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ABSTRACT- Conducting Bridge Random Access Memory (CBRAM) is among the most 

promising candidates for future non-volatile memories. It is important to understand the 

scalability and retention of CBRAM cells to realize better memory performance. Here we 

directly observe the switching dynamics of Cu/SiO2/W cells with various active electrode sizes 

using in-situ transmission electron microscopy. The conducting filaments (CFs) grow from the 

active electrode to inert electrode during the SET operations. The size of the active electrode 

affects the electric-field distribution, the amount of the cations injection into electrolyte, and the 

dimension of the CF, which further determines the power consumption and retention of the 

CBRAM cell. We also construct a theoretical model to explain the electrode-size-dependent CF 

growth in SET operations, showing good agreement with our experimental results.  
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In the recent decades, resistive switching memory has been intensively investigated as one of the 

most promising next-generation non-volatile memories.1-5 Conducting bridge random access 

memory (CBRAM) shows superior performance in terms of switching speed, power 

consumption, dimensional scalability and CMOS process compatibility.5-10 CBRAM relies on the 

formation and rupture of metallic conductive filaments (CFs) to achieve repeatable switching 

between high resistance state (HRS) and low resistance state (LRS).1, 11-13 This model has been 

supported by direct observations of the metal filaments in the CBRAM.14-16 The performance of 

CBRAM critically depends on the size and morphology of the metal filament. It is of 

fundamental interest for researchers to understand the metal atom/ion migration which affects the 

scalability and performance of the CBRAM cell.  

    Generally, the CF growth in a CBRAM device exhibits randomness and is described by 

complex parameters.16 Many researchers aim to control the CF location or avoid the over-

injection of metal atoms/ions for realizing controllable switching. To control the location of CF 

growth, Liu et al. embedded several Cu nanocrystals inside the ZrO2 electrolyte to provide a 

nucleus for the CF,17 which guides a specific location for the CF formation and rupture processes, 

thereby improving the stability and uniformity of the memory. You et al. fabricated an Ag 

nanocone/SiO2 nanomesh/Pt device by nanotransfer printing.18 The nanocone-shaped Ag 

electrodes act as electric-field concentrator arrays and realize a selective and controllable CF 

growth, leading to significantly decreased variation in the switching characteristics. Over-

injection of the atoms/ions into the dielectric not only leads to the variation of the CF size and 

location, but also results in wide or large number of CFs that causes current overshoot of the 

CBRAM switching operation. To limit the over-injection, Park et al. proposed a single-filament 

Cu/HfO2/Pt CBRAM device, in which the Cu electrode is removed after the forming process.19, 

20 By activating a single filament, the variation of CBRAM device is greatly reduced. In other 

works, graphene has been employed for blocking excessive atoms/ions from moving into the 

dielectrics,21,22 which may be a potential method to localize and limit the filaments inside 

CBRAM cells.  

In this work, we perform real-time observations of the CF formation and dissolution processes 

during electrical switching for a typical CBRAM device using in-situ transmission electron 

microscopy (TEM). By changing the size of the active electrode tip in the memory cell, the metal 
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ions injection can be modified, resulting in different sizes of the CF. A theoretical model is 

developed to explain the electrode-size-dependent CF growth. This understanding of the origin 

of the CF evolution will help guide the design of future CBRAM devices. 

Results and discussions 

    Figure 1a illustrates the schematic of the in-situ TEM measurement set-up. The TEM 

specimen was fixed onto the Cu grid by silver paste inside the NanofactoryTM STM-holder. The 

W bottom electrode (BE) of the memory device was connected to a source meter through an 

electrical cable. A Cu tip was installed on a piezo-driven hat. The Cu wire was contacted to the 

surface of the SiO2 film to form a Cu/SiO2/W CBRAM device. During the electrical 

measurements, an electrical bias was applied to the movable Cu tip respect to the fixed TEM grid 

holder. Figure 1b shows the I-V curve of the device measured inside the TEM. Compared to the 

ex-situ measured I-V curves (Figure S1 in Supporting Information), the device also exhibits a 

bipolar switching behavior, where a positive bias triggers the cell to LRS, and a negative bias 

enables RESET process.  

    Figure 1c shows the corresponding TEM image of the device after the SET process. We can 

clearly observe that a dark bridge-like region (marked with red dash lines) within the SiO2 layer 

connects the Cu tip and the W electrode, which confirms the formation of a filament. The 

filament exhibits an inverted cone-shape with the diameter of ~14 nm close to Cu tip and a 

relatively smaller size of ~10 nm near W BE. Because Cu ion has relatively low mobility in SiO2 

compared to that in electrolytes like Cu-GeTe, Ta2O5, the rate limiting factor of the filament 

growth is the cation supply instead of reduction rates.23 During the CF growth, the Cu ions 

preferably migrate to, and get reduced at the leading edge of the existing Cu filament. As a result, 

an inverted cone-shaped CF is established, which is also in good agreement with previous 

reports.23  

    It is noteworthy that the CF in LRS is in the shape of a chain of nanoclusters with certain gaps 

instead of a continuous bridge. With the narrow Cu tip, only a small amount of Cu is injected 

into SiO2 in the form of nanocluster. Due to the low and inhomogeneous ion mobility, the Cu 

ions agglomerate, get reduced and nucleate along a path with the highest defect density and 
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lowest electrochemical potentials inside the dielectrics. Therefore, the subsequent filament 

growth is in the form of clusters and has a curved shape.16  

    The CF is unstable and gradually dissolves after the SET operations, as shown in the in-situ 

TEM images in Figure S2 (Supporting Information). The devices show poor retention for the 

LRS. One possible reason is insufficient Cu ions migrated into SiO2 to form wide and robust CF. 

Takahashi et al. also reported LRS failure in a 30-nm CBRAM device with SET current lower 

than 40 μA. The CF was almost invisible in TEM images and the LRS was kept for less than 

1000 seconds.24 Furthermore, Guy et al. reported that, for the memory cell less than 10 nm, the 

LRS device with thinner CF (the thin CF size was obtained by a soft SET operation) exhibited 

quite unstable retention properties due to the lateral Cu diffusion from the CF.25 The operation 

current is smaller for a CBRAM device with a narrower CF and leads to lower power 

consumption. Therefore, a trade-off between the data retention and power consumption must be 

carefully considered for the design of CBRAM.  

    After the negative RESET sweep, the dark bridge region of CF is ruptured, and some residual 

Cu clusters remain at the Cu/SiO2 interface, as shown in Figure 1d. These remaining Cu clusters 

provide seeds for the subsequent SET cycle, where the Cu ions migrate to the leading edge, and 

the CF gradually grows towards the inert W cathode.12, 14 Figure 1e shows energy-dispersive X-

ray spectroscopy (EDX) of the device at LRS and HRS. Weak Cu signal was detected in the 

HRS in the SiO2 films, which mainly comes from the Cu grid holder. In contrast, a much 

stronger Cu signal was present in the LRS, providing solid evidence of the formation of Cu 

filament.  

    By varying the Cu tip contact area to the SiO2 surface, the size of active Cu electrode can be 

changed. The local electrical field distribution and Cu cation supply during the SET process are 

both affected by the size of active Cu electrode. Figure 2a-b and Figure 3a-b show the in-situ I-

V curves and the corresponding CF growth dynamics with four different active electrode sizes. 

Each subfigure comprises a series of TEM images that are extracted from videos Movie S1-S4 

(Supporting Information) corresponding to the states marked in the I-V curves.  

    In Figure 2a, the diameter of the Cu tip close to the SiO2 is around 30 nm. State I is the HRS 

of the device. With the bias sweep to +14 V, no obvious change is observed (8 s in Movie S1, 
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Supporting Information). A dark region suddenly appears when the bias is swept to +16 V. The 

existing Cu nanocluster starts to enlarge, indicating more Cu atoms migrated into the SiO2 (state 

II and III). During this state, the current gradually increases to ~μA level. With the increase of 

bias, more and more nanoclusters emerged inside the oxide layer close to one another, and 

gradually grow in a curved path toward the inert W electrode. When the sweep bias reaches +25 

V, the nanoclusters finally form the shape of a curved CF with a diameter of 8 nm in the widest 

part. Simultaneously, the current reaches to a highest level of ~10 μA, suggesting the device was 

SET to LRS (state IV). In Figure 2b, a Cu tip with the diameter of about 60 nm contacts to SiO2. 

The device is SET at the bias of +18 V, and a CF with the diameter of 20 nm in the widest part is 

formed. The CF is in the shape of an inverted cone comprising of several nanoclusters with gaps 

between each cluster.  

These nanoclusters can be considered as bipolar electrodes under an electrical field.16 Figure 

2c depicts the starting state without external bias. Some Cu atoms have been driven into SiO2 at 

the interface due to the previous switching cycles. Under the electrical field as shown in Figure 

2d, Cu cations are generated at the virtual anode side (δ+) of one cluster and drift along the 

electrical field, and then get reduced at the virtual cathode side (δ-) of another cluster, resulting 

in an effective cluster displacement along the electric field. Only limited Cu atoms are injected 

into SiO2 to form a thin CF due to the small Cu electrodes. These thin filaments have relative 

high surface energy.26 The thermodynamically energy favored sites for the thin CF are largely 

determined by the inhomogeneous dielectrics. Therefore, the CF in devices with small electrode 

tends to stay in the shape of thin and discrete clusters, as illustrated in Figure 2e. 

With the increase of Cu tip size, the CF exhibits different characteristics. Figure 3a shows the 

in-situ I-V curve and the dynamics of the sample with the Cu tip diameter of 68 nm. More Cu 

cations can be injected into dielectrics. A straight-line-shaped CF appears at the bias of +50 V 

and the current of 14.4 μA. The widest diameter of the CF is around 25 nm and there is no gap 

between the Cu within the CF. Figure 3b shows that the diameter of the Cu tip increases to 210 

nm. During the bias sweep, an obvious gradual growth of CF from the tip to the W electrode can 

be seen. Finally, a wide CF with the widest diameter of about 70 nm is formed, in the shape of a 

continuous inverted-cone directly connecting two electrodes. Meanwhile, the current reaches 

14.6 μA. In the device with a larger active electrode, the CF is much wider and in the shape of a 
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continuous cone, which can maintain the status of connecting two electrodes for a long period 

and exhibit reasonably good retention. Figure 3c-e illustrates the ion migration and CF 

formation in this situation with large electrodes. Figure 3c is the starting state of the device, in 

which quite a few Cu atoms exist at the interface as a result of Cu atoms that remains from the 

last RESET cycle. When positive bias is applied, a large quantity of Cu cations is injected into 

SiO2 simultaneously. The Cu cations drift towards W cathode, as shown in Figure 3d. Because 

of the lower mobility of Cu cations, they get reduced almost without traveling and pile up to 

form a wide CF. Due to the lower surface energy of the Cu in the large CF,26 the Cu atoms prefer 

to stay close to each other and enable the filament to continuously grow to the cathode, as shown 

in Figure 3e. As a result, in devices with a wide active electrode, CF is wide and the morphology 

is continuous, leading to a stable LRS. 

    With the increase of Cu tip size, the diameter of CF in the SiO2 film also increases. A 

comparison of our results with the existing literature,14-16, 27-34 is shown in Figure 4. Except for 

several works performed in CBRAM devices with rather large electrodes,14, 15, 27-29 almost all the 

previous works show an obvious trend that the CF size increases as the active electrode size 

increases, which is in good agreement with our work.  Additionally, curved CF, cone-shaped CF, 

and straight-line-shaped CF are formed on the same device. Different CF shapes may be resulted 

from the different local grain boundary densities and/or defect densities of the SiO2 electrolyte. 

Lu et al. have shown that the local mobility of cations can be affected by variations in the local 

defect density, defect energy profile and local electrochemical potentials.16 Since Cu cations can 

transport more easily in a defect-rich region, or drift with lower energy needed, they preferably 

seek a path with the highest defect density and lowest electrochemical potentials. Therefore, 

various shapes of CF can be grown in the non-uniform sputtered SiO2 film in our work. 

To understand the CF growth dependence on the size of active electrode, we perform a 

quantitative analysis of the process that CF ions inject into the SiO2 film during the SET 

operations. Figure 5a depicts the three-dimensional model for the SET process, in which a 

continuous cylinder- or cone-shaped CF grows from the active Cu tip towards the inert electrode. 

The two-dimensional equivalent plane is exacted from the model, and an orthogonal x-y 

coordinates system is established to describe the positions. According to the filament-based 

switching theory of CBRAM,13, 35, 36 the filament first grows vertically until reaches the other 
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electrode, and then grows laterally after the SET occurs. In our in-situ SET operations, sweep 

biases were stopped immediately as the CF connected two electrodes, hence it is reasonable to 

approximate that only vertical growth of the CF happens in our experiments. The increasing 

volume of the CF in the vertical growth stage can be calculated by the accumulation of the 

reduced metal atoms.37 Therefore, at time t, within the distance interval dx, the evolution of the 

CF volume 𝑄𝑄∆𝑦𝑦(𝑥𝑥) can be expressed from the quantity of the charges in the reduction as  

                                                                 𝑄𝑄∆𝑦𝑦(𝑥𝑥) = 𝐽𝐽
𝑍𝑍𝑍𝑍�                                                               (1) 

where J is the ion current density, q is the charge, Z is the number of the ions charged, which is 2 

due to Cu2+ cations in this case. The current density J can be described by the Mott–Gurney ionic 

hopping current in solid electrolytes,35, 38  

                               𝐽𝐽 = 2𝑍𝑍𝑍𝑍 ∙ 𝑁𝑁𝑖𝑖 ∙ 𝑎𝑎ℎ ∙ 𝑓𝑓 ∙ exp (−𝐸𝐸𝐴𝐴
𝑘𝑘𝑘𝑘

) ∙ sinh [𝐸𝐸(𝑥𝑥) ∙ 𝑍𝑍𝑍𝑍𝑎𝑎ℎ
2𝑘𝑘𝑘𝑘

]                                  (2) 

where Ni is the concentration of the metal ions in the solid electrolytes, f is the attempt-to-escape 

frequency, EA is the activation energy, E(x) is the electric field, kT is the thermal energy, and 𝑎𝑎ℎ 

is the effective hopping distance. Combining (1) and (2), the evolution rate of the CF volume is 

obtained as 

                                      𝑄𝑄∆𝑦𝑦(𝑥𝑥) = 2𝑁𝑁𝑖𝑖𝑎𝑎ℎ𝑓𝑓exp (−𝐸𝐸𝐴𝐴
𝑘𝑘𝑘𝑘

)sinh [𝐸𝐸(𝑥𝑥) 𝑍𝑍𝑍𝑍𝑎𝑎ℎ
2𝑘𝑘𝑘𝑘

]                                      (3) 

Cu ion has low hopping mobility in SiO2,14, 16. Thus, the concentration of metal ions Ni at the 

leading tip of the filament is determined by the hopping rate  𝑟𝑟ℎ𝑜𝑜𝑜𝑜 , which is directly related to 

the local electrical field. The local voltage difference is  ∆𝑉𝑉 = 𝐸𝐸(𝑥𝑥) ∙ ∆𝑦𝑦 , the ion concentration 

Ni can be described as38, 39 

                                          𝑁𝑁𝑖𝑖 = 𝛼𝛼 ∙ 𝑟𝑟ℎ𝑜𝑜𝑜𝑜 = 𝛼𝛼 ∙ 𝑓𝑓 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 [−𝐸𝐸𝐴𝐴,ℎ𝑜𝑜𝑜𝑜−𝛽𝛽𝛽𝛽𝛽𝛽(𝑥𝑥)∙∆𝑦𝑦
𝑘𝑘𝑘𝑘

]                                  (4) 

where f is the attempt-to-escape frequency, EA,hop is the activation energy for cations hopping, α 

and β are factors in the simulation to modify the results. Thus, 𝑄𝑄∆𝑦𝑦(𝑥𝑥) can be described as 

                    𝑄𝑄∆𝑦𝑦(𝑥𝑥) = 2𝛼𝛼𝑎𝑎ℎ𝑓𝑓2 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝐴𝐴,ℎ𝑜𝑜𝑜𝑜+𝐸𝐸𝐴𝐴

𝑘𝑘𝑘𝑘
� 𝑒𝑒𝑒𝑒𝑒𝑒 [𝛽𝛽𝛽𝛽𝛽𝛽(𝑥𝑥)∙∆𝑦𝑦

𝑘𝑘𝑘𝑘
] 𝑠𝑠𝑠𝑠𝑠𝑠ℎ[𝐸𝐸(𝑥𝑥) ∙ 𝑍𝑍𝑍𝑍𝑎𝑎ℎ

2𝑘𝑘𝑘𝑘
]                (5). 



9 
 

The total volume of the CF at time t can be calculated as equation (6) below. 

𝑄𝑄Δ𝑦𝑦,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = � 2𝜋𝜋 ∙ 𝑥𝑥 ∙
𝑥𝑥

0
𝑄𝑄∆𝑦𝑦(𝑥𝑥) ∙ 𝑑𝑑𝑑𝑑 

                 = 4𝜋𝜋𝜋𝜋𝑎𝑎ℎ𝑓𝑓2 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝐴𝐴,ℎ𝑜𝑜𝑜𝑜 + 𝐸𝐸𝐴𝐴

𝑘𝑘𝑘𝑘 �� 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥[
𝛽𝛽𝛽𝛽𝛽𝛽(𝑥𝑥) ∙ ∆𝑦𝑦

𝑘𝑘𝑘𝑘
] 𝑠𝑠𝑠𝑠𝑠𝑠ℎ[𝐸𝐸(𝑥𝑥) ∙

𝑍𝑍𝑍𝑍𝑎𝑎ℎ
2𝑘𝑘𝑘𝑘

]
𝑥𝑥

0
𝑑𝑑𝑑𝑑 

(6) 

    All the physical parameters and their values used in the simulation are listed in Table 1.36,39 

Some of the parameters may be modified based on the experimental data. Figure 5b is the 

simulation results of electrical field distribution of CBRAM devices with the active electrode 

sizes of 30, 60, 68 and 210 nm, correspondingly to the experimental tip sizes. A CF nucleus with 

5 nm height is assumed to have already grown in each device. +5 V bias is applied to the active 

electrode in the simulations. It shows that the Cu tip can greatly affect the electrical field 

distribution. Within the area contact to Cu tip, the electrical field is much larger than that out of 

the tip region; and the electrical field is strongest around the CF front, which is represent in red 

colors in the Figure 5b. Figure 5c shows the electric field distribution along the x-direction as a 

function of the size of active electrode. In the device with a smaller active electrode, electrical 

field affects narrower range of oxide electrolyte. But the electrical field at the central location is 

higher due to the curvature-induced effect of electrical filed concentration. Using the simulated 

electrical field distribution E(x), we can calculate the total volume of the CF at time t. Because 

the CF is in the shape of a cylinder or a cone, the diameter (𝜙𝜙) of the growing CF at time t can be 

estimated by 𝜙𝜙 ∝ �𝑄𝑄Δ𝑦𝑦,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, and the relationship between the CF size and the electrode size is 

obtained (black line in Figure 5d). The simulated line clearly shows that wider electrode will 

inject more ions and form wider CF. Because we have assumed that the CF evolution only 

occurs in the vertical direction from Cu towards W, the overall volume of the CF at SET 

switching can be viewed as a simple addition of the evolution volume at each time. Therefore, 

the size of the CF in an LRS device still exhibits a strong electrode-size-dependent trend, which 

is in good agreement with our in-situ experimental observation results, as compared between 

simulated black line and experimental data marked by blue stars in Figure 5d.  
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Conclusion 

    In summary, we observe the CF formation and dissolution processes in SiO2-electrotlye-based 

CBRAM devices using in-situ TEM. Active electrodes with different sizes are used to investigate 

the size-dependent effects on the CF dimension. Our experimental results show that the shape, 

dimension and LRS retention of the CF is closely related to the active electrode size. With 

smaller active electrodes, due to the limited ion supply and high surface energy the ion clusters, 

the CF is thin and in the shape of discrete clusters. With larger electrodes, sufficient ion injection 

and lower surface energy result in a wide and continuous CF. This work provides a more 

complete understanding of the size parameters of the switching behavior, which may serve as a 

guide to improve the CBRAM performances, such as device scalability and reliability, etc. 

Methods 

Fabrication of CBRAM devices: We used a vertical-stacked memory structure of Cu/SiO2/W in 

this study. The process started on a substrate of cleaned Si wafer with 300-nm-thick thermal 

grown SiO2 as the isolation layer. First, an 85-nm-thick W layer was deposited as the bottom 

electrode (BE) by DC magnetron sputtering, and then the switching layer SiO2 with the thickness 

of about ~30 nm was deposited by RF sputtering using a SiO2 target in the mixed ambient of Ar 

and O2. A 70-nm-thick Cu layer was deposited by DC magnetron sputtering and worked as top 

electrode (TE).  

Ex-situ electrical measurements: Cu film was patterned into circular TEs with the diameter of 

200 μm to characterize the Cu/SiO2/W CBRAM devices. Cu TE was connected to a DC bias 

while W BE was grounded. The electrical measurement was performed by a Keithley 4200 

semiconductor analyzer. 

Preparation of the TEM specimen: The TEM specimens with the structure of SiO2/W were 

prepared for the in-situ observation. The thicknesses of the SiO2 and W layers were ~30 and 85 

nm, respectively. The cross-sectional samples were made by a conventional method including 

cutting into 1 mm × 5 mm die, mechanical thinning and fixing onto a commercial TEM holder 

(NanofactoryTM STM holder). 
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In-situ TEM measurements: The in-situ TEM experiments were performed in a Jeol JEM-2100F 

microscope. The Cu tip was prepared through electrochemical corrosion in KOH solution The 

Cu tip was contacted to SiO2 film, acting as the movable active electrode of the CBRAM device. 

Electrical measurements were carried out by applying voltage to the movable probes with a 

Keithley 2400 analyzer and grounding the W BE via the holder. Images and videos were 

recorded by a CCD camera (2 frames/s).  
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Table 1 Parameters and constants used in COMSOL simulation 36, 39 

Parameters/ Constant Values 

𝒂𝒂𝒉𝒉, ∆𝒚𝒚 1 nm 

𝒇𝒇  1013 Hz 

𝑬𝑬𝑨𝑨,𝒉𝒉𝒉𝒉𝒉𝒉  1.2 eV 

𝑬𝑬𝑨𝑨  0.5 eV 

𝜶𝜶, 𝜷𝜷 0.5 

T 298 K 

Z 2 

q 1.602 × 10-16 C 

k 1.38 × 10-23 J/K 
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Figure 1. (a) The schematic of the in-situ TEM system set-up. (b) The in-situ I-V switching 

curve of the device with the arrows showing the voltage sweep direction. (c) The TEM image of 

the device in LRS and the CF is highlighted with red dash lines. The CF is in shape of inverted-

cone comprising of a series of nanoclusters. (d) The TEM image of the same device after RESET 

operation to HRS with some residual Cu nanoclusters at the Cu/SiO2 interface. (e) EDX analysis 

of the TEM specimen conducted at the LRS, and HRS, respectively. The EDX spectra were 

sequentially obtained at the CF region, which confirms the composition of the CF is Cu.  
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Figure 2. In-situ I-V curves at two sites of the same device with small active electrodes and the 

corresponding TEM images of the size-variable CF growth dynamics. The diameters of the Cu 

tip electrode and the CF are (a) 30 and 8 nm, and (b) 60 and 20 nm, respectively. (c) Schematic 

of the starting state with no bias of the device with small active electrode. (d) Schematic of the 

Cu cluster migration and CF growth in SET process. (e) Schematic of a thin and discrete-cluster-

shaped CF grown in the device. 
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Figure 3. In-situ I-V curves of the same device with large active electrodes and the 

corresponding TEM images of the size-variable CF growth dynamics. The diameters of the Cu 

tip electrode and the CF are (a) 68 and 25 nm, and (b) 210 and 70 nm, respectively. (c) 

Schematic of the starting state with no bias of the device with large active electrode. (d) 

Schematic of the Cu migration and CF growth in SET process. (e) Schematic of a wide and 

continuous CF grown in the device. 
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Figure 4. CF size dependence of active electrode size. Results of this work (red stars) are 

compared with literature works. The slope of the fitted line is 0.35. 
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Figure 5. (a) Simulated geometry used in calculation. The axisymmetric geometry reduces the 

problem from three dimensions to two dimensions. (b) The simulation results of electrical field 

distributions in CBRAM devices with different active electrode size. A CF nucleus with 5 nm 

height is assumed to have already grown in each device. +5 V bias is applied to the active 

electrode (at bottom) in the simulations. The simulation tool is COMSOL software. (c) The 

electrical field distribution along the x-direction in CBRAM devices with different active 

electrode (Cu tip) size. (d) The simulation results of CF size as a function of electrode size, 

compared with TEM-observed results, which shows a good agreement. 
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