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ABSTRACT: Memristor-based neuromorphic computing is promising toward their potential application of handling complex
parallel tasks in the period of big data. To implement brain-inspired applications of spiking neural networks, new physical
architecture designs are needed. Here, a serial memristive structure (SMS) consisting of memristive devices with different top
electrodes is proposed. Top electrodes Au, Cu, and Al are selected for nitrogen-doped TiO, nanorod array-based memristive devices.
The typical I-V cycles, retention, on/off ratio, and variations of cycle to cycle of top electrode-dependent memristive devices have
been studied. Devices with Cu and Al electrodes exhibit a retention of over 10* s. And the resistance states of the device with the Al
top electrode are reliable. Furthermore, the conductive mechanism underlining the I—-V curves is discussed in detail. The interface-
type mechanism and block conductance mechanism are illustrated, which are related to electron migration and ion/anion migration,
respectively. Finally, the SMS has been constructed using memristive devices with Al and Cu top electrodes, which can mimic the
spiking pulse-dependent plasticity of a synapse and a neuron body. The SMS provides a new approach to implement a fundamental
physical unit for neuromorphic computing.

1. INTRODUCTION synapses, the migration of oxygen vacancies in TiO,-based
memristors has been successfully utilized to perform synaptic

Concerning the energy consumption and computing efficient 10
behaviors.” Metal Ag nanoclusters embedded in TiO,-based

especially, computing for complex issues is still a challenging

task." Neuromorphic computing is believed to break down the memristors are also used to achieve continuously changed
bottleneck in a conventional computing system.” In contrast to conductance for mimicking electronic synapses.' As we
early artificial neural networks (ANNs) and deep neural already know, dendrites are also important in human cortical
networks, spiking neural networks (SNNs) are proposed to neurons.'” Yang has mimicked dendrites using several parallel
meet acceptable energy efficiency, which has a highly biological memristors, which actually collect the accumulated current of
realizability.” > Nevertheless, the SNNs have not been memristors caused by an external stimulus.® As for soma,
successful commercially for lacking reliable devices and Alaaddin has compared Ag contact- and Au contact-based

fundamental architecture.” Generally, a SNN unit physically
needs to show spiking plasticity and memory. Nowadays,
researchers have paid much attention to realizing synaptic
behaviors by utilizing a single device.” However, a delicate
design unit which can conduct spiking plasticity and memory
separately is also a strong need.” In fact, biological behaviors
originating from the synapses, dendrites, and soma can be
integrated together to design brain-like devices.” In previous
studies, most researchers focused on simulating a portion of
the neuron rather than the entire nerve. Concerning electronic

memristors in terms of the capability of storage charge.13 In
further, it is reported that nonvolatile memristive devices with
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Figure 1. (a) Cross-sectional image for N—TiO, NRAs (inset: schematic structure of fabricated devices). The I-V characteristics for N—TiO,
NRAs/FTO-based memristive devices with top electrodes (b) Au, (c) Cu, and (d) Al respectively.

a TiO, layer have exhibited reliable memory feature for
SNNs,'*'* while volatile memristive devices have been proved
to mimic pulse activities in the human brain, which can relax to
its normal resistance state spontaneously.'®'” Chen has
successfully built ANNs using the Au top electrode in
hexagonal boron nitride based memristors, and the research
further indicates applications of SNNs by using the Ag top
electrode which showed multilevel conductance, lower energy
consumption, and stable relaxation.'® From the sight of
memristor structure design, electrodes play an important role
to realize various resistive switchin% behaviors and enhance the
properties of memristive devices. ”'”~*’ The inert metal Au
can regulate the concentration of oxygen vacancies by forming
an interface potential barrier, and the active metal (Cu and Al)
can regulate the conductive states by forming metallic
filaments.”*™*” Hence, it is feasible to achieve multibiological
behaviors in TiO,-based memristive devices by designing metal
electrodes. A serial memristive structure (SMS) composed of
electrode-dependent devices is a promising method to
implement SNNs physically.”**” The mechanism and reli-
ability of electrode-dependent devices need to be studied
systematically.'**%3"

In this work, we investigate the effect of electrodes (Au, Cu,
and Al) on the memristive behaviors of TiO,-based devices,
and a SMS has been proposed to perform spiking events for
SNNs successfully. The SMS consists of two memristors with
different top electrodes, which mimic a synapse and a neuro
body, respectively. This SMS demonstrates a promising
approach to implement physical SNNs using feasible
manufacturing processes.

2. EXPERIMENTAL SECTION

The memristive layer of nitrogen-doped TiO, nanorod arrays
(N-TiO, NRAs) is grown on fluorine-doped tin oxide (FTO,
manufactured by Aasahi Glass Co., Ltd.) by a hydrothermal

process as described in prior works.”> Top electrodes Au, Cu,
and Al (target purity, 99.99%) are deposited using a magnetic
sputtering process. Metal atoms cover the nanorods well
because the surface of N—TiO, NRAs is rough. The layer
thickness of the electrodes is about 80—100 nm measured by
field emission scanning electron microscopy (SEM, Nova
Nano SEM230). The SMS is constructed with memristive
devices configurating a Cu electrode and an Al electrode. A
silver wire of about 10 ym diameter and an indium patch were
used to connect two bottom electrodes (FTO substrates) of
two memristive devices. A certain length of the silver wire was
placed on the FTO substrates. Then, a small bulk of indium
was cut and placed on one terminal of the silver wire. Finally,
the indium bulk was pressed carefully to form a patch and fix
the wire well. The contact resistance between the silver wire
and FTO is less than 70 Q. The electrical tests have been
finished using an Agilent B1S00A semiconductor (Agilent Inc.,
Santa Clara, CA, USA). For the cycle measurement, FTO
served as the bottom electrode, and the step length of the
applied voltage was set at 0.1 V. A probing station was used to
connect the devices. For the SMS, the Al electrode served as
the top electrode, and the Cu electrode was grounded. And
FTO served as a middle electrode, which can be used to
operate either device. A series of spiking pulses were
implemented by a WGFMU pattern, and read operations
were finished using the i—t sample model. All of the
measurements were carried out in air atmosphere and at
room temperature.

3. RESULTS AND DISCUSSION

Figure 1 shows the SEM image of fabricated N—TiO, NRAs
and cycle-to-cycle performances of memristive devices with Au,
Cu and Al electrodes. All the three devices show good bipolar
resistive switching behaviors, which demonstrate a significant
window of I-V loops. The devices with Au and Cu top
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Figure 2. (a) Retention of HRS and LRS in devices with different top electrodes. (b) CPD of HRS and LRS during 100 cycles in devices with
different top electrodes. The changes of HRS and LRS with increasing cycles in devices with (c) Au, (d) Cu, and (e) Al top electrodes.

electrodes change from high-resistance state (HRS) to low-
resistance state (LRS) under positive bias, while the device
with the Al top electrode changes to LRS by negative bias. As
the functional layers of N—TiO, NRAs in these devices are the
same, the difference of polars of resistive switching is believed
to be caused by the interface effects of M/N—TiO, NRAs (M
= Au, Cu, and Al). The effects related to electrodes will be
discussed in the latter parts. Concerning the window area of I—
V loops, the device with the Au top electrode has the biggest
window area, while the device with the Cu top electrode has
the smallest window area. During the set processes, the devices
with Au and Al top electrodes exhibit threshold value feature,
which has been generally attributed to Schottky effects.” This
threshold feature can be utilized to suppress dark current or
implement trigger function of spiking pulses.”* During the set
process and reset process of the device with the Cu top
electrode, the response current changed dramatically. It is
explained that metal filaments composed of Cu* ions have
formed during resistive switching processes. And the formation
and fusion of Cu filaments led to the dramatic changes of
current.” The response current for the Al top electrode device
gradually changed during the I-V cycles, which is attributed to
the influence of interface barrier potential on the continuous
drift process of oxygen vacancies.’®

Figure 2 shows the retention and distribution of HRS and
LRS for devices with Au, Cu, and Al top electrodes. The
retention of 10* s in Figure la was read after a set or reset
operation. The curves of cumulative probability distribution
(CPD) of HRS and LRS in Figure 2b have been obtained by
abstracting data from 100 I—V cycles (as shown in Figure S1).
As can be seen in Figure 2a, the devices with Cu and Al
electrodes exhibit a stable ratio of HRS/LRS, while that feature
for the device with the Au top electrode degrades gradually and
eventually shrinks to a failure level after 3500 s. It is noticed
that two drastic fluctuations occurred for the retention of LRS
of the Cu top electrode device, which could be caused by
diffusion of accumulated Cu atmos. The conductive filaments
composed of Cu within the N—TiO, NRA medium are
susceptible to interference even with small read bias.”* The

HRS/LRS ratios are over 10 for devices of Al and Cu top
electrodes range of 10* s, which is acceptable for devices to
mimic short-term memory and long-term memory.”’ >’ Figure
2b shows the CPD of HRS and LRS during 100 consecutive
cycles for the studied devices. The resistance states of devices
with Au and Cu top electrodes show obvious variations, as
shown in Figure 2¢,d. In contrast, the device with an Al
electrode exhibits small variation and better stability in Figure
2e. The 100 I-V cycles of the devices can be seen in Figure S1.
The coefficient of variation (COV) has been used to estimate
the fluctuation of resistance states, which is defined as the
standard deviation (o) divided by the mean value (u). In
further, the device-to-device uniformity of Al top electrodes is
shown in Figure S2. All COV values of HRS and LRS during
cycles for studied devices are listed in Table 1. A reason for the

Table 1. COV of Cycle to Cycle for Devices with Au, Cu,
and Al Top Electrodes

coefficient of variation (6/u)

top electrode used in devices LRS HRS
Au 0.0966 2.7316
Cu 0.2255 0.5531
Al 0.0749 0.2390

variations could be that the conductive filaments consisting of
high concentration of metal atoms or oxygen vacancies are
particularly unstable after cycling.*” The accumulated V,
(oxygen vacancies) could be a reason for the fluctuation of
HRS in devices with a Au top electrode. The Cu** cations will
accumulate in the TiO, medium which induces the HRS of the
device to degrade to LRS (as shown in Figures 2c and S1b).
The HRS and LRS of the device with the Al top electrode
show minor variation.

To understand the resistive switching process, the I-V
profiles have been fitted using Schottky emission, Poole—
Frankel (P—F) emission, space charge limited current (SCLC),
and Fowler—Nordheim (F—N) tunneling conductive mecha-
nisms, systematically.“’A'2 Figure 3 shows the matched

https://doi.org/10.1021/acsomega.4c00320
ACS Omega 2024, 9, 24601—-24609


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00320/suppl_file/ao4c00320_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00320/suppl_file/ao4c00320_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00320/suppl_file/ao4c00320_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00320/suppl_file/ao4c00320_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00320?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00320?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00320?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00320?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00320?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
-5
b) 2.0x107 (c) 2x10 -
@)y ox10+ [ T 10000 101 (b) p oy Poole-Frankel
1= Fowler-Nordheim . i e
3.0x10° | Il Schottk 1.0x102 |- // Schottky
_ chottky —_ /“ Q-leo‘5 r
-3 | 6
< 2.0x103 | > Poole-Frankel 11 < 00L TV Tocy160 < »
g |5 o g -ax107 SCLC
E 10x10° 11l Pk g mcoE g
o 1 11 O-1.0x107 - [ ISR L o 3
0.0 oo— 3 ‘
I I Ll -8x107°
-1 ‘OXIO'B 1 1 1 L 1 1 L —2.0X|0'2 1 L | Il 1 1 1 | | | | | | |
3 02 -1 0 1 2 3 302 10 1 2 3 3 2 1 0 1 2 3
Voltage (V) Voltage (V) Voltage (V)
Figure 3. Conductive mechanisms in different regions of the single I-V loop in memristive devices with (a) Au, (b) Cu, and (c) Al top electrodes.
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Figure 4. Linear fitting of conductive mechanisms for devices of (a—g) Au/N—TiO, NRAs/FTO, (h—1) Cu/N-TiO, NRAs/FTO, and (m—p)
Al/N-TiO, NRAs/FTO.

conductive mechanisms for various regions during the cycles.
And the details of linear fitting are shown in Figure 4. During
one cycle of I-V, there could exist more than one conductive
mechanism. The coefficient of determination (COD) of linear
fitting was used to determine which mechanisms dominate the
resistive switching process and explain the I-V curve well in
this work. The COD values (R?) that can be obtained from the
linear fit using Origin software were compared. The detailed R
of each region of the I-V curves can be seen in Tables S1—S3.
For the device with a Au top electrode, F—N tunneling,
Schottky emission, and P—F emission mechanisms are fitted

well with different regions of the I-V curves. In positive
regions, when the sweeping voltage increases from 0 to 3 V, the
current is dominated by the F—N mechanism. This mechanism
can also be seen in devices with electrodes of high work
function, such as Pt and C.* It is agreed that a potential barrier
exists at the interface of M/N—TiO, NRAs, which can be
narrowed due to the insertion of oxygen vacancies. Electrons
can tunnel through the barrier under enough voltage bias. With
the sweeping voltage applied, oxygen vacancies will accumulate
at the interface. Then, when the applied voltage decreases to a
low level (the region of the green color line in Figure 3a), the
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curve is fitted well by the P—F emission mechanism (shown in
Figure 4d). It can be explained that plenty of vacancies
released due to the concentration gradient. When the bias
reverses and is at a low level, the device is still dominated first
by the P—F emission mechanism (shown in Figure 4e). When
the reverse bias increases from —2.6 to —3.0 V and then
sweeps from —3.0 to —0.3 V, the Schottky emission
mechanism dominates the current (shown in Figure 4fg). It
is concluded that the interface effect plays an important role in
the device with the Au electrode.

For the device with a Cu top electrode, the I-V curve can be
fitted by the SCLC mechanism successfully as shown in Figure
4h—1. During the set process of sweeping voltage from 0 to 3.0
V, the fitted slopes (log I vs log V) are 1.60 and 1.70 as shown
in Figure 4h, while the fitted slopes are 2.13 and —1.50 during
the reset process as shown in Figure 4j, respectively. It is
verified that the set process is in accordance with SCLC (I «
V").*> When the device is at LRS and HRS states in Figure 4i)k,
the fitted slopes of I-V are both nearly 1.00, which indicated
an ohmic conductive mechanism. The Cu electrode has a
lower work function than TiO,,** so the interface effect has
little contribution to the conductance of Cu electrode-based
devices. Under positive bias, Cu?" ions can migrate from the
top electrode to N—TiO, NRAs and can residue in the
medium as isolated Cu isles. And in this case, Cu ions became
the major carriers and induced to form a space charge region.

The I-V curve of the device with the Al top electrode
shown in Figure 3¢ has been fitted well with the Schottky
emission, SCLC, and P—F emission. The device can be set to a
LRS with negative bias and be reset to a HRS with positive
bias. The set process can be fitted by the Schottky emission
mechanism as shown in Figure 4m. When the device is at LRS,
the I-V curve has been fitted well by the SCLC mechanism

shown in Figure 4n, and the fitted slope of 0.53 indicated an
Ohmic-like contact. During the reset process, P—F emission
dominated the conductance as fitted in Figure 40, which is
caused by the detrapping process of oxygen vacancies. When
the detrapping process completed, the device changed to its
HRS. When the device is at HRS, the I-V is dominated by the
Schottky emission mechanism as shown in Figure 4p. It is
indicated that there is a potential barrier in the Al/N—TiO,
interface. In conclusion, when the potential barrier (interface
effects) or potential well (trapping/detrapping centers of
oxygen vacancies) dominated the conductance of devices, the
resistive switching behaviors exhibited gradual changing
current. While the metallic conductive filament mechanisms
dominated the resistive switching behaviors, drastic changing
current was tended to appear.

Figure S illustrates the main mechanisms underlining the
memristive behaviors in the three types of devices. It is
revealed that three conductive mechanisms have dominated
the whole memristive process in the Au/N—TiO, NRAs/FTO
device. As shown in Figure Sa, the depletion layer starts to
narrow down with forward bias applied; then, the electrons can
tunnel the depletion layer. At the same time, the oxygen
vacancies move from the Au top electrode to the FTO
substrate, and electrons will fill the oxygen vacancy-based
potential well gradually. When the forward bias decreases from
3.0 to 1.3 V, the F—-N tunneling effect diminished, and the
Schottky emission becomes a main mechanism. During the
sweeping process from 1.2 to —2.5 V, the filled oxygen
vacancies begin to detrap electrons, and the P—F emission
becomes the main mechanism underlining the I—V behavior.
As the filled oxygen vacancies changed their state to a virgin
empty state, the device changed to HRS. Then, with backward
bias increasing from —2.6 to —3.0 V, oxygen vacancies will
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Figure 6. SMS and spiking pulse responses. (a) Schematic of a serial structure of biological neurons and a SMS of two devices physically, (b) set
and reset process responding to spiking pulses, (c) depression current during the reset process in (b), and (d) potentiation current during the set

process in (b).

accumulate at the Au/N-TiO, NRA interface, and an
increasing current process occurs. It is explained that the
thickness of the deplete layer related to the Schottky emission
dominates the current. Because of the existence of the Schottky
barrier, the current in the backward region from —3 to 0 V is
relatively low. Figure Sb shows the formation and dis-
connection of metal filaments in the device with a Cu
electrode. The electrochemical metallization process has been
performed with active metal Cu.”**> With positive bias applied
on the Cu top electrode, Cu atoms are oxidized as Cu* ions,
and these ijons will migrate toward the bottom electrode. A
portion of Cu** ions was reduced to Cu atoms and occurred on
the conductive pathway.”> Before the conductive filaments of
Cu atoms formed, an apparent gap existed between the top and
bottom electrodes. So, the SCLC mechanism plays a dominant
role during the set process.”® After the Cu conductive filaments
occurred with the set operation, the current following through
the device was complied with Ohmic law. Figure 5c shows the
bridging and rupture of filaments of oxygen vacancies in the Al
electrode device. It is assumed that Al atoms are oxidized near
the surface of the N—TiO, NRAs. And an ultrathin oxidized
layer has been formed and serves as a buffer region. Al atoms
are facilitated to be oxidized and are less possible to migrate
under an applied voltage because AI** has less diameter than
Cu®* and the oxidation potential of Al (—1.660 V) is more
negative than that of Cu (0.337 V).*”** The conductance of
the Al electrode device is subject to the Al-O—Ti interface
and the block of oxygen vacancies. When the device is set to
LRS, the current is complied with the SCLC mechanism as the
filaments of oxygen vacancies were bridging. The oxygen
vacancies served as traps and can be filled with electrons. When
the applied bias changed its polar direction, the trapped
electrons escaped from the oxygen vacancy-based potential
well.*' Hence, the P—F emission mechanism plays a main role
during the reset process.

As in human brain, a real neuron is composed of one body
and one or more synapses.” The synapses take charge of
collecting and amplifying signals from adjacent synapses. The

neuronal body can record information and fire pulses. This
fundamental structure is essential to inspire neuromorphic
computing. Memristors with different electrodes can play
specific roles in neuromorphic computing. Here, we use SMS
as a fundamental unit for neuromorphic computing, which acts
as one volatile memristive device and one nonvolatile
memristive device. Figure 6 illustrates the schematic diagram
of the proposed SMS and its response process to spiking
stimuli. In Figure 6a, it is shown that the devices with Al and
Cu electrodes serve as synapse (cell 1) and neuron body (cell
2), respectively. The serial structure can be described as Al/
N-TiO,/FTO/Ag/FTO/N-TiO,/Cu. Cell 1 with the Al
electrode can respond to the stimuli and change its weight,
while cell 2 with the Cu electrode can record the strengthening
of the stimuli. Figure 6b shows the changing current versus
time with a set of pulses carried on the SMS, which included
spiking number plasticity and retention of conductance. Figure
6¢,d shows the current during the reset process and the set
process in detail, respectively. Cell 2 (with the Cu electrode)
has been set to LRS before the test. Then, with positive voltage
pulses, cell 1 and cell 2 change to HRS. Then, with negative
voltage pulses, the two cells switch to LRS. Gradually changed
current can be observed during the first four pulses, which
indicates that the SMS has the capability to mimic synaptic
potentiation and depression behaviors using devices with
different electrodes. The Cu electrode device and the Al
electrode device in the SMS acted as one nonvolatile
memristive device and one volatile device, respectively. As
the SMS exhibits the ability to conduct and store biological
electric signals, it paves a way to mimic synapses and neurons
by using electrode-dependent memristive devices.

4. CONCLUSIONS

The resistive switching behaviors and conductive mechanisms
for N—TiO, NRA-based memristive devices with Au, Cu, and
Al top electrodes have been studied. The retentions for devices
with Cu and Al top electrodes are over 10* s. The COV of LRS
for the device with the Al top electrode is 0.0749. The
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conductance is subject to interface and oxygen vacancy
distribution in the Al/N—-TiO, NRAs/FTO device, for
which the Schottky emission dominates the HRS region,
while the SCLC and P—F emission mechanisms dominate the
LRS region. For Cu/N—TiO, NRAs/FTO devices, the SCLC
mechanism explains the resistive switching behaviors well,
which is related to the metallic filaments of Cu. A SMS of Al/
N-TiO, NRAs/FTO/Ag/FTO/N—TiO, NRAs/Cu has been
fabricated to perform spiking pulse plasticity, which mimics the
transition and memory of pulse signals in the neurons of the
human brain physically.
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