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Abstract—Based on three-dimensional (3D) Fourier heat flow 
equation and numerical simulation, we investigated thermal 
crosstalk of resistive switching memory in 3D crossbar structure 
for the first time. Our results show that the transient thermal 
effect will dominate reset process. With the decrease of RS device 
size, the thermal crosstalk would remarkably deteriorate the 
retention of RS memory device and disable data storage. Some 
clues to improve the thermal crosstalk of RS device and RS 
performance in 3D crossbar structure are also provided.   
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I.  INTRODUCTION 
Resistive switching (RS) memory has attracted increasing 

attention as potential next-generation nonvolatile memory [1-
4]. To satisfy the increasing requirements for enormous data 
densities and nonvolatile storage, some new memory 
technologies are of growing interest due to their significant 
potential for the replacing or complementing existing memory 
technology (such as FLASH memory) [5-7]. High density 3-
dimensional (3D) RRAM crossbar array is one of the major 
focuses for the new age technology [8-10]. More important, 
3D integrated technology in resistive switching memory is one 
of the most effective methods to meet the requirement of ultra-
high density and ultra-large data storage [11, 12]. To compete 
with the ultra-high density 3D NAND FLASH, understanding 
the reliability mechanisms and scaling potential in 3D RRAM 
crossbar array during operation is essential. Generally, Joule 
heating can impact on interconnect design by slowing down 
the current movement with increasing temperature [13]. 
Therefore, the thermal effect will seriously affect the stability, 
reliability and life of RS memory device. With increasing 
integration density, the RS memory device of 3D has a key 
challenge is how to solve the problem of thermal crosstalk. 
Especially, with increasing the storage cell density and 
decreasing the distance between adjacent cells, the thermal 
crosstalk will seriously restrict the development and 
application of RS device in 3D integration. However, it is very 
almost impossible so far for conventional thermal analysis 
method to measure the thermal effect of 3D RS device, 
therefore establishing a thermal effect model of 3D integration 
RRAM will contribute to further promote the development of 
3D RS memory device. In this work, a simulation method was 
performed to theoretically investigate the thermal crosstalk in 
RS memory of three-dimensional crossbar structure. 

II. THEORY MODEL 
To illustrate the thermal effect and thermal crosstalk in 3D 

RS memory, the RRAM device of Ni/HfO2/Pt and Ti/TiO2/Pt 
diode cell based 1D1R (one diode one RRAM) structure are 
used as an example. The corresponding electrical parameters 
are the same as Ref. 14. Other inputting parameters for the 
simulation are shown in Table 1. Fig. 1 shows a schematic 
diagram of 3D RS crossbar structure. Based on 3D Fourier 
heat flow equation, the thermal behavior in 3D RS structure is 
written as  ܶ׏݄ݐ݇׏ ൅ 2|ܸ׏|ߪ െ ߩܿ ݐ߲߲ܶ ൌ 0,                 (1) 
here kth is thermal conductivity, T is the temperature, c is the 
thermal capacity, ρ is the mass density of  materials, V is the 
imposed voltage, ݐ is time and ߪ  is the electric conductivity 
which empirically reads as  

                  σ ൌ ଴ߪ ሺ1 ൅ ሺܶߙ െ ଴ܶሻሻ⁄ ,                   (2) 
here 0ߪ is the electric conductivity at room temperature ܶ0, ߙ 
is the resistivity temperature coefficient. Word lines (WL) or 
bit lines (BL) in the top and bottom layers of 3D array are 
assumed to be connected with ideal heat dissipation packaging 
structure and keep at room temperature ܶ0 during calculation, 
as ܶ െ ܥܤ|0ܶ ൌ 0,                           (3) 

 

 
Fig. 1. Schematic diagram of 3D 1D1R crossbar structure (a) 
and 1D1R storage element (b). 

 

III. RESULTS AND DISCUSSION 

A. Thermal effect in 3D RS memory 
To clearly understand the thermal crosstalk in 3D RS 

memory, we firstly investigate the dynamic temperature 
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evolution in crossbar array system based on the 3D Fourier 
heat flow equation above by using numerical method. Figure 2 
shows the simulated temperature evolution during reset 
operation for several cross-point arrays with different sizes. 
Here, all the RRAM cells are in LRS. Figure 2(a)-(d) illustrate 
the schematics of array structures in the simulation, including 
an individual RRAM cell and 3D RRAM arrays with various 
sizes from a 1×1×1 1D1R element to 3×3×3 block array, 
respectively. Figure 2(e)-(h) show simulated temperature 
evolution during reset process for different arrays in Fig. 2(a)-
(d). The WL/BLs with the Vreset are marked in white and the 
ones being grounded are marked in black. The programmed 
RRAM cells are connected with on-state diodes (marked in 
green), and the unprogrammed RRAMs are connected with 
off-state diodes (marked in red). 
 

 
Fig. 2. Schematic diagram of the device structure: (a) an 
individual RRAM cell, and (b)-(d) 1D1R crossbar blocks with 
1×1×1, 3×1×2, and 3×3×3 array, respectively. (e)-(f) 
Temperature evolution maps of the cross-sections (blue planes) 
in (a)-(d), respectively. 
 

 
Fig. 3. Highest temperature evolution in the programmed 
RRAM cell with selected array structures in Fig. 2. (b) ts (the 
time reaching thermal steady state) as a function of array. 
 

Figure 3(a) shows the operated time dependence of 
temperature in programmed device in Fig. 2. Figure 3(b) 
shows the time ts of reaching thermal steady state as a function 

of array. It is found that the temperature and ts increase with 
increasing array, i.e., ts is 50 ns for a 1D1R element, which is 
much higher than that of an individual RRAM (<10 ns), and ts 
is 500 ns for a 3×3×3 block array. The peak temperature of 
steady state also varies remarkably with the array sizes (e.g. 
500 K for a single 1D1R device, and 605 K for that in 3×3×3 
array system). 
 

B. Thermal crosstalk 
To analyze the reliability of crossbar array, we simulated 

the 3D temperature profiles in a small 3×3×3 block array. 
Here, two ‘worst cases’ were chosen, as shown in figure 4(a)-
(b). Figure 4(c)-(d) and figure (e)-(f) show the simulated 
potential distribution and temperature maps, respectively. It is 
found obviously that temperatures in the programmed RRAM 
devices rise much faster than those in the unprogrammed ones. 
In addition, temperature in the unprogrammed RRAM region 
passively increases with increasing time due to the thermal 
crosstalk effect. 

 
Fig. 4. (a)-(b) Schematic diagram of two selected 'worst cases' 
in thermal crosstalk. (c)-(d) Potential maps in the array 
structures in (a)-(b). (e)-(f) Temperature maps of the cross-
sections (blue planes in (a)-(b)) for two array structures at 
different time, respectively. Disturbed RRAM device (labeled 
as D222) locates in the center of the array, which is 
surrounded by several programmed RRAM cells. 
 

Figure 5 shows a conservative estimation of thermal 
crosstalk on RRAM device retention characteristic based on 
Arrhenius plot [16]. Arrhenius plot of the measured and 
simulated retention time (reference from Ref. 14 in which the 
conductive path of the RRAM device is simulated as metallic 
Ni rich filament) and the evaluation of the device reliability 
under thermal crosstalk. It is found that the thermal crosstalk 
will deteriorate the reliability, and the disturbed RRAM cell 

(b) (a) 
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will be failure from LRS to HRS after the programing/erasing 
cycles of 7×1011.  

 
Fig. 5. Arrhenius plot of experimental [14] and simulated 
retention time, and the evaluation of the device reliability 
under thermal crosstalk. Here, assuming the reset time ݐ௥௘௦௘௧ ൌ 100 ns  for a standalone 1D1R device, the peak 
temperature at ݐ ൌ 50 ns in the disturbed cell is 523 K and 
475 K. Temperature could be converted into the retention time ݐ௥௘௧௘௡௧௜௢௡, which corresponds to ݐ௥௘௧௘௡௧௜௢௡/ሺݐ௥௘௦௘௧ െ 50 nsሻ ൌ7.0 ൈ 10ଵଵ  and 2.0 ൈ 10ଵଷ  consecutive program/erase pulses 
(reasonable cycling expectations for RRAM devices). 
 

Figure 6 shows that the different temperature dependence 
for a given 3D array when the programed RRAM cell locates 
in different layer, since the distances between thermal source 
(the programed RRAM cell) and the thermal dissipation 
boundaries (top/bottom electrodes in this work) are different. 
When the programmed cell is close to the top/bottom 
boundary, the generated Joule heat can be easily dissipated to 
the thermal sink boundary, and the corresponding temperature 
of the cell would be lower. Figure 6(d)-(f) show the 
temperature evolution maps for the 3 cases in Figure 6(a)-(c) 
while the programmed RRAM device locates in different 
layers. 

Fig. 6. (a)-(c) Schematic diagrams of the RRAM array 
structure selected for comparison, the programmed RRAM 
devices is in third layer, second layer and first layer in (a)-(c), 

respectively. (d)-(f) Calculated temperature evolution maps 
inside the arrays in (a)-(c). The WL/BLs imposed with Vreset 
are marked in white and the ones being grounded are marked 
in black. The programmed RRAM cells are connected in 
series with on-state diodes (marked in green), and the 
unprogrammed RRAMs are connected with off-state diodes 
(marked in red). 

Figure 7 shows the highest temperature evolution in the 
programmed RRAM devices for the 3 cases in Figure 6(a)-(c). 
The highest temperatures of the programmed RRAMs could 
ultimately increase to 551 K, 605 K and 563 K in layer 1, 
layer 2 and layer 3, respectively. It can be predicted that with 
the growth of the layer stacks, the variation of the temperature 
in the programmed RRAMs in different layer would 
dramatically increase, which should be seriously considered 
during the array design and programing/erasing method 
optimization. 

 

Fig. 7 Highest temperature evolution in the programmed 
RRAM device for the 3 selected cases in Figure S1a-S1c. Case 
1-Case 3 correspond to the 3 cases in Figure S1a-S1c, 
respectively. 

C. Improving methods 
To continue miniaturization, a simple cycle-rehabilitate 

technique can be used: erase and reprogram the LRS of 
RRAM cells in the array after a certain operation cycles cr. 
Using this method, the resistance of LRS in RRAM device 
deteriorated by thermal crosstalk could be rehabilitated by the 
reprogram operation, and scaling potential of arrays can be 
further promoted. In addition, an isolation material with higher 
Ea around electrode region, which could suppress the 
dissipation of the electrode material under Joule heating, is a 
possible method to increase the array endurance performance. 

IV. CONLUSION 
We proposed a theoretical model to study the thermal effect 

and thermal crosstalk of RS device in 3D crossbar structure. 
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Based on the proposed model, retention deterioration under 
thermal crosstalk and endurance degradation of RS device in 
3D crossbar array were analyzed. Some methods for 
improving the RS device performance in 3D crossbar structure 
are also provided. 

ACKNOWLEDGMENT 
This work was supported in part by the Opening Project of 

Key Laboratory of Microelectronics Devices and Integrated 
Technology, Institute of Microelectronics, Chinese Academy 
of Sciences, in part by the National 863 Program under Grant 
2014AA032901, and in part by the National Natural Science 
Foundation of China under Grant 61306117, Grant 61322408, 
Grant 61221004, Grant 61334007, and Grant 61274091. 

REFERENCES 
 

[1] J. J. Yang, D. B. Strukov, and D. R. Stewart, “Memristive devices for 
computing,” Nature Nanotechnology, vol. 8, pp 13-24, Nov. 2013. 

[2] S. Maikap, D. Jana, M. Dutta, and A. Prakash, “Self-compliance RRAM 
characteristics using a novel W/TaOx/TiN structure,” Nanoscale 
Research Letters, vol. 9, pp 292, June 2014. 

[3] Y. T. Tsai, T. C. Chang, W. L. Huang, C. W. Huang, Y. E. Syu, S. C. 
Chen, S. M. Sze, M. J. Tsai, and T. Y. Tseng, “Investigation for 
coexistence of dual resistive switching characteristics in DyMn2O5 
memory devices,” Appl. Phys. Lett., vol. 99, pp 092106, Sep. 2011. 

[4] J. Shang, G. Liu, H. L. Yang, X. J. Zhu, X. X. Chen, H. W. Tan, B. L. 
Hu, L. Pan, W. H. Xue, and R. W. Li, “Thermally stable transparent 
resistive random access memory based on all-oxide heterostructures,” 
Adv. Funct. Mater., vol. 24, pp 2171, Jan. 2014. 

[5] Y. Yao, C. Li, Z. L. Huo, M. Liu, C. X. Zhu, C. Z. Gu, X. F. Duan, Y. G> 
Wang, L. Gu, and R. C. Yu “In situ electron holography study of charge 
distribution in high-k charge-trapping memory,” Nature 
Communications, vol. 4, pp 2764, July 2013. 

[6] Y. Zhou, S. T. Han, P. Sonar, and V. Roy, “Nonvolatile multilevel data 
storgae memory device from controlled ambipolar charge trapping 
mechanism,” vol. 3, pp 2319,  July 2013. 

[7] S. Kundu, D. Maurya, M. Clavel, Y. Zhou, N. N. Halder, M. K. Hudait, 
P. Banerji, and S. Priya, “Integration of lead-free ferroelectric on 
HfO2/Si(100) for high performance non-volatile memory applications,” 
vol. 5, 8494, Feb. 2015. 

[8] J. Y. Seok, S. J. Song, J. H Yoon, K. J. Yoon, T. H. Par, D. E. Kwon, H. 
Lim, G. H Kim, D. S. Jeong, and C. S. Hwang, “A review of three-
dimensional resistive switching cross-bar array memories from the 
integration and materials property points of view,” Advanced Functionl 
Materials, vol. 24, pp 5316-5339, July 2014. 

[9] P. Lin, S. Pi, and Q. Xia, “3d integration of planar crossbar memristive 
devices with CMOS substrate,” Nanotechnology, vol 25, pp 405202, Sep. 
2014. 

[10] S. Song, B. Cho, T. Kim, Y. Ji, M. Jo, G. Wang, M. Choe, Y. H. Kahng, 
H. Hwang, and T. Lee “Theree-dimensional integration of organic 
resistive memory devices,” Advanced Materials, vol. 22, pp 5048-5052, 
2010. 

[11] Y. Bai, H. Q. Wu, R. Wu, Y. Zhang, N. Deng, Z. P. Yu, and H. Qian, 
“Study of multi-level characteristics for 3d vertical resistive switching 
memory,” Scienfific Reports, vol. 4, pp 5780, July 2014 

[12] F. T. Chen, Y. S. Chen, T. Y Wu, and T. K Ku, “Write scheme allowing 
reduced Irs nonlinearity requirement in a 3D-RRAM array with selector-

less 1TNR architecture,”  Eelctron Device Letters, IEEE, vol. 35, pp 
223-225, Feb. 2014. 

[13] I. A. Ukaegbu, J. Sangirov, T. W. Lee, M. H. Cho, and H. –H. Park, 
“Analysis of thermal effects on crosstalk and performance of 
opteoelectronic transmitter modules,” The 17th Optoelectronics and 
Communications Conference (OECC), vol. 5D4-4, pp 537-538, July, 
2012.  

[14] J. J. Huang, T. H. Hou, C. W. Hsu, Y. M. Tseng, W. H. Chang, W. Y. 
Jang, and C. H. Lin, “Flexible one diode–one resistor crossbar resistive-
switching memory,” J. J. Appl. Phys., vol. 51, pp 04DD09, April 2012. 

[15] S. Larntis, C. Cagli, F. Nardi, and D. Ielmini, “Filament diffusion model 
for simulating reset and retention processes in RRAM,” Microelectronic 
Engineering, vol. 88, pp 1119-1123, July 2011. 

 
 

Talbe 1. Paramters for simulation. 
Parameter Value 

rch 8 nm 
hcf 80 nm 
kth-cf 22 W/(mK) 
σ0-cf 1.23×105 S/m 
αcf 0.0014 
ρcf 8.9×103 kg/m3 
ρim 9.68×103 kg/m3 
rdiode 40 nm 
hdiode 50 nm 
kth-diode 11.7 W/(mK) 
cdiode 710 J/(kgK) 
σ0-diode 3.07×103 S/m 
ρdiode 4.17×103 kg/m3 
kth-line 22 W/(mK) 
σ0-im 7×10-7 S/m 
hline 30 nm 
wline 80 nm 
cline 445 J/(kgK) 
Ρline 8.9×103 kg/m3 
σ0-line 1.23×105 S/m 
V 1.2 V 
cim 286 J/(kgK) 
Kth-im 0.5 W/(mK) 

Parameter describtion: r is radius, h is thickness, kth is thermal 
conductivity, c is heat capacity, σ0 is the reference electric conductivity and w 
is width. The subscripts cf, diode, line and im denote CF (conductive filament), 
diode, WL/BL component and insulating material between 1D1R cells, 
respectively. V is reset voltage, and σ0-diode list two values which correspond 
to the on-state value and off-state value of the diode device. 
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