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A B S T R A C T

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 device shows 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, 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 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
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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 VO CFs 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 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 patterned through a lift-off process. Subse-
quently, 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 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
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Fig. 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.
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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 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 de-
vices 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) and forming 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 − 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 − 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 (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 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), set voltage (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
𝜇 of RH, RL, VS and VR for the two devices are almost the same,
indicating that the resistive switching parameters, including R , R ,
H L s
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 on Monte
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 of VO, 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 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 = 2.02 eV [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∀ in our simulation, which
is in good agreement with reported experimental result [15]. 𝐸𝐴,𝑅 =
0.2 eV is the activation energy, and 𝑘𝐵 , 𝑇 are Boltzmann constant and
local temperature, respectively [15].

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

𝐷 = 𝑣 exp
(

−
𝐸𝐴,𝐷 − 𝑘𝐷 ⋅ 𝐹𝐷

𝑘𝐵 ⋅ 𝑇

)

(3)

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

here 𝑘𝑡ℎ, 𝜎 are thermal conductivity and electrical conductivity, re-

pectively, which are variables to temperature or VO concentration. The
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Fig. 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
oltage (VS) and reset voltage (VR).
Fig. 3. Comparison between experimental and simulated I-V characteristics of (a) Al/TiO2.1/Al device and (b) Al/TiO1.6/Al device.
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lectrical conductivity 𝜎 is given by [20]

= 𝜎0exp
(

−
𝐸𝐴𝐶
𝑘𝐵𝑇

)

(5)

where 𝜎0 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

∇2𝜙 = −
𝜌
𝜖0

(6)

ith the boundary condition as 𝜙 = 0 and 𝜙 = 𝑉𝑑 , where 𝑉𝑑 is the
pplied bias, 𝜌 is the distribution of charges, and 𝜖0 is the permittivity
f the free space.

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

= 𝐼0exp
(

− 𝑎
𝑎0

)

sinh
(

𝑉
𝑉0

)

+𝑁𝑞𝑣𝑑 (7)

here 𝐼0 ≈ 0.1𝑛𝐴, 𝑎 ≈ 1 𝑛𝑚, 𝑎0 ≈ 0.05 𝑛𝑚, 𝑉0 ≈ 0.4𝑉 [16] are parameters
f the hopping conduction of VO at the low bias region. 𝑁 is the
umber of traps participating in the tunneling process given by

= 𝑛𝐷 ⋅ 𝑛0 (8)

here 𝑛𝐷 is the vertical oxygen vacancy participating in tunneling,
hich is computed by the configuration of VO, and 𝑛0 ∼ 1016 is the

arameter obtained by curve fitting at LRS region since the 𝑛𝐷 we
btained is in 2D cross section, and we have to amplify it to satisfy the
onduction in 3D scale, and 𝑣𝑑 is the transition rate, given by [21,22]

𝑑 = 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 computa-
tion 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 representativeness 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 re-
sistive 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
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Fig. 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).
top side of the device at 3.85 V. 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/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, 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).

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 of VO CFs during the forming and the subsequent resis-
tive switching process. The simulated I-V characteristics are in good
agreement with the experimental data, which enhances the understand-
ing towards the underlying mechanism of resistive switching and can

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