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Abstract: Based on the electrical conductivity model built for graphene oxide, the thermal crosstalk
effects of resistive random access memory (RRAM) with graphene electrode and Pt electrode are
simulated and compared. The thermal crosstalk effects of Pt-RRAM with different metal oxides of
TiOx, NiOx, HfOx, and ZrOx are further simulated and compared to guide its compatibility design.
In the Pt-RRAM array, the distributions of oxygen vacancy density and temperature are obtained,
and the minimum spacing between adjacent conduction filaments to avoid device operation failure
is discussed. The abovementioned four metal oxides have different physical parameters such as
diffusivity, electrical conductivity, and thermal conductivity, from which the characters of the RRAMs
based on one of the oxides are analyzed. Numerical results reveal that thermal crosstalk effects are
severe as the spacing between adjacent conduction filaments is small, even leading to the change of
logic state and device failure.

Keywords: finite difference method; graphene electrode; metal oxide; oxygen vacancy; resistive
random access memory; thermal crosstalk

1. Introduction

High performance nonvolatile memories have become a research hotspot because of
the growing demands for data-intensive applications in areas such as artificial intelligence,
big data, and internet of things [1–5]. Notably, resistive random access memory (RRAM)
is one of those promising candidates for next-generation high-capacity data storage due
to its cost-effective fabrication, high operating speed, long data retention, and low power
consumption [6–10].

The mechanism of RRAM is the resistive switching through conduction filament
growth (low-resistance state, LRS) and rupture (high-resistance state, HRS) in a resistance-
switchable layer [11–13]. The commonly used materials for this unique layer are transition
metal oxides, such as TiOx, NiOx, HfOx, ZrOx, TaOx, WOx, and AlOx [14–21]. However, is-
sues such as high thermal crosstalk effect, low integration density, and high power consump-
tion in the metal oxides switching materials-based RRAMs remain to be solved [12,13,22].

In addition, the thermal crosstalk effect becomes a significant issue as the integration
density of RRAM arrays increases. It may lead to the undesired change of logic state
and device failure, which will directly affect the reliability of RRAM [12,13,21]. Some
strategies such as improving the array structure, increasing the feature size, and exploit-
ing two-dimensional materials (e.g., graphene and h-BN) were developed to overcome
these problems [23–28]. Recently, graphene-electrode resistive random access memory
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(GE-RRAM) has been investigated experimentally [24], which can reduce the power con-
sumption, variability of the set/reset voltage and current, and hence enhance the endurance
of RRAM [24,29]. However, as far as we know, there are few studies on multiphysics perfor-
mance comparison of the RRAM arrays with different electrodes or metal oxides. Therefore,
a comprehensive computational study with fully coupled multiphysics is indeed necessary.

In this paper, the electrothermal characteristics of GE-RRAM, and Pt-RRAM are
numerically studied and compared by fully coupled multiphysics simulations, which
are performed by self-consistently solving the current transport, heat conduction, and
oxygen vacancy migration equations. In addition, the Pt-RRAM with different metal oxides
(TiOx, NiOx, HfOx, and ZrOx) are further simulated to guide its compatibility design. The
paper is organized as follows. In Section 2, the device structure, modeling and simulation
methods are discussed. Numerical results between GE-RRAM and Pt-RRAM, and Pt-
RRAM with different metal oxides are presented and discussed in Section 3. Conclusions
are finally drawn in Section 4.

2. Device Structure and Methodology
2.1. Device Structure

The geometry of GE-RRAM array is shown in Figure 1, where conduction filaments
are formed between pillar metal and graphene electrodes. The detailed configuration and
cross section of GE-RRAM cells are shown in Figure 1b,c, respectively. The insulating
material is sandwiched between the neighboring graphene electrodes. During the reset
process, a positive electric voltage is applied onto the pillar electrode, while a high or low
electric voltage can be applied onto one graphene electrode to control the selected cell to be
inactive or active [29].

Figure 2a shows the typical architecture of a Pt-RRAM array, in which conduction
filaments are formed between the pillar and metal electrodes. The details and cross section
of Pt-RRAM cells are shown in Figure 2b,c, respectively. An insulating material is filled
between the adjacent metal electrodes. During the reset process, a positive electric voltage
is applied onto the pillar electrode, and a high or low electric voltage is applied onto one
metal electrode to control the selected cell to be inactive or active, respectively [13].

2.2. Multiphysics Progresses

A fully coupled multiphysics simulator based on finite difference method is developed
to simulate the crosstalk effect in both GE-RRAM and Pt-RRAM arrays. The current
transport, oxygen vacancy migration, and heat conduction processes are simulated by
solving the coupled current continuity, oxygen vacancy drift-diffusion, and heat conduction
equations [12,13,22,29]. The migration of oxygen vacancy mainly comprises the diffusion
process caused by density gradient, and the drift process driven by electric field. It is
highly temperature dependent, so its thermal effect should be carefully simulated and
analyzed [30].

Oxygen vacancy migration equation is given by,

∂n
(→

r , t
)

∂t
= ∇ ·

(
D
(→

r , t
)
· ∇n

(→
r , t
)
−→v

(→
r , t
)
· n
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))

(1)

where n
(→

r , t
)

is the oxygen vacancy density, D
(→
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)

is the diffusion coefficient, and
→
v
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)

is the drift velocity.
The diffusion coefficient is,

D
(→
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)
= D0 · exp(−Ea/kbT
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)
) (2)

where Ea, kb, T
(→

r , t
)

, and D0 are the diffusion barrier, Boltzmann constant, temperature,
and pre-exponential factor of diffusion, respectively.



Micromachines 2022, 13, 266 3 of 12

The current continuity equation can be written as,

∇ ·
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)
∇V
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r , t
))

= 0 (3)

where σ
(→

r , t
)

and V
(→

r , t
)

are the electrical conductivity and electric potential, respectively.
Besides, the heat conduction equation can be described as,

∇ ·
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where κ
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)

is the thermal conductivity, and E
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r , t
)

is the electric field.
The partial differential Equations (1), (3), and (4) are coupled through the parameters

such as n
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r , t
)

, σ
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r , t
)

, κ
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r , t
)

, and T
(→

r , t
)

, can be solved self-consistently to simulate
the multiphysics processes in the RRAM array.
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2.3. Physical Parameters

Resistive materials are the core of RRAM, and different resistive materials have great
impacts on the performance of RRAM. Due to its distinctive advantages including simple
composition, simple preparation, and compatibility with CMOS process, metal-oxide-based
RRAMs have been the research focus of famous semiconductor companies and research
teams worldwide. The commonly used metal oxide materials include HfOx, TiOx, ZrOx,
and NiOx. In order to study their power consumption and reliability properties, it is neces-
sary to establish the multiphysics model of RRAMs with different metal oxide materials.

The thermal conductivity, electrical conductivity, and conduction activation energy
EAC have dependence on n

(→
r , t
)

as shown in the Figure 3. The electrical conductivity of
metal is described by Arrhenius equation as follows [22],

σ
(→

r , t
)
= σ0 exp

− EAC

kbT
(→

r , t
)
, (5)

where EAC is active energy, and σ0 is the coefficient of electrical conductivity, as given by,

σ0 =


σs n = 0

n
nc f _s
∗ σe 0 < n < nc f _s

σe n ≥ nc f _s

, (6)
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where nc f _s is the initial oxygen vacancy density of conduction filaments, σs and σe are the
electrical conductivities at n = 0 and n ≥ nc f _s, respectively.
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The thermal conductivity of metal oxide is given by,

κ
(→

r , t
)
= κ0 · (1 + λ(T − T0)), (7)

where λ is the temperature coefficient, T0 = 300 K·κ0 is the coefficient of thermal conduc-
tivity, which is described as follows,

κ0 =


κs n = 0

n
nc f _s
∗ κe 0 < n < nc f _s

κe n ≥ nc f _s

. (8)

where κs and κe are the thermal conductivities at n = 0 and n ≥ nc f _s, respectively.
The key physical parameters of metal oxide materials HfOx, TiOx, ZrOx, and NiOx

are given in Table 1, which will be used for the multiphysics simulations of Ge-RRAM and
Pt-RRAM, as discussed in Section 3.

Table 1. Physical parameters of metal oxide materials [22,31–35].

Parameters/Materials HfOx TiOx ZrOx NiOx

κs (W/(m∗K)) 0.5 3 2 35

κe (W/(m∗K)) 23 22.5 22.5 91

σs (S/cm) 10 0.5 0.1 0.1

σe (S/cm) 3300 2.4 × 104 8.5 × 103 3.3 × 104

EAC_s (eV) 0.05 0.07 0.05 0.05

EAC_e (eV) 0 0.02 0 0

D0 (m2/s) 2 × 10−7 0.5 × 10−7 2.5 × 10−7 1 × 10−7

EA (eV) 1 1.1 1.5 1.5

Besides, the electrical conductivity of graphene oxide in GE-RRAM is highly depen-
dent on its oxidation degree. An electrical conductivity model of graphene oxide built
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in [29] is given by Equation (9) and shown in Figure 4, and it is exponentially dependent
on the density of oxygen atoms in the partially oxidized graphene oxide,

σox

(→
r , t
)
= σoe(−r×o(

→
r ,t)) (9)

where σo is the electrical conductivity of pure graphene (σo = 5 × 105 Ω−1m−1), o
(→

r , t
)

is

the oxygen atom density of graphene oxide, and r is a constant (r = 1.58 × 10−18 m2).
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3. Simulation Results and Discussion
3.1. Multiphysics Simulation of GE-RRAM and Pt-RRAM

The oxygen vacancy drift-diffusion, current transport, heat conduction equations are
solved self-consistently by the time-domain finite difference method, and the multiphysics
effects between adjacent cells in GE-RRAM and Pt-RRAM arrays are further compared
and analyzed. One bad case is considered in this paper, in which the victim inactive cell is
sandwiched between two adjacent active cells. In both GE-RRAM and Pt-RRAM arrays,
the applied voltage on the pillar electrode starts at 0 V and increases linearly at a rate of
1 V/s. The top and bottom planar electrodes (active cells) are grounded, but the voltage of
middle planar electrode (inactive cell) stays the same as that of the pillar electrode. The
temperatures of the top and bottom surfaces are set as 300 K, and all the other side surfaces
are set with Neumann boundary conditions [29]. The adiabatic boundary condition is
implemented on the rest of the boundaries in the simulation [29].

Figure 5 shows the initial oxygen vacancy density distributions of GE-RRAM and
Pt-RRAM, in which both top and bottom cells are active while the middle cell is inactive.
The spacing between the center of adjacent conduction filaments in GE-RRAM is 6 nm.
The initial oxygen vacancy density of the conduction filament is 1.2 × 1027 m−3. The
other parameters are set the same as in [29]. Here, the spacing is defined as the distance
between the neighboring boundaries of adjacent conduction filaments. The diameter of
the conduction filament in Pt-RRAM is 6 nm, and the thickness of the insulating layer is
6 nm. A depletion layer will be formed in the conduction filament to make resistance state
switched from LRS to HRS, where the oxygen vacancy density of 0.6 × 1027 m−3 is defined
as the threshold for the formation of the depletion layer [13,22]. The conduction filaments
have been formed in the forming process, which exist at the beginning of the reset process.
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Even if the middle cell is inactive, its conduction filament still exists at the beginning of the
reset process.
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Figure 5. Oxygen vacancy density distributions for the (a) GE-RRAM and (b) Pt-RRAM, in which
both the top and bottom cells are active, and captured at 0 s.

Figure 6 presents the oxygen vacancy density and temperature distributions in Pt-
RRAM. The depletion layer has formed in the middle conduction filament of the inactive
cell in Figure 6a, since the inactive cell was affected by the adjacent active cells. This may
lead to the change of logic state and device failure. Due to the crosstalk effect from the
adjacent active cells, the temperature of the inactive cell has reached 632 K. The temperature
of active cells increases rapidly due to the Joule heating effect during the reset process. A
depletion layer is gradually formed in the conduction filament of the active cells, leading
to the increment of cell resistance. The initial high temperature region locates around
the conduction filament of the active cells, since the larger current density. As the heat
accumulates and the conduction filament breaks, parts of the heat transfer from above
and below active cells to the middle inactive cell, which raise temperature in the victim
cell and thermally activate the diffusion of oxygen vacancy to the adjacent low oxygen
vacancy density region. Then, due to low local thermal conductivity of the low oxygen
vacancy density region, the high temperature region locates at the victim cell. Further, the
conduction filament of the victim cell gradually become thinner and lead to formation of
depletion layer. Therefore, the thermal crosstalk effect of adjacent elements in the Pt-RRAM
array is obvious.

In comparison, Figure 7 shows the oxygen vacancy density and temperature distri-
butions in GE-RRAM. The corresponding applied voltage is 0.2 V. There is no obvious
crosstalk effect between adjacent RRAM cells in this extreme case. During the reset process,
oxygen ions are pushed back from the graphene electrode to metal oxide while a positive
voltage is applied onto the pillar electrode, resulting in the rupture of conduction filament.
An oxygen vacancy depletion layer is formed in the little part of oxide near graphene
electrode because oxygen vacancies are occupied by oxygen ions from the graphene elec-
trode. Meanwhile, temperature of the active cell is only 337 K, and the temperature of the
middle inactive cell is barely affected by the above and below active cells. In the GE-RRAM,
the resistive state variations of the conduction filaments are mainly realized by the rapid
movement of oxygen ions in the metal oxides material and the graphene electrode. The
spacing between adjacent cells can be set as small as possible to achieve a high degree of
integration under the condition of current processing technology.
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It can be seen that the thermal crosstalk effect between adjacent cells in Pt-RRAM
array is much serve than that in GE-RRAM array. The above multiphysics simulations
of Pt-RRAM and GE-RRAM arrays show that GE-RRAM can achieve higher integration,
which can be used to guide their compatibility design.

3.2. Multiphysics Simulation of Pt-RRAM with Different Metal Oxides

In this paper, the thermal crosstalk effect of reset process are simulated, and its set
process will follow the similar trend qualitatively [12]. In order to explore the multiphysics
effects of Pt-RRAM and further guide its compatibility design, the reset voltage of active
Pt-RRAM cell with different metal oxides is extracted and plotted in Figure 8. The reset
voltage of HfOx-, TiOx-, ZrOx-, and NiOx-based Pt-RRAM is 0.2 V, 0.1 V, 0.18 V, and 0.14 V,
respectively. It indicates that the reset voltages of Pt-RRAM with different metal oxides
are different, since different diffusivity requires different electric fields to accelerate the
diffusion transport of oxygen vacancies.
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Figure 8. The reset voltage of Pt-RRAM with different metal oxides (HfOx, TiOx, ZrOx, and NiOx).

Figure 9 shows the oxygen vacancy density profiles along the center of middle inactive
cell in Pt-RRAM with different metal oxides, while the applied voltages is their reset
voltages. It is indicated that oxygen vacancy density is decreased in the conduction filament
of the victim cell.
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Figure 9. Oxygen vacancy density profiles along the center of inactive cell in Pt-RRAM. Both top and
bottom cells are active, and captured under the condition of reset voltages.

The crosstalk effect for different spacings between adjacent conduction filaments are
further carried out, since the crosstalk effect depends more on the spacing than the width
of conduction filaments [13]. Figure 10 shows that the minimum spacings between adjacent
conduction filaments to avoid device failure in HfOx-, TiOx-, ZrOx-, and NiOx-based Pt-
RRAM arrays is 7 nm, 14 nm, 9 nm, and 10 nm, respectively. With the increase of the
spacing between adjacent conduction filaments, the degree of heat transfer from the above
and below active cells to the middle inactive cell will decrease. The lower temperature
of the victim cell, the smaller diffusion of its oxygen vacancy to the adjacent low oxygen
vacancy density region, so as to further reduce the crosstalk effect of RRAM. Increasing
the spacing between adjacent conduction filaments is a feasible way to mitigate thermal
crosstalk effect. It indicates that the minimum spacings of TiOx and HfOx are the largest
and smallest, respectively.
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Figure 10. The minimum spacings between adjacent conduction filaments to avoid device failure in
Pt-RRAM arrays with different metal oxides.

Figures 11 and 12 show oxygen vacancy, and temperature distributions in TiOx-
and HfOx-based Pt-RRAM arrays with the same spacing under different reset voltages,
respectively. It indicates that the oxygen vacancy of the middle conduction filament is
higher than 0.6 × 1027 m−3 in TiOx-based Pt-RRAM, which means the conduction filament
stays intact. On the contrary, the depletion layer has formed in HfOx-based Pt-RRAM, since
the oxygen vacancy of the middle conduction filament is lower than 0.6 × 1027 m−3. The
highest temperatures of TiOx- and HfOx-based Pt-RRAM arrays are 800.9 K and 600.7 K
in the victim cells, respectively. Due to the Joule heating effect during the reset process,
the temperature of active cells increases rapidly. As the heat accumulates, parts of the
heat transfer from active cells to the middle inactive cell, and raise the temperature in the
victim cell. The rise of temperature thermally activates the diffusion of oxygen vacancy
of the victim cell to the adjacent low oxygen vacancy density region, and finally leads to
formation of the depletion layer in HfOx-based Pt-RRAM array.
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4. Conclusions

In this paper, the reset processes of GE-RRAM and Pt-RRAM with four metal oxides
are numerically studied and compared. Numerical results show the characteristics of
different RRAMs: (1) The thermal crosstalk effect in GE-RRAM array is much smaller than
that in Pt-RRAM array, and the GE-RRAM can achieve higher integration. (2) The reset
voltages from big to small in Pt-RRAMs with different metal oxides are HfOx, ZrOx, NiOx,
and TiOx. (3) The degree of thermal crosstalk effect from high to low in Pt-RRAMs with
different metal oxides are TiOx, NiOx, ZrOx, and HfOx.

Author Contributions: Conceptualization, S.Z., W.Q. and J.H.; investigation, H.X., S.Z. and X.H.;
methodology, H.X., S.Z. and H.L.; writing—original draft preparation, H.X. and S.Z.; writing—review
and editing, H.X. and X.H.; supervision, S.Z., W.Q. and J.H.; project administration, Z.W. and X.H.;
funding acquisition, H.X. and H.L. All authors have read and agreed to the published version of
the manuscript.

Funding: The work was supported by the Zhejiang Provincial Natural Science Foundation of China
under Grant No. LQ22F010002, the National Natural Science Foundation of China under Grants No.
92066105, and Scientific Research Foundation of Zhejiang University City College (No. X-202106).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yang, J.; Strukov, D.; Stewart, D. Memristive devices for computing. Nat. Nano. 2013, 8, 13–24. [CrossRef] [PubMed]
2. Wong, H.-S.P.; Salahuddin, S. Memory leads the way to better computing. Nat. Nano. 2015, 10, 191–195. [CrossRef] [PubMed]
3. Fong, S.; Neumann, C.; Wong, H.-S.P. Phase-change memory-towards a storage-class memory. IEEE Trans. Electron Dev. 2017, 64,

4374–4385. [CrossRef]
4. Ueki, M.; Takeuchi, K.; Yamamoto, T.; Tanabe, A. Low-power embedded ReRAM technology for IoT applications. In Proceedings

of the 2015 Symposium on VLSI Technology (VLSI Technology), Kyoto, Japan, 16–18 June 2015; pp. T108–T109.
5. Jo, S.; Kim, K.; Lu, W. High-density crossbar arrays based on a Si memristive system. Nano. Lett. 2009, 9, 870–874. [CrossRef]
6. Chen, C.; Fantini, A.; Goux, L.; Gorine, G.; Redolfi, A.; Groeseneken, G.; Jurczak, M. Novel flexible and cost-effective retention

assessment method for TMO-based RRAM. IEEE Electron Device Lett. 2016, 37, 1112–1115. [CrossRef]
7. Zhou, J.; Kim, K.H.; Lu, W. Crossbar RRAM arrays: Selector device requirements during read operation. IEEE Trans. Electron Dev.

2014, 61, 1369–1376. [CrossRef]
8. Li, Y.; Chen, W.; Lu, W.; Jha, R. Read challenges in crossbar memories with nanoscale bidirectional diodes and ReRAM devices.

IEEE Trans. Nanotech. 2015, 14, 444–451. [CrossRef]
9. Yu, S. Resistive Random Access Memory (RRAM); Redlen Technologies Inc.: Saanichton, BC, Canada, 2016; pp. 12–13.
10. Wu, Q.; Banerjee, W.; Cao, J.; Ji, Z.; Li, L.; Liu, M. Improvement of durability and switching speed by incorporating nanocrystals

in the HfOx based resistive random access memory devices. Appl. Phys. Lett. 2018, 113, 023105. [CrossRef]
11. Wang, X.F.; Zhao, H.; Yang, Y.; Ren, T. Graphene resistive random memory-the promising memory device in next generation.

Chin. Phys. B 2017, 26, 038501. [CrossRef]

http://doi.org/10.1038/nnano.2012.240
http://www.ncbi.nlm.nih.gov/pubmed/23269430
http://doi.org/10.1038/nnano.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/25740127
http://doi.org/10.1109/TED.2017.2746342
http://doi.org/10.1021/nl8037689
http://doi.org/10.1109/LED.2016.2587899
http://doi.org/10.1109/TED.2014.2310200
http://doi.org/10.1109/TNANO.2015.2403772
http://doi.org/10.1063/1.5030780
http://doi.org/10.1088/1674-1056/26/3/038501


Micromachines 2022, 13, 266 12 of 12

12. Luo, Y.; Chen, W.; Cheng, M.; Yin, W. Electrothermal characterization in 3-D resistive random access memory arrays. IEEE Trans.
Electron Dev. 2016, 63, 4720–4728. [CrossRef]

13. Li, S.; Chen, W.; Luo, Y.; Hu, J.; Gao, P.; Ye, J.; Kang, K.; Chen, H.; Li, E.; Yin, W. Fully coupled multiphysics simulation of crosstalk
effect in bipolar resistive random access memory. IEEE Trans. Electron Dev. 2017, 9, 3647–3653. [CrossRef]

14. Paolo, L.; Rosario, R.; Fernanda, I. Forming kinetics in HfO2-based RRAM cells. IEEE Trans. Electron Dev. 2013, 60, 438–443.
15. Kim, S.; Choi, Y. A comprehensive study of the resistive switching mechanism in Al/TiOx/TiO2/Al-structured RRAM. IEEE

Trans. Electron Dev. 2009, 56, 3049–3054. [CrossRef]
16. Kumar, D.; Chand, U.; Siang, L.; Tseng, T. High-performance TiN/Al2O3/ZnO/Al2O3/TiN flexible RRAM device with high

bending condition. IEEE Trans. Electron Dev. 2020, 67, 493–498. [CrossRef]
17. Chien, W.; Chen, Y.; Lai, E.; Yao, Y.; Lin, P.; Horng, S.; Gong, J.; Chou, T.; Lin, H.; Chang, M.; et al. Unipolar Switching Behaviors

of RTO WOX RRAM. IEEE Electron Dev. Lett. 2010, 31, 126–128. [CrossRef]
18. Sung, C.; Padovani, A.; Beltrando, B.; Lee, D.; Kwak, M.; Lim, S.; Larcher, L.; Della Marca, V.; Hwang, H. Investigation of I–V

linearity in TaOx-based RRAM devices for neuromorphic applications. IEEE J. Electron Devices Soci. 2019, 7, 404–408. [CrossRef]
19. Xie, H.; Liu, Y.; Huang, Z. A NiOx, based threshold switching selector for RRAM crossbar array application. In Proceedings of

the 2019 IEEE International Conference on Electron Devices and Solid-State CircuitS (EDSSC), Xi’an, China, 12–14 June 2019.
20. Wedig, A.; Luebben, M.; Cho, D.; Moors, M.; Skaja, K.; Rana, V.; Hasegawa, T.; Adepalli, K.; Yildiz, B.; Waser, R.; et al. Nanoscale

cation motion in TaOx, HfOx and TiOx. Nat. Nano. 2016, 11, 67–75. [CrossRef]
21. Wu, M.; Lin, Y.; Jang, W.; Lin, C.; Tseng, T. Low-power and highly reliable multilevel operation in ZrO2 1T1R RRAM. IEEE

Electron Dev. Lett. 2011, 32, 1026–1028. [CrossRef]
22. Larentis, S.; Nardi, F.; Balatti, S.; Gilmer, D.C.; Ielmini, D. Resistive switching by voltage-driven Ion migration in bipolar

RRAM-Part II: Modeling. IEEE Trans. Electron Dev. 2012, 59, 2468–2475. [CrossRef]
23. Wang, D.; Chen, W.; Zhao, W.; Zhu, G.; Kang, K.; Gao, P.; Jose, E.S.A.; Yin, W.Y. Fully coupled electrothermal simulation of large

RRAM arrays in the “Thermal House”. IEEE Access 2018, 7, 3897–3908. [CrossRef]
24. Lee, S.; Sohn, J.; Jiang, Z.; Chen, H.; Wong, H.-S.P. Metal oxide-resistive memory using graphene-edge electrodes. Nat. Commun.

2015, 6, 8407. [CrossRef]
25. Zhuang, P.; Ma, W.; Liu, J.; Cai, W.; Lin, W. Progressive RESET induced by Joule heating in hBN RRAMs. Appl. Phys. Lett. 2021,

118, 143101. [CrossRef]
26. Zhuang, P.P.; Lin, W.; Ahn, J.; Catalano, M.; Chou, H.; Roy, A.; Quevedo-Lopez, M.; Colombo, L.; Cai, W.; Banerjee, S.K. Nonpolar

resistive switching of multilayer-hBN-based memories. Adv. Electron. Mater. 2020, 6, 1900979. [CrossRef]
27. Sun, P.; Lu, N.; Li, L.; Li, Y.; Wang, H.; Lv, H.; Liu, Q.; Long, S.; Liu, S.; Liu, M. Thermal crosstalk in 3-dimensional RRAM crossbar

array. Sci. Rep. 2015, 5, 13504. [CrossRef]
28. Yu, M.; Cai, Y.; Wang, Z.; Fang, Y.; Liu, Y.; Yu, Z.; Pan, Y.; Zhang, Z.; Tan, J.; Yang, X.; et al. Novel vertical 3D structure of

TaOx-based RRAM with self-localized switching region by sidewall electrode oxidation. Sci. Rep. 2016, 6, 21020. [CrossRef]
[PubMed]

29. Xie, H.; Chen, W.; Zhang, S.; Zhu, G.; Khaliq, A.; Hu, J.; Yin, W.-Y. Modeling and simulation of resistive random access memory
with graphene electrode. IEEE Trans. Electron Dev. 2020, 67, 915–921. [CrossRef]

30. Lanza, M.; Wong, H.-S.P.; Pop, E.; Ielmini, D.; Strukov, D.; Regan, B.C.; Larcher, L.; Villena, M.A.; Yang, J.J.; Goux, L.; et al.
Recommended methods to study resistive switching devices. Adv. Electron. Mate. 2019, 5, 1800143. [CrossRef]

31. Berco., D.; Tseng., T.-Y. A numerical study of forming voltage and switching polarity dependence on Ti top electrode thickness in
ZrO2 RRAM. Comput. Electron. 2016, 15, 595–601. [CrossRef]

32. Chang, S.; Chae, S.; Lee, S.; Liu, C.; Noh, T.; Lee, J.; Kahng, B.; Jang, J.; Kim, M.; Kim, D.; et al. Effects of heat dissipation on
unipolar resistance switching in Pt/NiO/Pt capacitors. Appl. Phys. Lett. 2008, 92, 183507. [CrossRef]

33. Bousoulas, P.; Giannopoulos, I.; Asenov, P.; Karageorgiou, I.; Tsoukalas, D. Experiments and simulation of multilevel re-
sistive switching in forming free Ti/TiO2-x RRAM devices. In Proceedings of the 3rd Joint International EUROSOI Work-
shop/International Conference on Ultimate Integration on Silicon (EUROSOI-ULIS), Athens, Greece, 3–5 April 2017; pp. 172–175.

34. Bousoulas, P.; Michelakaki, I.; Tsoukalas, D. Influence of Ti top electrode thickness on the resistive switching properties of forming
free and self-rectified TiO2-x thin films. Thin Solid Film. 2014, 571, 23–31. [CrossRef]

35. Asapu, S.; Maiti, T. Multifilamentary conduction modeling in transition metal oxide-based RRAM. IEEE Trans. Electron Dev. 2017,
64, 3145–3150. [CrossRef]

http://doi.org/10.1109/TED.2016.2615864
http://doi.org/10.1109/TED.2017.2730857
http://doi.org/10.1109/TED.2009.2032597
http://doi.org/10.1109/TED.2019.2959883
http://doi.org/10.1109/LED.2009.2037593
http://doi.org/10.1109/JEDS.2019.2902653
http://doi.org/10.1038/nnano.2015.221
http://doi.org/10.1109/LED.2011.2157454
http://doi.org/10.1109/TED.2012.2202320
http://doi.org/10.1109/ACCESS.2018.2888572
http://doi.org/10.1038/ncomms9407
http://doi.org/10.1063/5.0040902
http://doi.org/10.1002/aelm.201900979
http://doi.org/10.1038/srep13504
http://doi.org/10.1038/srep21020
http://www.ncbi.nlm.nih.gov/pubmed/26884054
http://doi.org/10.1109/TED.2020.2965182
http://doi.org/10.1002/aelm.201800143
http://doi.org/10.1007/s10825-015-0783-0
http://doi.org/10.1063/1.2924304
http://doi.org/10.1016/j.tsf.2014.09.041
http://doi.org/10.1109/TED.2017.2709249

	Introduction 
	Device Structure and Methodology 
	Device Structure 
	Multiphysics Progresses 
	Physical Parameters 

	Simulation Results and Discussion 
	Multiphysics Simulation of GE-RRAM and Pt-RRAM 
	Multiphysics Simulation of Pt-RRAM with Different Metal Oxides 

	Conclusions 
	References

