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A time-decay resistive switching memory using a 3D vertical Pt/Ta,O;_,/W device architecture is
demonstrated, in which horizontal W electrodes were fabricated, and vertical Pt electrodes was formed
at the sidewall after oxide was deposited. Unlike conventional resistive switching, which usually

form a conductive filament connect two electrodes, a weak conductive filament was formed from
bottom electrode W to near top electrode Pt. The memory can be recovered with a time scale when

the electrical stimulation is removed. However, different decay behaviors were observed in one decay
curve, including rapid decay and slow decay processes. This can be a good simulation of different stages
of forgetting. By a combination of the current decay fitting and the conductive analysis, the rapid decay
and slow decay processes correspond to ion diffusion and electron detrapping, respectively.

The ultimate scaling down of the CMOS architecture of modern von-Neumann computer has been plagued by a
step known as the von-Neumann bottleneck both with more energy and space consumption. This would require
the development of “next-generation” nanodevices have unique functions and characteristics'.

Nanoionic devices are some of the most promising candidates for next generation memory and logic devices
because of novel characteristics such as their small size, low power consumption and the non-volatility*”’. The
development of nanoionic devices opened up new applications such as neuromorphic circuits and adaptive sys-

© tem that can mimic efficient artificial neural network in which logic circuits dynamically reconfigure in response
to inputs®'6. The focus is the implementation of neuroplasticity. In this process, one core is a time decay switch
with variable decay time is for the implementation of training process. Among various materials suitable for
application in nanoionic devices, Ta,05 are promising material for neuromorphic circuits because of their high
compatibility with the CMOS fabrication processes.

For Ta,Os, many reports have connected resistive switching in Pt/TaO, junctions in a negative potential apply-
ing to Pt with changes in the oxygen stoichiometry within a thin interfacial dead layer, corresponding to an
electron depletion layer caused by the formation of a Schottky barrier. It has showed superior switching speed
(sub-nanosecond) and switching endurance (up to 10'2)17-2°, The resistive switching in Pt/Ta,O5 junctions in a
forward potential applying to Pt such as widespread reports in Pt/doped-SrTiO5?!-** was few reports. However, a
time-decay resistive switching showed such as in Pt/doped-SrTiO; junctions is much desired for the implemen-
tation of neuroplasticity.

In this work, Pt/Ta,O5_,/W structured devices were investigated in a vertical architecture that is much desired
in high density integration?*-*°, which makes the hardware implementation of neuromorphic networks with a
comparable number of devices as human’s synapse number possible, and resistive switching properties in Pt/
Ta,Os5 junctions in a forward potential applying to Pt was discovered. Unlike conventional resistive switching in
other resistive switching devices®!, the device in this work did not need a forming process and the resistive switch-
ing is recoverable. The switching time from the ON state to the OFF state can be controlled by the compliance
current. Unconventional decay behaviors were observed in one decay curve, including rapid decay and slow decay
processes, when the electrical stimulation is removed in the device. This can be a good simulation of different
stages of forgetting. By a combination of the current decay fitting and the conductive analysis, the rapid decay and
slow decay processes correspond to ion diffusion and electron detrapping, respectively.
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Figure 1. (a) Scanning electron microscope image of the 3D W electrodes fabricated by ICP-RIE. (b) Scanning
electron microscope close-up image of an individual 3D W electrode slide-wall. (c) Schematic image of a 3D
vertical device Cross-section after fabricating Ta,O; and top electrode Pt.

Results and Discussion
In order to achieve a 3D vertical architecture, we introduced an Inductive Coupled Plasma-Reactive Ion Etching
(ICP-RIE) process when fabricating the sidewall of a multi-layer of W, SiO,, W, to which Ta,Os, then Pt was
deposited. Figure 1a shows a scanning electron microscope (SEM) image of the 3D vertical W electrodes fabri-
cated by ICP-RIE. Figure 1b shows the close-up image of an individual 3D W electrode slide-wall. The dry-etched
region showes a clean interface. Figure 1c shows a schematic image of the 3D vertical device taken after the
Ta,0;_, layer formation. The W electrodes of the cells were grounded in all electrical measurements. In DC
measurements, the sweep speed is 50mV s

The switching characteristics of a 3D Pt/Ta,O;_,/W cell are shown in Fig. 2. For a pristine cell, when applied
a negative potential to the Pt electrode, no apparent resistive switching occurs, as shown in Fig. 2a. After that,
the resistance at a large potential could be initiated to a higher resistance state by applying a positive sweep. The
devices retained their higher resistance state after a week later at room temperature without any degradation.
However, at the initial stage, when applied a positive potential to the Pt electrode, an apparent resistive switching
occurs as shown in Fig. 2b. In the measurement, current compliance was set at 50 uA. The voltage for the first
set operation is no obvious difference than the subsequent normal set switching, suggesting that no dramatic
electroforming is required for the device operation. The voltages were applied on the Pt electrode. Then, a reverse
potential reset the cell to high resistance state (HRS). The process is similar to a common bipolar set/reset switch.
However, interestingly, after the set operation, the resistance could be triggered to HRS if applying a larger for-
ward sweep potential, as shown in Fig. 2b (blue line). The mechanism should be different from unipolar resistive
switch, in which the resistance state is same or smaller than the initial resistance state after reset. The process can
be explained as follow,

Ta,05_x + xO — Ta,0O, (1)

The large forward reset potential caused a growth of the Schottky barriers height and an increase of the deple-
tion layer thickness at the Pt/Ta,O; interface by forming non oxygen vacancy doped layer of Ta,Os. However, a
larger forward sweep potential about 4 V will form Ta,0; and then destroy the Schottky barrier at the Pt/Ta,05
interface, setting the cell to low resistance state (LRS) as shown in Fig. 2e. Figure 2c and d show the repeated
bipolar set/reset cycles, where the current compliance was set at 50 pA. In the measurements, on/off ratio was
approximately two orders of magnitude. After 3000 cycles, the sweep curves keep no obvious change, suggesting
that the cell was not undergoing any irreversible chemical or microstructural changes during the measurements.

The 3D Pt/Ta,Os_,/W resistance switching cell exhibits memristive behaviors depending on the compli-
ance current conditions, as shown in Fig. 3a. As the compliance current increases, the resistance value at LRS is
decreased gradually. Even when the strength of the stimuli are the same, larger compliance current can cause a
strong connection maintained persistently. It shows the plasticity of the cell. However, the switching process is
volatile, even without compliance current. The current decay process after the set potential with different com-
pliance current in the two-terminal device was systemically investigated. As shown in Fig. 3b, the current read at
0.2V at room temperature in air was observed to decay acceleratedly at the beginning of 100s as the compliance
current was decreased. At the different compliance current set, current was then observed to use different time to
decay back to a same resistance value. A positive correlation exists between the recovery time and the compliance
current. Figure 3¢ shows, I=1,+ A exp(—t/7), is used to fit the current decay process after the set with different

SCIENTIFICREPORTS |7:822 | DOI:10.1038/s41598-017-00985-0 2



www.nature.com/scientificreports/

1E-3
(@) (b) 'E3 =
3 1E-5F <
g 1E-7F g 4
Y= e 1E-7f
o 3 [ Reset (minus) eset (positive
3 1E-9F 3 3
© ©  1egf
3
1E-11 1E-11 L L
- 2 0 2 4
Voltage (V) Voltage (V)

—~~
(¢)
N
—~~
o
N
N
m
A

3000 cysles 3000 cycles

4.0E-5|
§ 2.0E-5} ! §
= c
[ o
5 Reset Set | 5
R~ S

-2.0E-5 L . \

-4 -2 0 2
( e) Voltage (V) Voltage (V)

8.0E-4
__40EA4+
<
c
o
5 o00f
@)

-4.0E-4 L - ‘ : s

-4 -2 0 2 4
Voltage (V)

Figure 2. Switching characteristics of a 3D vertical Pt/Ta,O5/W cell. (a) When applying a negative potential

to the Pt electrode. (b) When applying a positive potential to the Pt electrode, an apparent resistive switching
occurs as shown in a black line. Red and green lines separately show the reset I/V curves by a negative and a
positive potential. (c) 3000 repeated bipolar SET/RESET cycles in a linear coordinate. (d) Ditto, current changes
are shown as a semi-log coordinate. (e) When applying a larger positive potential to the Pt electrode.

compliance current. The values of the time constant (7) extracted from the fitting are plotted in the inset. The
decay time from ON state to OFF state can be controlled by the applied compliance current during the set. This
behavior is very similar to that forgetting process that performed by the strength of the stimuli, the number of
repetitions of the stimulation and stimulation frequency.

The gradual change of volatile and nonvolatile resistance states are experimentally demonstrated to mimic
the human brain’s forgetting process for short-term memory and long-term memory. However, we are more
interested in the variation of the resistance states induced by voltage pulse instead of voltage bias. Figure 3d pre-
sents the variation of current read at 0.2V at room temperature in air by applying a sequence of pulse (amplitude
3v, time 100 us). The high current achieved through inputting forward voltage pulses automatically faded over
time but did not return to the original state thoroughly gradually over a measurement period of 50 s after pulse
application. After 5 pulses, the decay curves are almost same. That means perhaps the cell decay to a middle state
called metaplasticity that suggested by Tan et al.*2. When increased the pulse width to 0.5s, It is seen the current
persisted in a high-level state over a measurement period of 50 after pulse application. However, the interme-
diate state, obtained by applying same voltage pulses over a measurement period of 20's after pulse application,
was stable and no temporal fading in the current was observed, as shown in Fig. 3f. In Fig. 3f, the pulse test is
under 3V, less than the critical reset voltage in a forward potential, it is not enough to form Ta,0; and decrease
the current. But a larger pulse bias as shown in Fig. 3g, different current behavior is obtained over a measurement
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Figure 3. (a) I/V characteristics of the Pt/Ta,05/W cells. Current compliances were set at 50 uA, 100 pA,

200 pA and no compliance. (b) Current read at 0.2V at room temperature after setting potentials were removed.
Changes in current in LRS, as a function of time. (c) The data of Fig. 3b in linear coordinate. An exponential
function, I=1,+ A exp(—t/7), is used to fit the current decay process after the set with different compliance
current. The values of the time constant (T) extracted from the fitting are plotted in the inset. (d) Current
changes at room temperature by applying electric pulse of 3V for 100 us with an interval of 50s. (e) Ditto, for
0.5s. (f) Ditto, with an interval of 20s. (g) Ditto, by applying electric pulse of 6 V.

period of 20's after pulse application. Small current in the first pulse tests is from forming non oxygen vacancy
doped layer of Ta,05;. However, more pulse tests can destroy the interface barrier. The similar result in a DC
sweep is also observed as shown in Fig. 2e. When voltage pulse amplitude increased to 6v, a strong stimulus with
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Figure 4. (a) Typical I-V curves of set process drawn in double-Ln scale. (b) Relation of In(I) vs. sqrt(V)
separately for the forward applied voltage range from 0.1V to 0.6 V and more than 0.3V at LRS without
compliance current. (c) Relation of In(I/V) vs. sqrt(V) for the forward applied voltage range more than 0.6 V

at HRS. (d) The current decay processes after set with different compliance current be categorized into two
regimes. Before the dash line, Fick’s second law, I ~ exp(—1t/7), is used to fit the current decay process. After the
dash line, the current decay with time can be well fitted by the Curie-von-Schweidler relaxation law as a t=7.
(e,f) Schematics of the evolution for conductive channel including electrons and oxygen vacancies by applying a
forward set potential. (g,h) conductive channel decay with time including electrons and oxygen vacancies when
removing a forward set potential.

a high frequency triggers the transition from volatile memorization to nonvolatile memorization. This control
is analogous to biological synaptic plasticity including short-term plasticity, long-term potentiation, transition
from short-term memory to long-term memory, forgetting processes for short- and long-term memory, learning
speed, and learning history.

The interesting results inspired us to explore how internal dynamics in cell can affect its conductance. The
conducting mechanisms at the LRS and HRS states were analyzed in terms of the current-voltage relation. For
a Ta,O; dielectric material, by I-V curve fitting, we can preliminarily estimate the memristive switching mecha-
nisms of the device. However, many models of carrier transport mechanism for resistive switching devices have
been discussed, including thermionic emission (I/V), Schottky emission (InI/V'2), Poole-Frenkel emission
(In(1/V)/V'2), Fowler-Nordheim tunneling (In(I/V2)/V~!) and trap controlled space charge limited current (I/
V?). The I-V curves in this paper were replotted in double-Ln scale. The fitting results for set processes are shown
in Fig. 4a,b and c. In both of HRS and LRS, the conduction mechanism in the low-voltage region is ohmic behav-
ior due to the slope close to 1, corresponding to the injected excess carriers dominated by the thermally generated
carriers and the I-V curve exhibits linear behavior. In HRS, with the applied voltage increasing to more than 0.2V,
the slope is not linear. We attempted to use the different conduction models to fit the I-V curve. It was found that
Schottky emission can fit best from 0.1v to 0.6 v. In addition, asymmetry in the I-V polarities shown in Fig. 2b
implies the contribution of Schottky barriers, it can boil down to Schottky emission. Generally, the Schottky
emission is the metal/insulator interfacial effect, which arises from lowering of the Schottky barrier under electric
field, and can be expressed as follows,

J = A* Tzexp

k

q(Ps — JqE/47r€)
T

)

where ] is the current density, A" is the effective Richardson constant, T is the temperature, E is the electric field,
¢p is the effective Schottky barrier height, q is the electron charge, ¢ is the dielectric constant, and k is Boltzmann’s
constant. Thus, for a given temperature, if we draw the plot of In(I) versus V'/2, a nearly straight line can be
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obtained. In a forward sweep, to lowering the height of the Schottky barrier, it is hard to explain with the oxygen
vacancy migration. The behavior can be explained by considering the trapping and detrapping of electrons within
interface states, as proposed in some of the previous reports®*-*’. The origin of interface layer should be from
an oxygen vacancy-doped Ta,O;. Because e-beam evaporation is known to cause more damage from energetic
deposition than sputtering, which is why most reports of resistive switching in TaOx based cell are with a reverse
potential applying. Under forward bias, the electrons injected from W bottom electrode are trapped by oxygen
vacancies in the depletion layer, leading to lowering the barriers height and reducing the depletion layer thick-
ness, as schematically illustrated in Fig. 4e. Therefore, charge trapping/detrapping at the Pt/Ta,O;_, interface
by forward potential applying modulates the Schottky barrier. When the applied voltage increased further, the
corresponding current increased rapidly with a slope of 5. In this case, no gradual current change verse potential
(suddenly sharp change) was observed as shown in Fig. 3a, which implied ion migration occurred accompanying
the resistance change. Based on a previous report®, when Ta,Os_, is deposited by EB deposition on a W substrate,
it is easy to form an oxygen-deficient layer at the TaOx/W interface. This means the Ta,Os layer is more insulat-
ing than the W/TaOx interface, so the electric field would drop across the Ta,O; film rather than the W/TaOx
interface when applying a positive potential, causing oxygen vacancies in Ta,O5_, migrate from anode to cathode
and the formation a conductive channel from cathode to near anode, as schematically illustrated in Fig. 4f. It was
found that Poole-Frenkel emission can fit best, which indicates that Poole-Frenkel emission dominated the charge
transport process at high electric field. The equation for Poole-Frenkel emission is given as,

g — +/qE/Te

kT

I = quEAngexp|

(3)

where A is the area of the device, #, is the defect concentration, and ¢y is the depth of trap from conduction band of
Ta,0; which is corrected for the electric field in the exponential way, ¢ is the dielectric constant, and k is Boltzmann’s
constant. Thus, for a given temperature, if we draw the plot of In(I/V) versus sqrt(V), a nearly straight line can be
obtained, as shown in Fig. 4c. However, in a forward sweep, when the oxygen ions moved to anode interface and
reduced to oxygen atom, the oxygen moved along Pt boundaries and was stored in top Pt electrode. After the set,
the high concentration of oxygen atoms would diffuse to the conductive channel formed by oxygen vacancies after
releasing potential load. So the resistance change is volatile, as observed in Fig. 3b and c. The diffuse process with
time meets ~e~!", as schematically illustrated in Fig. 4g'>. However, it was different to fit the current decay curves
with respect to time perfectly as e/ at all time scale. It is even greater apparent observed in a double-Ln scale as
shown in Fig. 4d. Significantly, careful analysis of the data shows that the decay appears to occur at very different
processes. We exemplify that the current over time characteristics at different compliance current can be categorized
into two regimes. After the dash line, the current decay with time can be well fitted by the Curie-von-Schweidler
relaxation law as a t#33-%, The Curie-von-Schweidler behavior is typical for the charge trapping in high-k dielectrics.
In light of the above findings, an electron trapping/detrapping effect in interface defect states is postulated because
of an oxygen vacancy-doped Ta,O; switching layer, as schematically illustrated in Fig. 4h. The electron trapping/
detrapping effect widely exists in the metal/oxide heterojunctions. At different compliance current, different decay
can be observed through adjusting ion/electron decay ratio. Obviously, both electronic effects such as trapping and
detrapping of defect states as well as oxygen-ion migration can well explain the electrical data.

Conclusions

We demonstrated that the time-decay resistive switching memory with a forward potential to Pt for the first time
using a 3D vertical Pt/Ta,O5_,/W device architecture. The memory can be recovered with a time scale when
the electrical stimulation was removed. This recoverable process can emulate the synaptic plasticity including
rapid decay and slow decay stages of forgetting in one forget process of human brain. With a combination of the
current decay fit and the conductive analysis, both electronic effects such as trapping and detrapping of defect
states as well as oxygen-ion migration can well explain the rapid decay and slow decay stages. Beside, 3D vertical
device architecture as well as the high compatibility of Ta,0O5 with the CMOS fabrication processes both are much
desired for the future brain-like computing system.

Methods

A Si wafer with a 300 nm SiO, surface covering was chosen as the device substrate. In the first part of the fabrication,
the W (30 nm) multiple layer electrodes with 50 um in width were formed on the substrate by DC sputtering (30 W,
5 mTorr of argon gas) with metal shadow mask, in between which a 5nm-thick SiO, layer was deposited by RF
sputtering (200 W, 5mTorr of oxygen and argon mixture gas) using an SiO, ceramic target. SiO, (40 nm) was then
deposited by the same method as a protective layer. A sidewall of the W electrodes was made by ICP-RIE using an
Ar and SF, gas mixture, in which process the non-etched area was covered by a photoresist film. After forming a
sidewall by ICP-RIE, 15-nm thick Ta,O; layers were formed on the sidewall, by room-temperature electron-beam
evaporation. Then, a top electrode of 10nm Pt was formed on the Ta,Oj; layer by electron-beam evaporation at room
temperature through a metal mask. An Agilent 4155C and B1500 semiconductor parameter analyzer were used for
electrical characterization. The W electrodes of the cells were grounded in all electrical measurements.

References
1. International Technology Roadmap for Semiconductors (ITRS). Emerging research devices, 2015 edition (2015).
2. Waser, R. & Aono, M. Nanoionics-based resistive switching memories. Nat. Mater. 6, 833-840 (2007).
3. Hasegawa, T., Terabe, K., Tsuruoka, T. & Aono, M. Atomic Switch: Atom/Ion Movement Controlled Devices for Beyond Von-
Neumann Computers. Adv. Mater. 24, 252-267 (2012).

SCIENTIFICREPORTS |7:822 | DOI:10.1038/s41598-017-00985-0 6



www.nature.com/scientificreports/

10.
11.

12.

13.

14.

15.

16.

17.
18.

19.
20.

21.
22.
23.

24.
25.

26.

27.

28.

29.

35.

36.

37.
38.

. Waser, R, Dittmann, R,, Staikov, G. & Szot, K. Redox-Based Resistive Switching Memories-Nanoionic Mechanisms, Prospects, and

Challenges. Adv. Mater. 21, 2632-2663 (2009).

. Yang, J. J., Strukov, D. B. & Stewart, D. R. Memristive devices for computing. Nat. Nanotechnol. 8, 13-24 (2013).
. Yang, Y. C. & Lu, W. Nanoscale resistive switching devices: mechanisms and modeling. Nanoscale 5, 10076-10092 (2013).
. Pan, F, Gao, S., Chen, C,, Song, C. & Zeng, F. Recent progress in resistive random access memories: Materials, switching

mechanisms, and performance. Mater. Sci. Eng. R 83, 1-59 (2014).

. Wang, Z. R. et al. Memristors with diffusive dynamics as synaptic emulators for neuromorphic computing. Nat. Mater. 16, 101-108

(2017).

. Ohno, T. et al. Short-term plasticity and long-term potentiation mimicked in single inorganic synapses. Nature Mater. 10, 591-595

(2011).

Hasegawa, T. et al. Learning abilities achieved by a single solid-state atomic switch. Adv. Mater. 22, 1831-1834 (2010).

Prezioso, P. et al. Training and operation of an integrated neuromorphic network based on metal-oxide memristors. Nature 521,
61-64 (2015).

Dong, W. S. et al. Frequency-dependent learning achieved using semiconducting polymer/electrolyte composite cells. Nanoscale 7,
16880-16889 (2015).

Wang, Z. et al. Engineering incremental resistive switching in TaO, based memristors for brain-inspired computing. Nanoscale 8,
14015-14022 (2016).

Yang, R. et al. On-Demand Nanodevice with Electrical and Neuromorphic Multifunction Realized by Local Ion Migration. ACS
Nano 6,9515-9521 (2012).

Yang, R. et al. Synaptic plasticity and memory functions achieved in WO;_,-based nanoionics device by using principle of atomic
switch operation. Nanotechnology 24, 384003-1 (2013).

Yang, C. S. et al. Electrochemical-reaction-induced synaptic plasticity in MoO,-based solid state electrochemical cells. Phys. Chem.
Chem. Phys., doi:10.1039/C6CP06004H (2017).

Choi, B. J. et al. High-Speed and Low-Energy Nitride Memristors. Adv. Funct. Mater., doi:10.1002/adfm.201600680 (2016).
Torrezan, A. C,, Strachan, J. P, Ribeiro, G. M. & Williams, R. S. Sub-nanosecond switching of a tantalum oxide memristor.
Nanotechnology 22, 485203-7 (2011).

Lee, M.-]. et al. A fast, high-endurance and scalable non-volatile memory device. Nat. Mater. 10, 625-630 (2011).

Hsu, C. W. et al. Self-rectifying bipolar TaOx/TiO, RRAM with superior endurance over 10'? cycles for 3D high-density storage-class
memory. VLSI Symp. Tech Dig. 166-167 (2013).

Kan, D. & Shimakawa, Y. Transient behavior in Pt/Nb-doped SrTiO; Schottky junctions. Appl. Phys. Lett. 103, 142910 (2013).
Wang, Y. H. et al. Investigation of the resistance switching in Au/SrTiO;: Nb heterojunctions. Appl. Phys. Lett. 103, 031601 (2013).
Yin, X. B,, Tan, Z. H. & Guo, X. The role of Schottky barrier in the resistive switching of SrTiO5: direct experimental evidence. Phys.
Chem. Chem. Phys. 17,134-137 (2015).

Hasegawa, T. et al. Volatile/Nonvolatile Dual-Functional Atom Transistor. Appl. Phys. Expr. 4,015204 (2011).

Wang, Q., Itoh, Y., Tsuruoka, T., Aono, M. & Hasegawa, T. Ultra-Low Voltage and Ultra-Low Power Consumption Nonvolatile
Operation of a Three-Terminal Atomic Switch. Adv. Mater. 27, 6029-6033 (2015).

Wang, Q. et al. Nonvolatile three-terminal operation based on oxygen vacancy drift in a Pt/Ta,0O5_,/Pt, Pt structure. Appl. Phys. Lett.
102, 233508 (2013).

Chen, H.-Y. et al. HfO, Based Vertical Resistive Random Access Memory for Cost-Effective 3D Cross-Point Architecture without
Cell Selector. IEEE Tech Dig. IEDM 20.7.1-20.7. 4 (2012).

Yu, S., Chen, H.-Y., Gao, B., Kang, J. & Wong, H.-S. P. HfOx-based vertical resistive switching random access memory suitable for
bit-cost-effective three-dimensional cross-point architecture. ACS Nano 7, 2320-2325 (2013).

Yu, M. et al. Novel Vertical 3D Structure of TaO,-based RRAM with Self-localized Switching Region by Sidewall Electrode
Oxidation. Sci. Rep. 6,21020-10 (2016).

. Luo, Q. et al. Super Nonlinear RRAM with Ultra-low Power for 3D Vertical Nano-Crossbar Array. Nanoscale 8, 15629-15636 (2016).
. Wang, Q. et al. Dynamic moderation of an electric field using a SiO, switching layer in TaO, -based ReRAM. Phys. Status Solidi RRL

9, 166-170 (2015).

. Tan, Z. H. et al. Synaptic Metaplasticity Realized in Oxide Memristive Devices. Adv. Mater. 28, 377-384 (2016).
. Wolters, D. & Van Der Schoot, J. Kinetics of charge trapping in dielectrics. J. Appl. Phys. 58, 831-837 (1985).
. Ni, M. C,, Guo, S. M,, Tian, H. E, Zhao, Y. G. & Li, J. Q. Resistive switching effect in SrTiO3—&Nb-doped SrTiO; heterojunction.

Appl. Phys. Lett. 91, 183502 (2007).

Yin, X. B,, Tian, K., Tan, Z. H., Yang, R. & Guo, X. Polarity Reversal in the Bipolar Switching of Anodic TiO, Film. J. Electrochem.
Soc. 162, E271-E275 (2015).

Mikheev, E., Hoskins, B. D., Strukov, D. B. & Stemmer, S. Resistive switching and its suppression in Pt/Nb:SrTiO; junctions. Nat.
Commun. 5,3990-8 (2014).

Yang, J. J. et al. Metal/TiO, interfaces for memristive switches. Appl. Phys. A. 102, 785-789 (2011).

Prakash, A., Maikap, S., Chiu, H.-C., Tien, T.-C. & Lai, C.-S. Enhanced resistive switching memory characteristics and mechanism
using a Ti nanolayer at the W/TaO, interface. Nanoscale Res. Lett. 9,125 (2014).

Acknowledgements

The project was financially supported by the National Natural Science Foundation of China (grant Nos 61404064
and 11179038), the opening project of State Key Laboratory of Materials Processing and Die & Mould Technology
(P2016-11) and the Fundamental Research Funds for the Central Universities (No. 860148).

Author Contributions

Q.W. and D.Y.H. conceived the idea and designed this work. Q. W. fabricated the devices and performed the
measurements. Q.W. and D.Y.H. preformed the calculations. Q.W. contributed to the figure processing. Q.-W.
wrote the manuscript. D.Y.H. supervised this work.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS |7:822 | DOI:10.1038/s41598-017-00985-0 7


http://dx.doi.org/10.1039/C6CP06004H
http://dx.doi.org/10.1002/adfm.201600680

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:822 | DOI:10.1038/s41598-017-00985-0 8


http://creativecommons.org/licenses/by/4.0/

	Time-decay Memristive Behavior and diffusive dynamics in one forget process operated by a 3D vertical Pt/Ta2O5−x/W device

	Results and Discussion

	Conclusions

	Methods

	Acknowledgements

	Figure 1 (a) Scanning electron microscope image of the 3D W electrodes fabricated by ICP-RIE.
	Figure 2 Switching characteristics of a 3D vertical Pt/Ta2O5/W cell.
	Figure 3 (a) I/V characteristics of the Pt/Ta2O5/W cells.
	Figure 4 (a) Typical I-V curves of set process drawn in double-Ln scale.




