) of both

devices from 20 randomly chosen fresh devices.

in which TiO2.1 − RI and TiO1.6 − RI represent the initial resistances of the

Al/TiO2.1/Al and Al/TiO1.6/Al device, and the TiO2.1 −VF and TiO1.6 −VF60

represent the forming voltages of the Al/TiO2.1/Al and Al/TiO1.6/Al device.

It should be noted that the mean value (µ) of RI for the Al/TiO1.6/Al device

is lower than that of the Al/TiO2.1/Al devices, and the µ of VF is reduced

from 3.8 V to 2.8 V for the Al/TiO1.6/Al device. The lower VF is natural for

the Al/TiO1.6/Al device, as an active layer with lower O/Ti ratio shares rela-65

tively higher oxygen vacancy concentration [13], which contributes to the higher

leakage current. It has been demonstrated that the forming voltage of RRAM

device is partly controlled by the thickness of the oxide films. In other words,

the forming voltage would drop as the film thickness decreases [14]. In our case,

the large forming voltage is due to the fact that 30 nm TiOx film was used,70

and it is conceivable that the forming voltage would decrease if a thinner film

thickness is applied [14].

Fig.2(a) and Fig.2(b) show the device-to-device distributions of HRS resis-

tance (RH), LRS resistance (RL), set voltage (VS), and reset voltage (VR) for

both devices, all these statistical data are from the repeatability of the resistive75

switching loops. As shown in Fig.2, the µ of RH, RL, VS and VR for the two

devices are almost the same, indicating that the resistive switching parameters,
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Figure 2: Statistical distributions of resistive switching parameters for the Al/TiO2.1/Al

device and Al/TiO1.6/Al device. (a) HRS resistance (RH) and LRS resistances (RL), (b) set

voltage (VS) and reset voltage (VR).

including RH, RL, VS, and VR, show little dependence on oxygen content in

as-deposited TiOx film.

To deeply investigate why these two devices behave so distinctively, a nu-80

merical physics model which takes factors temperature, electrical field, current

density into consideration is presented based on Monte Carlo simulation to ana-

lyze the I-V characteristics and the related VO CFs evolution during the form-

ing and the subsequent resistive switching process. The simulation compromises

two modules, including the calculation for generation and recombination of VO,85

and the motion of O2−, in addition, the configuration of electrical field and

temperature which is essential for simulation is calculated as well. The results

from the simulation show a straightforward dynamical process of formation and

rupture of CFs.

At first, the filament region is split into grids of 30×60. To represent different90

types of TiOx material, the computational domain is set to different initial state

of VO concentration and configuration. The generation and recombination of

VO are simulated according to the possibility in (1) and (2), respectively [15].

PG = v exp(−EA − b · F
kB · T

) (1)
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PR = v exp(− EA,R

kB · T
) (2)

where v = 1.9×1013 Hz is the effective vibration frequency of the O-Ti bonds[16],

EA = 2.02eV [17] is the zero-field effective activation energy required to break95

the Ti-O bond, F is the local electrical field, b is the bond polarization factor,

taken as 180e
◦
A in our simulation, which is in good agreement with reported

experimental result [15]. EA,R = 0.2eV is the activation energy, and kB , T are

Bolzamn constant and local temperature, respectively [15].

The motion of oxygen ion at grid i is modelled based on its rate RD[15],

given by:

RD = v exp

(
−EA,D − kD · FD

kB · T

)
(3)

EA,D is equal to 0.7eV for oxygen ions, and kD = qd0λ is a factor accounting100

for the field-induced energy barrier reduction [18], where d0 = 5 × 10−10m is

the mesh size in simulation, and λ · d0 = |i − j| · d0 denotes the distance to

the available grid j from grid i. FD is the electrical field along the diffusion

direction [15].

The local temperature T is solved by the Fourier equation[19], namely

∇kth∇T = σ |∇V |2 (4)

where kth, σ are thermal conductivity and electrical conductivity, respectively,

which are variables to temperature or VO concentration. The electrical conduc-

tivity σ is given by[20]

σ = σ0exp

(
−EAC

kBT

)
(5)

where σ0 is the pre-exponential factor, EAC is the activation energy for electrical105

conduction [21].

The electrical field F and FD are solved by Poisson Equation, namely

∇2φ = − ρ

ε0
(6)

with the boundary condition as φ = 0 and φ = Vd, where Vd is the applied bias,

ρ is the distribution of charges, and ε0 is the permittivity of the free space.

6



Moreover, we calculate the current by combining the ionic conduction of the

VO, and the conduction through electrons. Hence, the current can be calculated

by the following equation [21],

I = I0exp

(
− a

a0

)
sinh

(
V

V0

)
+Nqvd (7)

where I0 ≈ 0.1nA, a ≈ 1nm, a0 ≈ 0.05nm, V0 ≈ 0.4V [16] are parameters of the

hopping conduction of VO at the low bias region. N is the number of traps

participating in the tunneling process given by

N = nD · n0 (8)

where nD is the vertical oxygen vacancy participating in tunnelling, which is

computed by the configuration of VO, and n0 ∼ 1016 is the parameter obtained

by curve fitting at LRS region since the nD we obtained is in 2D cross section,

and we have to amplify it to satisfy the conduction in 3D scale, and vd is the

transition rate, given by [21, 22]

vd = ad · v0 · exp

(
− Ea

kBT

)
· sinh(

2qFad
kBT

) (9)

where F is the local electrical field solved by (6), ad = 0.1nm is the effective

hopping distance, v0 is the attempt-to-escape frequency of 1013 Hz [21, 22].110

Finally, we combine all the equations with the framework of the numerical

model. After providing the model with the initial condition, we could subse-

quently calculate the evolution of VO, and update the temperature and electric

field. We would keep iterating the computation till the system approaches the

convergence under the given bias. The system would prompt to the next step115

of bias once it converges.

Fig.3(a) and Fig.3(b) show the simulated and the experimental curves of

forming process and subsequent resistive switching for the Al/TiO2.1/Al device

and Al/TiO1.6/Al device, respectively. It is noted that the simulated results

agree well with experimental data for both devices. The forming process and the120

consequent resistive switching characteristics are well captured by the analytical

model.
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Figure 3: Comparison between experimental and simulated I-V characteristics of (a)

Al/TiO2.1/Al device and (b) Al/TiO1.6/Al device.

Figure 4: Simulated dynamic structure evolution of VO CFs in both Al/TiO2.1/Al device

(a-h) and Al/TiO1.6/Al device (i-p).

Dynamics of VO migration effect on CFs growth in TiOx films is analyzed

afterwards. To ensure the representativeness of the results, we iterate the sim-

ulation for 100 times. Fig. 4 shows the simulated dynamic evolution of VO125

8



CFs during the forming and the subsequent resistive switching process for both

Al/TiO2.1/Al device (images a-h) and Al/TiO1.6/Al device (images i-p). For

Al/TiO2.1/Al device, the CF grows from the bottom of the device, and it con-

tinues to grow as the bias increases. The tip of the CF extends gradually, and it

finally reaches the top side of the device at 3.85V. Then, the CF grows thicker130

when the bias keeps increasing. When resetting the device, the CF breaks at the

tip near the top electrode and it resumes when a positive bias is applied in SET

process. The case of Al/TiO1.6/Al is similar, however, the CF grows faster and

is thicker. To be specific, for the Al/TiO2.1/Al device, VO CFs bridge the top

electrode and bottom electrode when the voltage reaches 3.85 V. However, for135

the Al/TiO1.6/Al device, VO CF channels form once the voltage increases to 2.8

V. This happens because more VOs exist in the TiO1.6 film than the TiO2.1 film.

Therefore, compared with the Al/TiO2.1/Al device, a lower voltage is enough to

form the VO CF channels in the Al/TiO1.6/Al device. Furthermore, when the

voltage increases to 4 V, the morphology of CF channels in the Al/TiO1.6/Al140

device (image n) is quite similar to that in the Al/TiO2.1/Al device (image f).

Evidently, in the case of the subsequent resistive switching process, the mor-

phology of CF channels of both HRS (image g versus image o) and LRS (image

h versus image p) in the two devices is similar. Thus, the RH and RL of the two

devices are almost the same, as shown in Fig.2(a).145

4. Conclusion

In summary, an experimental analysis was performed to investigate the effect

of oxygen content in titanium oxide films on the performance of Al/TiOx/Al

RRAM devices. In addition, a numerical physics model was presented to de-

scribe the detailed evolution of the formation and rupture of VO CFs during the150

forming and the subsequent resistive switching process. The simulated I-V char-

acteristics are in good agreement with the experimental data, which enhances

the understanding towards the underlying mechanism of resistive switching and

can further optimize the performance of a metal oxide-based RRAM device.

9
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ABSTRACT
Resistive random access memory (RRAM) devices based on binary transition metal oxides and
the application for nonvolatile memory devices are becoming an area of extensive concern. The
physical understanding of resistive switching is crucial for RRAM development. In this paper,
both experiments and simulated dynamic formation and rupture processes of oxygen vacancy
(VO) conductive filament (CF) channels in titanium oxide based RRAM devices are presented.
Compared with the Al/TiO2.1/Al device with higher oxygen content, the Al/TiO1.6/Al deviceshows a lower forming voltage. However, little dependence on oxygen content in TiOx film
is shown for other resistive switching parameters, including high resistance state resistance,
low resistance state resistance, set voltage, and reset voltage. A numerical physics model is
presented to relate the resistive switching behavior with the evolution CF channels in terms of
VO morphology and I − V characteristics.

1. Introduction
Resistive random access memory (RRAM) device based on the binary transition metal oxide is regarded as

prospective choice for next-generation nonvolatile memory applications considering its simple structure, excellent
scalability, fast speed, low power consumption, and high density [1–5]. Recently, abundant research has been done
on titanium oxide film for RRAM applications due to its simple constitution and feasible compatibility with CMOS
technology [6–9]. So far, variousmodels, including power-inducedmechanism [7], Schottky-emission-type conduction
[8], and conductive filament (CF) channels [9], have been utilized to explain the resistive switching behaviors in TiOx-based RRAM devices. Among existing models, the idea of the formation and disruption of CFs seems to be one
of the most plausible [9, 10]. Moreover, the evolution and morphology of CFs are believed to affect the electrical
performances of RRAM in terms of the forming and the subsequent resistive switching process [11, 12]. Nevertheless,
the details of microscopic changes of CFs responsible for the resistive switching are still lacking, partly because the
initial generation of CFs by electrical forming process is also poorly understood.

In this letter, in order to generalize the resistive switching behavior of TiOx-based RRAM, we carry out an
experimental analysis and also introduce a numerical physics model for insights into VO CFs during the forming and
the subsequent resistive switching process. The model can accurately capture the forming and I − V characteristics
of TiOx-based RRAM devices with different oxygen content in TiOx films. Such a comprehensive analysis of the VOCFs formation and rupture would strongly aid the manufacturing of the TiOx-based device for optimization purposes.

2. Experiments
The cross-point arrays Al/TiOx/Al memory devices with device areas of 20 �m ×20 �mwere fabricated on SiO2/Sisubstrates. 200 nm vertical lines of Al as bottom electrodes were first deposited by electron beam evaporation and

patterned through a lift-off process. Subsequently, TiCl4 was used as the Ti precursor and H2O was used as the oxygen
precursor. An atomic layer deposition cycle with four steps was adopted for this experiment. The four steps were
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Figure 1: (a) Typical I-V curves of the Al/TiO2.1/Al device and Al/TiO1.6/Al device. (b) Statistical distributions of the
initial resistances (RI) and forming voltages (VF) of both devices from 20 randomly chosen fresh devices.

TiCl4 reactant, N2 purge, H2O reactant, and N2 purge, respectively. The pulse durations of the TiCl4 and N2 were
200 ms and 1500 ms, respectively. In order to investigate the effect of oxygen content on the resistive switching
characteristics of titanium oxide films, two sets of TiOx (30 nm) devices with different oxygen content were defined
by the pulse durations of the H2O with 250 ms and 450 ms, respectively. By using x-ray photoelectron spectroscopy
(XPS) analyses, the oxygen to titanium ratio of the as prepared films for the two sets of TiOx devices was about 1.6 and2.1, respectively. Finally, 200 nm horizontal lines of Al as top electrodes were deposited by electron beam evaporation
after the last lithography, and then another lift-off process was used to pattern the top electrodes. A Keithley 4200-
SCS semiconductor characterization system was applied for measurement of all electrical characteristics. During the
measurements, the top electrode was biased with the bottom electrode grounded.

3. Results and Discussion
Fig.1(a) shows the typical I − V curves of the Al/TiO2.1/Al and Al/TiO1.6/Al devices. Both devices show high

initial resistances, and to trigger the reversible resistive switching behaviors in both devices, an electroforming process
through the utilization of a large positive voltage is essential. After the initial electroforming process, both devices can
be switched from the low resistance state (LRS) to a high resistance state (HRS) (reset process) by applying a negative
bias, and through a positive voltage to switch from the HRS to the LRS (set process) again, as shown in Fig.1(a). For
each structure, a group of 20 fresh devices are selected randomly, and the statistics of the initial resistances (RI) andforming voltages (VF) are shown in Fig.1(b). For each structure, a group of 20 fresh devices are selected randomly,
and the statistics of the initial resistances (RI) and forming voltages (VF) are shown in Fig.1(b), in which TiO2.1 − RIand TiO1.6 − RI represent the initial resistances of the Al/TiO2.1/Al and Al/TiO1.6/Al device, and the TiO2.1 − VF and
TiO1.6 − VF represent the forming voltages of the Al/TiO2.1/Al and Al/TiO1.6/Al device. It should be noted that the
mean value (�) of RI for the Al/TiO1.6/Al device is lower than that of the Al/TiO2.1/Al devices, and the � of VF is
reduced from 3.8 V to 2.8 V for the Al/TiO1.6/Al device. The lower VF is natural for the Al/TiO1.6/Al device, as anactive layer with lower O/Ti ratio shares relatively higher oxygen vacancy concentration [13], which contributes to the
higher leakage current. It has been demonstrated that the forming voltage of RRAM device is partly controlled by the
thickness of the oxide films. In other words, the forming voltage would drop as the film thickness decreases [14]. In our
case, the large forming voltage is due to the fact that 30 nm TiOx film was used, and it is conceivable that the forming
voltage would decrease if a thinner film thickness is applied [14].

Fig.2(a) and Fig.2(b) show the device-to-device distributions of HRS resistance (RH), LRS resistance (RL), setvoltage (VS), and reset voltage (VR) for both devices, all these statistical data are from the repeatability of the resistive
switching loops. As shown in Fig.2, the � of RH, RL, VS and VR for the two devices are almost the same, indicating

K. YANG et al.: Preprint submitted to Elsevier Page 2 of 6
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Figure 2: Statistical distributions of resistive switching parameters for the Al/TiO2.1/Al device and Al/TiO1.6/Al device.
(a) HRS resistance (RH) and LRS resistances (RL), (b) set voltage (VS) and reset voltage (VR).

that the resistive switching parameters, including RH, RL, VS, and VR, show little dependence on oxygen content in
as-deposited TiOx film.

To deeply investigate why these two devices behave so distinctively, a numerical physics model which takes factors
temperature, electrical field, current density into consideration is presented based onMonte Carlo simulation to analyze
the I-V characteristics and the related VO CFs evolution during the forming and the subsequent resistive switching
process. The simulation compromises two modules, including the calculation for generation and recombination ofVO,and the motion ofO2−, in addition, the configuration of electrical field and temperature which is essential for simulation
is calculated aswell. The results from the simulation show a straightforward dynamical process of formation and rupture
of CFs.

At first, the filament region is split into grids of 30 × 60. To represent different types of TiOx material, the
computational domain is set to different initial state of VO concentration and configuration. The generation and
recombination of VO are simulated according to the possibility in (1) and (2), respectively [15].

PG = v exp(−
EA − b ⋅ F
kB ⋅ T

) (1)

PR = v exp(−
EA,R
kB ⋅ T

) (2)

where v = 1.9 × 1013 Hz is the effective vibration frequency of the O-Ti bonds[16], EA = 2.02eV [17] is the
zero-field effective activation energy required to break the Ti-O bond, F is the local electrical field, b is the bond
polarization factor, taken as 180e ◦A in our simulation, which is in good agreement with reported experimental result
[15]. EA,R = 0.2eV is the activation energy, and kB , T are Bolzamn constant and local temperature, respectively [15].

The motion of oxygen ion at grid i is modelled based on its rate RD[15], given by:

RD = v exp
(

−
EA,D − kD ⋅ FD

kB ⋅ T

)

(3)

EA,D is equal to 0.7eV for oxygen ions, and kD = qd0� is a factor accounting for the field-induced energy barrier
reduction [18], where d0 = 5 × 10−10m is the mesh size in simulation, and � ⋅ d0 = |i − j| ⋅ d0 denotes the distance tothe available grid j from grid i. FD is the electrical field along the diffusion direction [15].

The local temperature T is solved by the Fourier equation[19], namely
∇ktℎ∇T = � |∇V |

2 (4)
K. YANG et al.: Preprint submitted to Elsevier Page 3 of 6



Anatomy of Resistive Switching Behavior in Titanium Oxide Based RRAM Device

where ktℎ, � are thermal conductivity and electrical conductivity, respectively, which are variables to temperature or
VO concentration. The electrical conductivity � is given by[20]

� = �0exp
(

−
EAC
kBT

)

(5)
where �0 is the pre-exponential factor, EAC is the activation energy for electrical conduction [21].

The electrical field F and FD are solved by Poisson Equation, namely
∇2� = −

�
�0

(6)
with the boundary condition as � = 0 and � = Vd , where Vd is the applied bias, � is the distribution of charges, and
�0 is the permittivity of the free space.

Moreover, we calculate the current by combining the ionic conduction of the VO, and the conduction through
electrons. Hence, the current can be calculated by the following equation [21],

I = I0exp
(

− a
a0

)

sinh
(

V
V0

)

+Nqvd (7)
where I0 ≈ 0.1nA, a ≈ 1nm, a0 ≈ 0.05nm, V0 ≈ 0.4V [16] are parameters of the hopping conduction of VO at the low
bias region.N is the number of traps participating in the tunneling process given by

N = nD ⋅ n0 (8)
where nD is the vertical oxygen vacancy participating in tunnelling, which is computed by the configuration of VO,
and n0 ∼ 1016 is the parameter obtained by curve fitting at LRS region since the nD we obtained is in 2D cross section,
and we have to amplify it to satisfy the conduction in 3D scale, and vd is the transition rate, given by [21, 22]

vd = ad ⋅ v0 ⋅ exp
(

−
Ea
kBT

)

⋅ sinh(
2qFad
kBT

) (9)
where F is the local electrical field solved by (6), ad = 0.1nm is the effective hopping distance, v0 is the attempt-to-
escape frequency of 1013 Hz [21, 22].

Finally, we combine all the equations with the framework of the numerical model. After providing the model with
the initial condition, we could subsequently calculate the evolution of VO, and update the temperature and electric
field. We would keep iterating the computation till the system approaches the convergence under the given bias. The
system would prompt to the next step of bias once it converges.

Fig.3(a) and Fig.3(b) show the simulated and the experimental curves of forming process and subsequent resistive
switching for the Al/TiO2.1/Al device and Al/TiO1.6/Al device, respectively. It is noted that the simulated results
agree well with experimental data for both devices. The forming process and the consequent resistive switching
characteristics are well captured by the analytical model.

Dynamics of VO migration effect on CFs growth in TiOx films is analyzed afterwards. To ensure the represen-
tativeness of the results, we iterate the simulation for 100 times. Fig. 4 shows the simulated dynamic evolution of
VO CFs during the forming and the subsequent resistive switching process for both Al/TiO2.1/Al device (images a-h)
and Al/TiO1.6/Al device (images i-p). For Al/TiO2.1/Al device, the CF grows from the bottom of the device, and it
continues to grow as the bias increases. The tip of the CF extends gradually, and it finally reaches the top side of the
device at 3.85V. Then, the CF grows thicker when the bias keeps increasing. When resetting the device, the CF breaks
at the tip near the top electrode and it resumes when a positive bias is applied in SET process. The case of Al/TiO1.6/Alis similar, however, the CF grows faster and is thicker. To be specific, for the Al/TiO2.1/Al device, VO CFs bridge the
top electrode and bottom electrode when the voltage reaches 3.85 V. However, for the Al/TiO1.6/Al device, VO CF
channels form once the voltage increases to 2.8 V. This happens because more VOs exist in the TiO1.6 film than the
TiO2.1 film. Therefore, compared with the Al/TiO2.1/Al device, a lower voltage is enough to form the VO CF channels
in the Al/TiO1.6/Al device. Furthermore, when the voltage increases to 4 V, the morphology of CF channels in the
Al/TiO1.6/Al device (image n) is quite similar to that in the Al/TiO2.1/Al device (image f). Evidently, in the case of
the subsequent resistive switching process, the morphology of CF channels of both HRS (image g versus image o) and
LRS (image h versus image p) in the two devices is similar. Thus, the RH and RL of the two devices are almost the
same, as shown in Fig.2(a).
K. YANG et al.: Preprint submitted to Elsevier Page 4 of 6
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Figure 3: Comparison between experimental and simulated I-V characteristics of (a) Al/TiO2.1/Al device and (b)
Al/TiO1.6/Al device.

Figure 4: Simulated dynamic structure evolution of VO CFs in both Al/TiO2.1/Al device (a-h) and Al/TiO1.6/Al device
(i-p).
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4. Conclusion
In summary, an experimental analysis was performed to investigate the effect of oxygen content in titanium oxide

films on the performance of Al/TiOx/Al RRAM devices. In addition, a numerical physics model was presented to
describe the detailed evolution of the formation and rupture ofVO CFs during the forming and the subsequent resistive
switching process. The simulated I-V characteristics are in good agreement with the experimental data, which enhances
the understanding towards the underlying mechanism of resistive switching and can further optimize the performance
of a metal oxide-based RRAM device.
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