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Abstract 

We succeeded to observe the “conduction spot” (CS) in the capacitor structure 

ReRAM, which includes a conductive filament. In this study, we used NiO prepared by 

thermal oxidation at high temperature as 800°C. It requires a forming process by extra 

high voltage, which partly removes the top electrode from the resistance switched area. 

These experiments enabled us to observe the conductive filament directly in CS on NiO 

ReRAM by scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM). From SEM images, CSs seem to be produced by some kind of breakdown, but 

we confirmed the reproducible resistance switching at least 50 cycles after the CS 

generation. By means of energy dispersive X-ray spectroscopy (EDX) with TEM 

observations, drastic oxygen reduction was recognized in local area within CS of NiO 

films. Moreover, the CS area depended on the injection power for forming. These 

experimental data suggest that miniaturization of ReRAM will be achieved by reducing 

the injection power for forming. 

 

* Tel: +81-011-706-6457, E-mail:y-taka@nano.ist.hokudai.ac.jp 
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1. Introduction 

 

Resistance switching random access memory (ReRAM) has attracted much attention 

for the next generation memory because of its potential for high density, fast response, 

low power consumption, and nonvolatility on simple Metal/Oxide/Metal (MOM) 

structure.1,2) Many kinds of transition metal oxides have been reported as ReRAM 

materials, such as NiO, TiO2, CoO, CuO, etc.3-11)  NiO is one of the most frequently 

reported materials with high on/off resistance ratio as a unipolar ReRAM device.12-14) 

The unipolar resistance switching (RS) is widely believed to be caused by the formation 

and rupture of conductive filaments between top and bottom electrodes. Usually, the 

initial state of NiO thin films is the high resistance state (HRS). The forming process is 

needed to construct the filament, which is achieved by applying high voltage (Vf) to the 

MOM structure with appropriate current limitation. Then, the film is converted into the 

low resistance state (LRS). Afterwards, voltage Vr (< Vf) is applied to the film in LRS 

with no current limitation, and the state changes to HRS. It is called the RESET process. 

Finally, HRS is back to LRS by applying voltage Vs (Vr < Vs < Vf) with current 

limitation. This is the SET process. The reproducible RS is achieved by repeating SET 

and RESET processes. Although the RS phenomena and their reproducibility were 

reported and there are many analogical reasoning of reversible RS in metal 

oxides2,9,11,12,14-24), their switching mechanism has not yet been clarified. To reveal the 

RS mechanism, direct observations of conducting filaments are required.  

In this study, we have conducted experiments focused on the forming process because 

this is a key to understand the RS mechanism and to control the switching property. It is 

believed that a thin filament is formed at very narrow area under the top electrodee.g. 2). 
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This makes it difficult to identify the filament position. Hence, we carried out 

visualization of the position of filament formation. At first, we investigated the forming 

voltage of NiO films as a function of the oxidation temperature. It was revealed that 

NiO films prepared at high temperature around 800°C needs high electric power for 

forming. This high power injection for forming enables us to find out the position of the 

filament as a small conduction spot (CS). Afterwards, we observed CSs in NiO 

ReRAMs in detail by means of in-situ optical microscopy (OM), scanning electron 

microscopy (SEM) as well as transmission electron microscopy (TEM). Conductive 

atomic force microscopy (C-AFM) and energy dispersive X-ray spectroscopy (EDX) 

were employed to analyze the conductive filament. As a conclusion, we showed that the 

size of CS which may relate to ReRAM scaling law is controllable by electric power 

injected during the forming process. 

 

2. Experiment 

 

Fabricated ReRAM devices have a simple MOM structure formed on a thermally 

oxidized Si (100) wafer such as Pt/NiO/Pt/Ti/SiO2/Si as shown in Fig. 1(a). All films 

constituting the devices were prepared by radio frequency (RF) sputtering at room 

temperature. First of all, we deposited a 100-nm-thick Pt film as a bottom electrode 

(BE) with a thin Ti adhesion layer. Then, a 100-nm-thick Ni film was deposited on the 

BE. NiO thin films were formed by thermal oxidation in air at 500-800°C for 3 minutes. 

After chemical analyses of the oxidized Ni films by means of Ni-2p XPS (X-ray 

photoelectron spectroscopy), formation of NiO was confirmed25). From XPS depth 

profiles, the films were fully oxidized at higher than 600°C (Fig. 1(b)) as reported in 
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oxidized at 500°C showed low forming voltage less than 2 V which is close to the SET 

voltages. This will be advantageous to practical use. As described above, these samples 

were oxidized only near the film surface, and the NiO layer was thin. Therefore, the 

voltage effectively works on NiO. In addition, the NiO layer must contain many weak 

spots (WSs) against electric voltage, such as oxygen deficient defects, grain boundaries, 

local modulation of the layer thickness, etc. This is thought to be another possible 

reason of low forming voltage. The forming voltage tended to increase at higher 

oxidation temperature, and it was widely distributed when we measured many devices 

(Fig. 3(b)). At the same time, the films became more resistive at higher oxidation 

temperature, while the whole films were oxidized in all cases in Fig.3(a). This means 

that the overall insulating quality of the NiO film was improved by high temperature 

annealing.  

Samples oxidized at low temperature may contain many WSs with variety of 

threshold voltages (Vth) at which the insulating nature is broken. As a rough discussion, 

we assume a TE containing three WSs with Vth = 2, 4 and 6 V. In this case, the forming 

phenomenon occurs at the lowest voltage, i.e. 2 V. When the number of WSs is huge, 

almost all TEs contain at least one weakest WS and show forming at 2 V. Therefore, the 

distribution of the forming voltage is narrow. By increasing the temperature, part of the 

weakest WSs change to have medium Vth (i.e. 4 V) or the strongest Vth (i.e. 6 V). In this 

case, some TEs contain only WSs with Vth = 4 and 6 V while some of them are with all 

types of WSs. The forming voltage (Vf) of the former TEs is 4 V, while the latter TEs 

show Vf of 2 V. The distribution of Vf becomes wide. Since the probability to contain 

the weakest WSs is high for large TEs, Vf tends to be lowered by the increment of TE 

size. In the present experiment, the oxidation time was only 3 minutes, and the NiO 
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the lower direction of the image in comparison with Fig. 8(a). Correspondingly, low 

resistance area appeared here as indicated by an arrow, which was invisible under the 

TE just after the forming process. While this low resistance area no more contributes to 

further switching because the TE at this area has been already removed, this protrusion 

is understood to be formed by the power injected though this low resistance area. In 

other words, this protrusion may be caused by the extra SET-RESET operation, and the 

resistance change is thought to occur at the edge of CS. 

From these results, the mechanism to generate the CS is considered as follows (Fig. 

9). At the 1st stage of forming, a conductive filament appears at a CS by the application 

of voltage (Fig. 9(a)). By current flow through the filament, Joule heat is generated and 

diffuses to the neighboring region. This region becomes weak against voltage after 

agitation by heat, and many filaments are generated around the 1st filament as shown in 

Fig. 9(b). Finally, heat generated by these plural filaments melts NiO in the CS area and 

explosion occurs. Only at the edge of the CS, filaments barely keep connection between 

TE and BE and contribute to succeeding RS (Fig. 9(c)). Though this forming is quite 

violent, the filaments remaining at the edge of the CS are thought to act as filament 

produced at lower voltage with proper current limitation. In this work, the high power 

forming was performed in order to detect the position of the area containing condutive 

filaments, and the CS was detected. By low power forming and succeeding RS, ReRAM 

phenomenon is expected with less number of conductive filaments without the 

formation of a crater. Further direct observation should be needed to reveal the filament 

formation mechanisms more clearly by the use of in-situ TEM.28-29) 

As described above, the conductive filament was expected to be formed at the CS 

edge. To investigate the CS in detail, cross sectional TEM observations with EDX 

 8







 

Acknowledgements 

We would like to thank Drs. Masaki Aoki, Toshio Kobayashi, and Hironori Maeno for 

their helpful discussions. The TEM-EDX analyses were performed at CAREM, 

Hokkaido Univ. with a kind support by Prof. Norihito Sakaguchi to whom we are 

grateful. This work was partly supported by a Grant-in-Aid from JSPS as well as MEXT 

20035001, 2156081 and 22240022. 

 

References 

[1] S. Q. Liu, N. J. Wu and A. Ignatiev: Appl. Phys. Lett.76 (2000) 2749. 

[2] A. Sawa: Materials Today 6 (2008) 28. 

[3] Y. C. Shin, J. Song, K. M. Kim, B. J. Choi, S. Choi, H. J. Lee, G. H. Kim, T. Eom 

and C. S. Hwang: Appl. Phys. Lett. 92 (2008) 162904.  

[4] L.-F. Liu, J.-F. Kang, N. Xu, X. Sun, C. Chen, B. Sun, Y. Wang, X.-Y. Liu, X. Zhang 

and R.-Q. Han: Jpn. J. Appl. Phys. 47 (2008) 2701. 

[5] H. Shima, F. Takano, H. Muramatsu, H. Akinaga, Y. Tamai, I. H. Inque and H. 

Takagi: Appl. Phys. Lett. 93 (2008) 113504.  

[6] A. Chen, S. Haddad, Y. C. Wu, T. N. Fang, S. Kaza and Z. Lan: Appl. Phys. Lett. 92 

(2008) 013503.  

[7] I.-S. Park, K.-R. Kim, S. Lee and J. Ahn: Jpn. J. Appl. Phys. 46 (2007) 2172. 

[8] H.-Y. Lee, P.-S. Chen, C.-C. Wang, S. Maikap, P.-J. Tzeng, C.-H. Lin, L.-S. Lee and 

M.-J. Tsai: Jpn. J. Appl. Phys. 46 (2007) 2175. 

[9] B. Sun, L. Liu, N. Xu, B. Gao, Y. Wang, D. Han, X. Liu, R. Han and J. Kang: Jpn. J. 

Appl. Phys. 48 (2009) 2175.  

 11



[10] E.-K. Lai;. W.-C. Chien., Y.-C. Chen, T.-J. Hong, Y.-Y. Lin, K.-P. Chang, Y.-D. Yao, 

P. Lin, S.-F. Horng, J. Gong, S.-C. Tsai, C.-H. Lee, S.-H. Hsieh, C.-F. Chen, Y.-H. 

Shih, K.-Y. Hsieh, R. Liu and C.-Y. Lu: Jpn. J. Appl. Phys. 49 (2010) 04DD17.   

[11] Y. Sakotsubo, M. Terai, S. Kotsuji, T. Sakamoto and M. Hada: Jpn. J. Appl. Phys. 

49 (2010) 04DD19.  

[12] S. Seo, M. J. Lee, D. H. Seo, E. J. Jeoung, D.-S. Suh, Y. S. Joung, I. K. Yoo, I. R. 

Hwang, S. H. Kim, I. S. Byun, J.-S. Kim, J. S. Choi and B. H. Park: Appl. Phys. Lett. 

85 (2004) 5655.  

[13] J. W. Park, J. W. Park, D. Y. Kim and J. K. Lee: J. Vac. Sci. Technol. A 23 (2005) 

1309. 

[14] K. Kinoshita, T. Tamura, M. Aoki, Y. Sugiyama and H. Tanaka: J. Appl. Phys. 45 

(2006) L991.  

[15] M. J. Rozenberg, I. H. Inoue and M. J. Sanchez: Appl. Phys. Lett. 88 (2006) 

033510. 

[16] D. C. Kim, S. Seo, S. E. Ahn, D.-S. Suh, M. J. Lee, B.-H. Park, I. K. Yoo, I. G. 

Baek, M.-J. Kim, E. Y. Yim, J. E. Lee, S. O. Park, H. S. Kim and U.-In Chung: Appl. 

Phys. Lett. 88 (2006) 202102. 

[17] M. Fujimoto, H. Koyama, M. Konagai, Y. Hosoi, K. Ishihara, S. Ohnishi and N. 

Awaya: Appl. Phys. Lett. 89 (2006) 223509. 

[18] Y. Sato, K. Kinoshita, M. Aoki and Y. Sugiyama: Appl. Phys. Lett. 90 (2007) 

033503. 

[19] K. M. Kim, B. J. Choi and C. S. Hwang: Appl. Phys. Lett. 90 (2007) 242906. 

[20] G.-S. Park, X.-S. Li, D.-C. Kim, R.-J. Jung, M.-J. Lee and S. Seo: Appl. Phys. Lett. 

91 (2007) 222103.  

 12



[21] G.-H. Buh, I. Hwang and B. H. Park: Appl. Phys. Lett. 95 (2009) 0142101. 

[22] C. Cagli, F. Nardi and D. Ielmini: IEEE Trans. Elect. Dev. 56 (2009) 1712. 

[23] L. Goux, J. G. Lisoni, M. Jurczak, D. J. Wouters, L. Courtade and Ch. Muller: J. 

Appl. Phys. 107 (2010) 024512. 

[24] H. D. Lee, B. Kagyari-Kope and Y. Nishi: Phys. Rev. B81 (2010) 193202. 

[25] H. Kondo, H. Kaji, T. Fujii, K. Hamada, M. Arita and Y. Takahashi: IOP Conf. Ser.: 

Mater. Sci. Eng. 8 (2010) 012034. 

[26] N. S. Mclntyre, T. E. Rummery, M. G. Cook and D. Owe: J. Electrochem. Soc. 123 

(1976) 1164. 

[27] L. J. Matienzo, L. O. Yin, S. O. Grim and W. E. Swartz: Inorg. Chem. 12 (1973) 

2762. 

[28] T. Fujii, H. Kaji, H. Kondo, K. Hamada, M. Arita and Y. Takahashi: IOP Conf. Ser.: 

Mater, Sci, Eng. 8 (2010) 012033. 

[29] D.-H. Kwon, K. M. Kim, J. H. Jang, J. M. Jeon, M. H. Lee, G. H. Kim, X.-S. Li, 

G.-S. Park, B. Lee, S. Han, M. Kim and C. S. Hwang: Nature Nanotech. 5 (2010) 

148. 

 13









(a) (b)

 
 
 
 
 
 

Fig. 1 
 

 17



(a) (b)

 

 
 
 
 
 

Fig. 2 
 

 

 18



 
 

(b) 

(a) 

@ 1 V 

 
 
 
 
 
 

Fig. 3 
 

 

 19







 

 
Fig. 6 

 
 
 
 

 22



 
 
 
 
 
 

Fig. 7 

 23





Joule 
heat 

Initial filament at a weak spot

TE 

NiO 

BE 

Plural filaments

Explosion

(a) 

(b) 

(c) 

 
 
 
 
 
 

Fig. 9 

 25



(c) 

50nm 

Pt TE 

Pt BE 

NiO 

 
 
 
 
 
 

Fig. 10 

 26



 

(a) (b)

(c) (d)

 
 
 
 
 
 

Fig. 11 

 27



10-7 10-6 10-5 10-4 10-3 10-2 10-1
101
102
103
104
105
106
107
108

C
S 

ar
ea

 (n
m

2 )

Power (W)
10-7 10-6 10-5 10-4 10-3 10-2 10-1

101
102
103
104
105
106
107
108

C
S 

ar
ea

 (n
m

2 )

Power (W)

200 nm200 nm

(c) 

(a) (b)

 

 
 
 
 
 

Fig. 12 
 

 28


