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 ABSTRACT 

Crossbar array provides a cost-effective approach for achieving high-density 

integration of two-terminal functional devices. However, the “sneaking current

problem”, which can lead to read failure, is a severe challenge in crossbar

arrays. To inhibit the sneaking current from unselected cells, the integration of

individual selection devices is necessary. In this work, we report a novel

TaOx-based selector exhibiting a trapezoidal band structure formed by tuning 

the concentration of defects in the oxide. Salient features such as a high current

density (1 MA·cm–2), high selectivity (5 × 104), low off-state current (~10 pA), robust

endurance (>1010), self-compliance, and excellent uniformity were successfully 

achieved. The integrated one-selector one-resistor (1S1R) device exhibits high 

nonlinearity in the low resistance state (LRS), which is quite effective in solving

the sneaking current issue. 

 
 

1 Introduction 

A passive crossbar array is a fundamental structure 

widely utilized for high-density storage [1–7], recon-

figurable nonvolatile logic [8–12], and neuromorphic 

computing [13–16] applications. It is a sensible 

architecture suitable for two-terminal functional devices 

such as an atomic switch device [17, 18], phase 

change memory [19, 20], spin transfer torque device 

[21, 22], and CNT-based switching elements [23, 24] 

to achieve high-density integration with the smallest 

planar footprint and can possibly be stacked in three 

dimensions. However, the “sneaking current issue” 

caused by leakage from undesignated cells in a crossbar 
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array is a key problem, as illustrated in Fig. 1(a), 

which leads to read/write disturbance in memory 

operation and inaccuracy in logic computation.  

To overcome this, integration of a two-terminal 

selection device exhibiting a high nonlinearity at each 

crosspoint node is necessary for configuring a one- 

selector one-resistor (1S1R) cell. The sneak current could 

thus be greatly alleviated due to the nonlinearity 

achieved with the selector device (Fig. 1(b)). Several 

functional materials such as perovskite ferroelectrics 

[25], doped oxide [26], mixed ionic electron conduction 

material [27], metal-insulator transition material [28, 29], 

and Schottky emission stacks [30, 31] have been 

investigated to configure a selector device. Some 

selection devices based on ion movement or local phase 

change [25–29] were examined, which provided an 

extremely high nonlinearity (>107), high on-current 

density (>107 A·cm–2), and good scability. However, 

these devices exhibit a large variation in the threshold 

switching voltage, resulting in a limited voltage 

window for reading. As shown in Fig. S1 (in the 

Electronic Supplementary Material (ESM)), the read 

voltage window is highly dependent on the threshold 

switching voltage range (ΔV = Vth-max – Vth-min ). The 

minimum criterion of ΔV < Vth-min should be satisfied 

in order to guarantee a successful read operation in 

the case of the commonly used V/2 bias configuration. 

The line resistance makes the situation even worse 

(Fig. S2 in the ESM). On the contrary, Schottky emission 

stacks exhibit better uniformity, because of pure electron 

conduction and the absence of ion movement or 

structure modification occurring during the operation 

[30, 31]. However, the nonlinearity and on current 

density of the interface type selector are not as satisfying 

as that of a filamentary type device. Thus, the design 

of an ingenious selection device exhibiting both high 

uniformity and high nonlinearity is important.     

In this study, a high performance selector device  

is proposed by employing the concept of trapezoidal 

barrier in order to achieve high uniformity and 

nonlinearity. Based on theoretical calculations, the 

trapezoidal band structure provides a higher nonlinearity 

as compared to the square band structure or crested 

band structure (with the barrier height peaking in the 

middle and decreasing in both ways). In order to 

create such a trapezoidal barrier, dynamical tuning  

of the concentration of defects in an oxide was 

employed as an effective method. Using TaOx with a 

gradient oxygen concentration, a selection device with 

a trapezoidal band exhibiting a large on-current density 

(~1 MA·cm–2), high nonlinearity (>5 × 104), and extremely 

low parameter deviation was obtained, which achieved 

better combination performance than other reported 

selection devices such as VO2 [28], triple layer device 

 

Figure 1 Conduction band diagrams of various tunnel barriers. (a) Sneak current in a crossbar array consisting of only memory cells 
and (b) without sneak current in a crossbar array with the 1S1R structure. (c) Typical uniform barrier, (d) idealized crested symmetric
barrier, and (e) idealized trapezoidal energy barrier. 
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with a crested [31] band structure, and NbOx [29]. 

The successful suppression of the leakage current 

was confirmed by measuring the fabricated 1S1R cell, 

suggesting that our novel selection device could open 

up a new pathway for realizing high-density three- 

dimensional (3D) resistive random access memory 

(RRAM) storage. 

2 Experimental 

W plug with a diameter of 1 μm subjected to chemical- 

mechanical planarization (CMP) was used as the 

bottom electrode (BE). Ta (8 nm) was deposited on 

the top of the W plug by magnetron sputtering at 

room temperature. A TaOx layer was formed by rapid 

thermal annealing (RTA) carried out for 300 s in 

plasma O2 by plasma enhanced chemical vapor 

deposition (PECVD) at 400 °C. Direct oxygen plasma 

with a power of 100 W was applied on the Ta film. 

After RTA, a Ru top electrode (TE) was deposited by 

sputtering at room temperature, followed by carrying 

out a lift-off process. The cell size was same as the 

superficial area of the W plug. 

3 Results and discussion 

The results of the theoretical calculations examining 

the maximum barrier height (Umax) in various tunnel 

barriers are shown in Figs. 1(c)–1(e). As compared 

with a uniform barrier, the highest part of the crested 

barrier (in the middle) is pulled down by the electric 

filed more quickly (Umax(V) = Umax(0) – eV/2), while 

Umax(V) in the trapezoidal energy barrier changes 

faster (Umax(V) = Umax(0) – eV) than that in the crested 

barrier. Therefore, both the tunneling current and 

thermionic emission current can be significantly 

increased on applying an electric field in the trapezoidal 

energy barrier [32, 33]. This is helpful in designing a 

selection device with a high nonlinearity.  

The implementation of a trapezoidal energy barrier 

was employed in composite semiconductors, where 

the barrier shaping could be achieved either by 

modulation doping [34] or by gradually changing  

the layer composition during epitaxy [33]. Another 

traditional method to form a trapezoidal energy barrier 

is to form ‘‘staircase’’ potential patterns, which requires  

complex fabrication processes [32]. Here, we propose 

a more favorable method to create the trapezoidal 

barrier by tuning the concentration of defects in 

oxides. In the oxidation process, plasma O2 is directly 

applied on the surface of the Ta film continuously at 

400 °C. This resulted in the production of a completely 

oxidative Ta surface. Under the surface, Ta cannot be 

in contact with O2 directly. However, oxygen transfer 

from the surface to the interior of Ta film occurs, 

leading to a decrease of the oxygen. After annealing 

for a reasonable time (300 s), a gradient oxygen 

deficiency was achieved, as indicated in the cross- 

sectional transmission electron microscopy (TEM) image 

shown in Fig. 2(a) and the schematic in Fig. 2(b). 

Figure 2(c) shows the in-depth X-ray photoelectron 

spectroscopy (XPS) profile of TaOx, indicating that 

the maximum intensity of oxygen peaks is present on 

the surface and the intensity gradually decreases 

towards the interior (Fig. 2(c)). The binding energy 

spectrum of the Ta 4f peaks is shown in Fig. 2(d). The 

feature peaks of 4f7/2 and 4f5/2 peaks of Ta5+ are located 

at 26.8 and 28.7 eV, respectively, and those of Ta0 are 

located at 22.3 and 24.2 eV, respectively. On moving 

from the surface to the interior, the intensity of Ta5+ 

peaks decreases, whereas that of the Ta0 peaks increases, 

indicating a gradient oxygen deficiency across TaOx. 

The in-depth spectrum of the O 1s peaks shown    

in Fig. 2(e) further reinforces this observation. The  

band gap of TaOx is highly dependent on the oxygen 

concentration, as revealed from the first-principles 

calculation results given in Fig. S3 in the ESM. Although 

the calculated band gap of TaOx is lower than that 

obtained experimentally as previously reported in 

literature, it could be mainly caused due to the under 

estimation of the conduction band state energy in 

calculations. Thus, by creating a TaOx system with a 

gradient oxygen concentration, the trapezoidal energy 

barrier with different barrier heights of qФ2 and qФ1 

at the bottom and top interfaces could be successfully 

realized.  

Figure 3(a) shows a typical I–V curve of the 

Ru/TaOx/W selection device. Nonlinearity as high as 

5 × 104 at 0.75 and 1.5 V, a high on-current density of 

> 1 MA·cm–2 (Fig. S4 in the ESM), and low leakage 

current in the pA range were achieved. The high 

performance and the asymmetric I–V curve of the 

selection device can be attributed to the thermionic 
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emission and tunneling emission achieved with the 

trapezoidal barrier model, as shown in Figs. 3(b) and 

3(c). In this model, JTN and JTE are the net tunneling 

current density and thermionic emission current density, 

respectively. Considering that qФ2 at the bottom 

interface is lower, thermionic emission is assumed to 

contribute to the electron transport associated with 

tunneling emission. In the case of a large positive bias, 

thermionic emission should be the dominant factor in 

electron conduction. To confirm this hypothesis, I–V  

 

Figure 2 Trapezoidal band formation of the Ru/TaOx/W structure. (a) The cross-sectional TEM image of the selector device. 
(b) Schematic illustration of concepts for the selector. (c) XPS depth-profile of the TaOx/W stacks. (d) and (e) XPS spectra of the TaOx

film showing Ta and O peaks. (f) The band diagram of the Ru/TaOx/W structure. 

 

Figure 3 (a) Typical I–V curves of the selector device. (b) and (c) Schematic band diagram of the Ru/TaOx/W structure under positive 
and negative bias conditions. (d) lnI vs. (V – ΔΦ)1/2 at different temperatures. (e) ln(I/V2) vs. 1/V at different temperatures. 
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characteristics of the device were measured at different 

temperatures ranging from 303 to 383 K. The plot of 

lnI vs. (V–ΔФ)1/2 in the voltage range of 1.75 to 2.5 V 

shown in Fig. 3(d) reveals a linear relationship at 

different temperatures that can be fitted well with the 

Simmons thermionic emission model [35, 36]. As the 

voltage applied on the positive side increases, the 

highest part of the energy band decreases sharply, 

leading to the increase of the tunneling current   

and thermionic emission current with a steep slope. 

Therefore, a high nonlinearity and high current 

density could be achieved at positive bias (Fig. 3(a)). 

Figure 3(c) shows the conduction mechanism of the 

device at negative bias. Because of the high energy 

barrier qФ1, thermionic emission can be ignored and 

the electron transport is controlled by tunneling. In 

the negative region, as the voltage increases, the highest 

part of the energy barrier remains as qФ1, resulting  

in a higher turn-on voltage than that observed in the 

positive side (Fig. 3(a)). Figure 3(e) shows the relation 

of ln(I/V2) vs. 1/V at different temperatures, indicating 

the tunneling emission to be the dominant current 

mechanism at the negative bias region. This trapezoidal 

barrier model provides a guide for further device 

optimization. 

To evaluate the uniformity of the selection device, 

a direct current (DC) cycling test was performed. 

Figure 4 shows the statistics indicating the uniformity 

achieved for different cycles and different devices. As 

shown in Fig. 4(a), each I–V curve almost overlaps 

after 103 successive DC cycles. The switching voltage 

is defined as the voltage at which the current reaches 

10 nA. The probability of the turn-on voltage for 1,000 

cycles is shown in Fig. 4(b). Excellent uniformity was 

achieved with an ultralow σ value of 0.01382 (σ is a 

parameter of the Gaussian distribution). Figures 4(c) 

and 4(d) show the statistics of the current at VREAD 

and 1/2VREAD values indicating a negligible standard 

deviation. To evaluate the device-to-device uniformity, 

20 random devices were tested, and the corresponding 

I–V curves are plotted in Fig. S4 in the ESM. Figure 4(e) 

shows the cumulative probability of current at VREAD 

and 1/2VREAD in different devices, revealing excellent 

device-to-device uniformity. Furthermore, an ultralow 

standard deviation of the turn-on voltage values in 

different devices was achieved (Fig. 4(f)). Figure S5 in 

the ESM suggests that the Ru/TaOx/W stack exhibits 

excellent reliability, making the selection device useful 

Figure 4 (a) 1,000 consecutive DC cycles of the selector device. (b) Cumulative probability of the turn-on voltage for 1,000 cycles. 
(c) Current statistics at 1.5 V. (d) Current statistics at 0.75 V. (e) Cumulative probability of current at VREAD and 1/2VREAD for different 
devices, demonstrating excellent device to device uniformity. (f) Cumulative probability of the turn-on voltage for 20 different devices.
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for different applications. To confirm the large-scale 

feasibility, the selector device in 1 Kb cross-point array 

was fabricated and characterized (Fig. S6 in the ESM). 

A sufficient selectivity of ~103 with excellent uniformity 

was achieved. 

To evaluate the effectiveness of the proposed 

selection device in suppressing the sneaking current 

in the crossbar array, we integrated the TaOx selector 

with a Cu/HfO2/Pt RRAM device by externally 

connecting to configure a 1S1R cell. Details of the 

fabrication process of the RRAM devices have been 

described elsewhere [37]. I–V curves of the 1S1R and 

1R are shown in Fig. 5(a). The set voltage of the 1S1R 

device is <4 V and the reset voltage is <–5 V, which is 

much lower than that of a traditional flash memory. 

Hence, this operation voltage is acceptable for practical 

applications, which is comparable with the selector 

device with uniform barriers [30] and crested barriers 

[31]. The low resistance state (LRS) of the 1R device 

gives a linear I–V curve, whereas a nonlinearity of ~104 

was achieved (1.8 V as VREAD and 0.9 V as 1/2VREAD). 

Owing to the high uniformity of the selection device, 

the read region of the 1S1R structure corresponds to  

a wide range of 1.2–3.8 V (limited by the set voltage). 

As shown in Fig. 5(b), the nonlinear ratio depends on 

the read voltage. The read region for a nonlinearity of 

>103 is wide, from 1.2 to 2.4 V. Figure 5(c) shows the 

retention characteristics of the 1S1R device, indicating 

that negligible degradation of resistance is observed 

after 104 s thermal stress at 85 °C. To estimate the 

maximum array size of the 1S1R device, the read 

margin was calculated by considering a worst condition 

(V scheme with all the unselected devices at LRS) in 

an array (Fig. S7 in the ESM). Parameters for calculating 

the read margin were extracted from the I–V data   

of the 1S1R devices. As shown in Fig. 5(d), the read 

margin of the 1S1R structure was improved, as 

compared with the 1R structure. These results strongly 

suggest that the novel selection device could open up 

great opportunities to realize high-density 3D RRAM 

storage. 

4 Conclusions  

In summary, we demonstrated a highly uniform and 

nonlinear selection device by forming a trapezoidal 

 

Figure 5 (a) Comparison of the I–V curves of the 1S1R and 1R. Up to a nonlinearity of 104 was achieved at LRS of the 1S1R structure.
(b) Nonlinearity with different read voltages. (c) Retention characteristics of the 1S1R device at 85 °C. (d) Calculated read margin of the 
1S1R devices under the worst condition. 
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energy barrier for high-density integration of two- 

terminal memory devices. To obtain a trapezoidal 

energy band, tuning of the concentration of defects 

in an oxide is proposed as a method, which offers  

a higher maximal barrier and simpler technological 

process as compared with the traditional method. 

Outstanding features such as a high nonlinearity, low 

off-state current, robust endurance, high uniformity, 

self-compliance, and excellent metal oxide semi-

conductor (CMOS) compatibility were achieved. 

Furthermore, the examination of the 1S1R device 

confirmed the feasibility of the formation of a selection 

device, suggesting that the Ru/TaOx/W structure has 

a high potential in the large-scale manufacturing of 

crossbar arrays.  
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