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l Ta/TaOx/Ru device with both
nonlinear selector and resistive switching behaviors

Rui Wang,ab Tuo Shi,*abd Xumeng Zhang,ac Zuheng Wuab and Qi Liu abc

In this work, we demonstrate that a Ta/TaOx/Ru device can act as both a highly uniform and nonlinear

selection device and a stable resistive switching device, respectively, by controlling the voltage applied to

the Ta electrode. As a selection device, it shows high selectivity (103), high current density (25 kA cm�2),

very low variation, and good endurance. The non-linear performance of the device may be attributed to

a trapezoidal band structure modulated by the concentration gradient of oxygen vacancies.

Furthermore, with a large voltage bias on the Ta electrode, a repeatable and stable resistive switching

behavior was observed, which could be attributed to the formation of conductive filaments probably

composed of Ta metal and oxygen vacancies. This research deepens the understanding of the

mechanism of Ta/TaOx devices, and provides a potential solution for large-scale memristor arrays.
Introduction

The memristor has been recognized to be a promising candi-
date for non-volatile memory due to a simple metal/insulator/
metal (MIM) structure, fast speed, low power consumption
and high integration density.1–3 The crossbar array architecture
is a very effective and simple means to achieve high-density
integration with a small memory-cell size of &4F2.4,5 Due to
the direct accomplishment of dot products through Ohm's and
Kirchhoff's laws, the memristor crossbar arrays are very suitable
for some specic applications, for example, neuromorphic
computing systems.6–11 However, the array size in state-of-the-
art memristor-based neuromorphic computing is small,
limiting the practical applications of memristive computing
systems. To achieve large-scale arrays, a stable and uniform
resistive switching device is a basic requirement.12 Moreover,
sneak path issue is a severe challenge caused by the leakage
current from undesignated cells in an array, which causes
a limitation of array size and read/write errors. To overcome the
sneak path issue, selection devices (selector) such as diode,13

threshold switching device,14–20 tunnelling device21–24 are
proposed in series with the memristor device for conguring
a one selector one resistor (1S1R) architecture. Ta/TaOx is
a widely accepted material system for resistive switching
devices. The memristors based on Ta/TaOx system shows
excellent electrical characteristics, such as high endurance
(more than 1011), fast speed (10 ns), low switching energy (sub
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110 nJ), analogue switching.25–28 And the non-linear selector
devices based on TaOx have been reported before.29–31 However,
a single device based on Ta/TaOx system with coexistence of
stable resistive switching and uniform non-linear selection has
not yet been reported and a clear physical explanation of this
mechanism is still lacking.

In this work, we investigate the coexistence of non-linear
selection and resistive switching behaviors in Ta/TaOx/Ru
device. The device shows uniform selection feature with a 103

nonlinearity, 25 kA cm�2 ON-current density, fast speed, very
low variation, and good endurance. The successful depression
of the leaky current and increment of nonlinearity was
conrmed by measuring the integrated 1S1R cell. Moreover,
aer applying a large bias on the Ta electrode, the device shows
stable resistive switching feature. We presented a simple model
to explain this phenomenon. The non-linear selection behavior
may be attributed to a trapezoidal band structure modulated by
the oxygen concentration gradient in the TaOx layer formed in
oxidation process of the Ta bottom electrode. And conductive
laments of probably Ta metals and oxygen vacancies formed
under a large bias in the TaOx layer cause the bipolar resistive
switching behavior. The coexistence of non-linear selection
behavior and resistive switching behavior in a single device
deepens our understandings of the Ta/TaOx material system,
provides the exibility to control the device for its intended use,
and paves the way for further large-scale integration.
Experiments

The Ta/TaOx/Ru device with crossbar structure was fabricated. A
schematic of the device structure and SEM image of the device
are shown in the Fig. 1, and the inset of Fig. 1(a) shows the
process ow. Initially, a 30 nm thick Ta layer as bottom
RSC Adv., 2021, 11, 18241–18245 | 18241
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Fig. 1 (a) Schematic diagram of the devices and the process flow of
the devices. (b) I–V characteristics of the Ta/TaOx/Ru device as
selector plotted in semi-log scale and linear scale (inset). Inset: SEM
image of the Ta/TaOx/Ru device. (Oxidation parameters: 300 �C,
300 s.)
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electrode was deposited on the SiO2/Si substrate through
magnetron sputtering at room temperature. Secondly, the
bottom electrode was patterned by Inductively Coupled Plasma
(ICP) etching using C3F8 and Ar at 100 W with 100 s aer the
photolithography process. Subsequently, a TaOx layer was
formed by rapid thermal annealing (RTA) (300 s, O2 ow: 100
sccm) in plasma O2 at 300 �C. Direct oxygen plasma with
a power of 100 W was applied on the Ta lm. Finally, 40 nm Ru
as the top electrode was deposited by magnetron sputtering
followed by subsequent photolithography and li-off processes.
The direct current (DC) electrical characteristics of the device
were measured by Agilent B1500A semiconductor parameter
analyser. For pulse measurement, the pulse signals are applied
by the WGFMU in B1500A analyser. And all the electrical char-
acteristics were measured at room temperature. The size of the
electrically tested devices is 2 mm � 2 mm. During the electrical
measurement, the voltage was applied to the top Ru electrode,
while the Ta bottom electrode was tied to ground.
Fig. 2 (a) Cumulative probability of the turn-on voltage for 120 cycles.
(b) Cumulative probability of the turn-on voltage for 6 different devices
with 20 cycles. (c) The current at Vread (1.5 V) and 1/2Vread (0.75 V) for
120 cycles. (d) I–V curves of the 1S1R cell for 100 cycles. (Inset: the
structure of 1S1R cell.)
Result and discussion

Typical I–V curves of the Ta/TaOx/Ru device tested by DC with
100 cycles and plotted in semi-log scale and linear scale are
shown in Fig. 1(b). The I–V curves are overlapped with each
other and only show very slight variations, indicating excellent
cycle-to-cycle uniformity. The positive current is larger than 1
mA with a larger voltage as shown in the inset of Fig. 1(b), which
means a high on-current density of 25 kA cm�2. The non-
linearity (NL) is dened as NL ¼ IVread/I1/2Vread.32 The NL of the
18242 | RSC Adv., 2021, 11, 18241–18245
device is up to 103 between 0.75 V and 1.5 V. The statistics are
performed to further explored the uniformity of our device, as
shown in Fig. 2(a). The states are dened as ON state when the
current is upon 10 nA and dened as OFF state when the current
is below 10 nA. Fig. 2(a) shows the probability of the turn-on
voltage for one device with 120 cycles. The standard deviation
is only 0.0204 V. To study the device-to-device uniformity of our
selector, the probabilities of the turn on voltage for 6 different
devices with 20 cycles are shown in Fig. 2(b), in which the
standard deviation is only 0.039 V. The currents at Vread, 1/
2Vread, also show a negligible deviation aer 120 cycles as shown
in Fig. 2(c), which implies that our devices have stable electrical
characteristics and excellent uniformity. The NL of the device is
maintaining at 103 between 0.75 V and 1.5 V for 120 cycles,
which suggests good ability of our devices to suppress the leaky
current at low bias and can help to overcome sneak path issues
in a large array. Consequently, the devices have very good
device-to-device and cycle-to-cycle uniformity and is a great
candidate to be used as a selector in crossbar arrays to overcome
sneak path issue. The mechanism of non-linear selection
feature of our device will be discussed in detail later in the
mechanism part. Furthermore, to investigate the effectiveness
of the selector in 1S1R structure, a Ta/HfO2/Pd (30 nm/5 nm/30
nm) resistive switching device was integrated with the Ta/TaOx/
Ru selection device to congure a 1S1R cell, as shown in the
inset of Fig. 2(d). It is worth noting that the Ta/HfO2/Pd device
only needs 1 mA compliance current during SET process which
is low enough to avoid breakdown of the Ta/TaOx/Ru selector.
Typical I–V curves of a single Ta/HfO2/Pd resistive switching
device and 100 switching cycles of the integrated 1S1R cell are
shown in the Fig. 2(d). The current of LRS was limited by the
selector device. As shown in Fig. 2(d), nearly 103 NL (Vread ¼
1.5 V, 1/2Vread ¼ 0.75 V) can be achieved in the integrated 1S1R
cell, which signicantly reduced half-selected cells' leakage
current.27,33
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Pulse operation of the device, the device shows fast switching
speed. In SET process the switching speed is nearly 50 ns and in RESET
process the switching speed is blow 150 ns.
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Besides the non-linear selection, our device also shows
uniform resistive switching characteristics. As shown in
Fig. 3(a), when increasing the negative bias on the Ru electrode
beyond �4 V, a forming process and subsequently stable
resistive switching behavior can be observed. The I–V curves of
typical bipolar switching for 150 cycles with 100 mA compliance
current at SET process are shown in Fig. 3(a). The SET voltages
are at around �1.5 V and the RESET voltages are around 2 V.
The stable resistive switching behavior of the device is
demonstrated by a 200 cycle endurance test, as shown in
Fig. 3(b). And the cumulative probabilities of the conductance at
LRS andHRS for one device in 200 switching cycles are shown in
the Fig. 3(c) with 0.2 V reading voltage. The Ron/Roff ratio are
beyond 100 with good uniformity. Fig. 3(d) shows that there is
no obvious degradation of the states aer 1000 s retention time
at room temperature. Besides the DC sweeping, a series of
pulses are applied to the device to prove that the device can be
operated at very high speed, as shown in Fig. 4. The device is at
HRS at rst. Then voltage pulse sequence consists of 0.2 V read
pulse, �3 V SET pulse, 0.2 V read pulse and 4 V RESET pulse are
applied to the Ru electrode. The pulse width and interval of
these pulse are all 1000 ns. When a programming pulse (SET or
RESET pulse) is applied on the device, the resistance state of the
device is switched. And the read pulse is used to monitor the
resistance changes. The speeds of both SET and RESET
processes are nearly 50 ns and 150 ns, respectively as shown in
the inset of Fig. 4. Based on these results, the device can be used
not only as a selector, but also as a memory with its uniform
non-volatile resistive switching behavior and high switching
speed.

Fig. 5 shows the proposed mechanism of non-linear selec-
tion and resistive switching behaviors of our devices. The
Fig. 3 (a) Forming process of the device with a larger negative bias and
the I–V curves of resistive switching after a lager negative forming for
150 cycles. (b) Resistive switching endurance test of 200 cycles. (c)
Cumulative probability of LRS and HRS of 200 cycles. (c) Retention
tests of the device at HRS and LRS. (d) Pulse operation of the device,
the device shows fast switching speed. In SET process the switching
speed is nearly 50 ns and in RESET process the switching speed is blow
150 ns.

© 2021 The Author(s). Published by the Royal Society of Chemistry
asymmetric non-linear behavior can be attributed to the
thermionic emission and tunnelling through a trapezoidal
barrier. The barrier height on each side can be obtained by the
work function of electrodes and TaOx electron affinity (c ¼ 3.3
eV)34. As shown in Fig. 5(a), the formation of trapezoidal barrier
(qF1 on Ta side, and qF2 on Ru side) originate in the work
function difference between different electrodes and concen-
tration gradient of oxygen caused by the oxidation process. As
the plasma O2 is applied on the surface, the surface of the Ta
bottom electrode is oxidized, however, the material under the
surface may not be fully oxidized. As a result, a concentration
gradient of oxygen may be achieved which leads to the forma-
tion of a trapezoidal barrier. Besides, due to the work function
of Ru (WRu ¼ 4.71 eV)35 is larger than Ta (WTa ¼ 4.23 eV),35 the
difference between barrier on Ru side (F2) and barrier on Ta
side (F1) is further increased. When a positive bias is applied on
Fig. 5 Schematic illustration of the mechanism of selection behavior
and resistive switching behavior of our devices. (a) and (b) Band
diagram of the device under positive and negative bias conditions. (c)
The initial distribution of the oxygen vacancy. (d) Conduction filament
formation after a large negative forming bias. The filament may rupture
(RESET) and re-form (SET) in the red dashed box area.

RSC Adv., 2021, 11, 18241–18245 | 18243
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the top electrode, both thermionic emission and tunnelling
contribute to the electronic conduction. As the voltage
increases, both tunnelling ux JTN and the thermionic emission
ux JTE increase, owing to the decrease of highest part (qF2) of
the energy band. Therefore, a high nonlinearity selection
behavior can be achieved at positive bias. When a negative bias
is applied, the tunnelling should be the dominant factor
because the highest part of the energy band will not change,
which cause the asymmetric I–V curves of the selection
behavior, as shown in Fig. 5(b).

As shown in Fig. 5(c), most oxygen vacancies are disturbed
on the Ta electrode side in the initial state. When a large bias is
applied on the Ta electrode, the resistive switching behavior can
be observed. Based on literature,36 both the Ta atoms and
oxygen vacancies formed by the oxidation process participated
in the resistive switching behavior. When a large forming bias is
applied on the Ta bottom electrode, the oxygen vacancies, and
Ta cations dri to the Ru top electrode. It has been demon-
strated that the mobility of Ta cations within the oxide layers is
comparable to that of the oxygen ions.37 As a result, oxygen
vacancy and Ta conductive laments are formed and switch the
device to LRS, as shown in Fig. 5(d). During the RESET process,
a negative bias is applied on the Ta electrode, the oxygen
vacancies and Ta cations are dri back towards the Ta electrode,
rupturing the conductive laments, as a result, the device is
switched from LRS to HRS. During the SET process, a positive
bias is applied on the Ta electrode, the laments are re-formed,
and the device is switched from HRS to LRS.

Conclusions

In conclusion, we investigate the coexistence of non-linear
selection and resistive switching characteristics in Ta/TaOx/Ru
device. The device can act as a uniform selector with 103

nonlinearity, 25 kA cm�2 current density, high uniformity and
its selection function is conrmed by a 1S1R integrated cell.
Meanwhile, a stable resistive switching behavior is also ach-
ieved. Besides, we provide a sample model to explain our device
behavior that the nonlinear selection behavior is attributed to
the trapezoidal barrier, and the resistive switching behavior is
mainly originated from the formation and rupture of the
conductive laments. These results may deepen our under-
standing for the Ta/TaOx material systems and provide guid-
ance for device optimalization and design.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the National Key R&D Program of
China under Grant No. 2018AAA0103300, the National Natural
Science Foundation of China (NSFC) under Grant No. 61804171,
the Regional Innovation and Development Joint Fund of NSFC
under Grant No. U20A20220, the Strategic Priority Research
Program of the Chinese Academy of Sciences under Grant
18244 | RSC Adv., 2021, 11, 18241–18245
XDB44000000, Major Scientic Research Project of Zhejiang
Lab (No. 2019KC0AD02), and Beijing Academy of Articial
Intelligence (BAAI).

Notes and references

1 D. B. Strukov, G. S. Snider, D. R. Stewart and R. S. Williams,
Nature, 2008, 453, 80–83.

2 R. Waser and M. Aono, Nanoscience And Technology: A
Collection of Reviews from Nature Journals, World Scientic,
2010, pp. 158–165.

3 T. Shi, R. Wang, Z. Wu, Y. Sun, J. An and Q. Liu, Small
Structures, 2021, 2000109.

4 S. Yasuda, K. Ohba, T. Mizuguchi, H. Sei, M. Shimuta,
K. Aratani, T. Shiimoto, T. Yamamoto, T. Sone,
S. Nonoguchi and J. Okuno, in 2017 Symposium on VLSI
Technology, 2017, pp. T30–T31.

5 C. Pan and A. Naeemi, IEEE Trans. Electron Devices, 2018, 65,
3214–3220.

6 Z. Wang, S. Joshi, S. Savel'ev, W. Song, R. Midya, Y. Li,
M. Rao, P. Yan, S. Asapu, Y. Zhuo and H. Jiang, Nat.
Electron., 2018, 1, 137–145.

7 P. M. Sheridan, F. Cai, C. Du, W. Ma, Z. Zhang and W. D. Lu,
Nat. Nanotechnol., 2017, 12, 784.

8 J. Li, Q. Duan, T. Zhang, M. Yin, X. Sun, Y. Cai, L. Li, Y. Yang
and R. Huang, RSC Adv., 2017, 7, 43132–43140.

9 L. Tu, S. Yuan, J. Xu, K. Yang, P. Wang, X. Cui, X. Zhang,
J. Wang, Y. Q. Zhan and L. R. Zheng, RSC Adv., 2018, 8,
26549–26553.

10 W. Wang, R. Wang, T. Shi, J. Wei, R. Cao, X. Zhao, Z. Wu,
X. Zhang, J. Lu, H. Xu and Q. Li, IEEE Electron Device Lett.,
2019, 40, 1407–1410.

11 Z. Wu, J. Lu, T. Shi, X. Zhao, X. Zhang, Y. Yang, F. Wu, Y. Li,
Q. Liu and M. Liu, Adv. Mater., 2020, 32, 2004398.

12 X. Li, B. Zhang, B. Wang, X. Xu, Y. Yang, S. Sun, Q. Cai, S. Hu,
X. An, M. Li and R. Huang, Sci. China Inf. Sci., 2019, 62, 1–7.

13 Q. Wu, C. Lu, H. Wang, J. Cao, G. Yang, J. Wang, Y. Gong,
X. Shi, X. Chuai, N. Lu and D. Geng, IEEE Electron Device
Lett., 2018, 40, 24–27.

14 Y. Wang, Z. Zhang, H. Li and L. Shi, J. Electron. Mater., 2019,
48, 517–525.

15 X. Zhao, J. Ma, X. Xiao, Q. Liu, L. Shao, D. Chen, S. Liu, J. Niu,
X. Zhang, Y. Wang and R. Cao, Adv. Mater., 2018, 30,
1705193.

16 X. Zhao, R. Wang, X. Xiao, C. Lu, F. Wu, R. Cao, C. Jiang and
Q. Liu, Sci. China Inf. Sci., 2018, 61, 1–8.

17 H. Abbas, Y. Abbas, G. Hassan, A. S. Sokolov, Y. R. Jeon,
B. Ku, C. J. Kang and C. Choi, Nanoscale, 2020, 12, 14120–
14134.

18 W. Wang, Z. Wu, T. Shi, Y. Wang, S. Liu, R. Cao, H. Xu, Q. Liu
and Q. Li, Sci. China: Phys., Mech. Astron., 2019, 62, 1–4.

19 R. Midya, Z. Wang, J. Zhang, S. E. Savel'ev, C. Li, M. Rao,
M. H. Jang, S. Joshi, H. Jiang, P. Lin and K. Norris, Adv.
Mater., 2017, 29, 1604457.

20 D. San Kim, J. E. Kim, Y. J. Gill, J. W. Park, Y. J. Jang,
Y. E. Kim, H. Choi, O. Kwon and G. Y. Yeom, RSC Adv.,
2020, 10, 36141–36146.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra02350k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
9:

39
:0

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
21 J. J. Huang, Y. M. Tseng, C. W. Hsu and T. H. Hou, IEEE
Electron Device Lett., 2011, 32, 1427–1429.

22 L. Zhang, B. Govoreanu, A. Redol, D. Crotti, H. Hody,
V. Paraschiv, S. Cosemans, C. Adelmann, T. Witters,
S. Clima and Y. Y. Chen, in 2014 IEEE International
Electron Devices Meeting, 2014, pp. 6–8.

23 B. Govoreanu, L. Zhang, D. Crotti, Y. S. Fan, V. Paraschiv,
H. Hody, T. Witters, J. Meersschaut, S. Clima, C. Adelmann
and M. Jurczak, in 2015 IEEE International Memory
Workshop (IMW), 2015, pp. 1–4.

24 B. J. Choi, J. Zhang, K. Norris, G. Gibson, K. M. Kim,
W. Jackson, M. X. M. Zhang, Z. Li, J. J. Yang and
R. S. Williams, Adv. Mater., 2016, 28, 356–362.

25 Y. Fang, T. Shi, X. Zhang, Z. Wu, J. An, J. Wei and J. Lu, Sci.
China: Phys., Mech. Astron., 2020, 63, 1–6.

26 M. J. Lee, C. B. Lee, D. Lee, S. R. Lee, M. Chang, J. H. Hur,
Y. B. Kim, C. J. Kim, D. H. Seo, S. Seo, U. I. Chung,
I. K. Yoo and K. Kim, Nat. Mater., 2011, 10, 625–630.

27 Y. Chen, Y. Yan, J. Wu, C. Wang, J. Y. Lin, J. S. Zhao and
C. S. Hwang, ACS Appl. Mater. Interfaces, 2020, 12, 10681–
10688.

28 R. Wang, T. Shi, X. Zhang, W. Wang, J. Wei, J. Lu, X. Zhao,
Z. Wu, R. Cao, S. Long and Q. Liu, Materials, 2018, 11, 2102.
© 2021 The Author(s). Published by the Royal Society of Chemistry
29 M. Wang, J. Zhou, Y. Yang, S. Gaba, M. Liu and W. D. Lu,
Nanoscale, 2015, 7, 4964–4970.

30 Q. Luo, X. Xu, H. Lv, T. Gong, S. Long, Q. Liu, H. Sun, L. Li,
N. Lu and M. Liu, in 2016 IEEE International Electron Devices
Meeting (IEDM), 2016, p. 11.7.

31 Q. Luo, X. Xu, H. Lv, T. Gong, S. Long, Q. Liu, L. Li and
M. Liu, Nano Res., 2017, 10, 3295–3302.

32 J. Zhou, K. H. Kim and W. Lu, IEEE Trans. Electron Devices,
2014, 61, 1369–1376.

33 W. Lee, J. Park, S. Kim, J. Woo, J. Shin, G. Choi, S. Park,
D. Lee, E. Cha, B. H. Lee and H. Hwang, ACS Nano, 2012,
6, 8166–8172.

34 J. Robertson and C. W. Chen, Appl. Phys. Lett., 1999, 74,
1168–1170.

35 H. B. Michaelson, J. Appl. Phys., 1977, 48, 4729–4733.
36 A. Wedig, M. Luebben, D. Y. Cho, M. Moors, K. Skaja,

V. Rana, T. Hasegawa, K. K. Adepalli, B. Yildiz, R. Waser
and I. Valov, Nat. Nanotechnol., 2016, 11, 67–74.
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