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ABSTRACT: Filamentary-type resistive switching devices, such as conductive
bridge random-access memory and valence change memory, have diverse
applications in memory and neuromorphic computing. However, the random-
ness in filament formation poses challenges to device reliability and uniformity.
To overcome this issue, various defect engineering methods have been explored,
including doping, metal nanoparticle embedding, and extended defect utilization.
In this study, we present a simple and effective approach using self-assembled
uniform Au nanoelectrodes to controll filament formation in HfO, resistive
switching devices. By concentrating the electric field near the Au nanoelectrodes
within the BaTiO; matrix, we significantly enhanced the device stability and
reduced the threshold voltage by up to 45% in HfO,-based artificial neurons
compared to the control devices. The threshold voltage reduction is attributed to
the uniformly distributed Au nanoelectrodes in the insulating matrix, as
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confirmed by COMSOL simulation. Our findings highlight the potential of nanostructure design for precise control of filamentary-

type resistive switching devices.
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Neuromorphic computing is an innovative computing
scheme that aims to emulate the biological processes of
the human brain." This type of computing offers several
benefits over traditional computing methods, including low
power consumption, real-time processing, scalability, and
cognitive computing capabilities.” ® Resistive switching
materials, mostly metal oxides including TiO,,”® Tan,()
Ce0,,'°"'* HfO,,"* and S$iO,,'"*'° greatly advance the
development and implementation of neuromorphic computing
as they are capable of emulating either a neuron or a synapse
with a single device.>'"® In particular, filamentary-based
devices such as conductive-bridge random-access memory
(CBRAM) and resistive random-access memory (RRAM) have
gained significant attention in recent years.”"~** CBRAM
uses active metal electrodes (Cu, Ag, etc.) to form metallic
conducting filaments, while RRAM relies on the construction
of conducting filaments using oxygen vacancies.”>*° However,
the stochastic nature of the filament formation process
involving the hopping of active species can result in additional
energy consumption and large variations in device perform-
ance, hindering the development of low-energy and highly
reliable devices for artificial neurons and synapses.”” >’

A range of defect engineering methods and structural
designs have been employed to enhance the performance of
resistive switching materials toward neuromorphic computing.
These methods include utilizing dislocations and grain
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boundaries as transport channels,®' ~** doping,**~** embed-
ding metal nanoparticles,**~** and special patterning of the top
or bottom electrodes.*”*° Among these methods, embedding
metal nanoparticles and utilizing patterned electrodes have
been recognized as highly effective approaches to enhance the
control of filament formation and reduce the switching voltage
by manipulating the electric field distribution in the oxide
switching layer. However, the fabrication process associated
with both methods tends to be complex and costly. They often
require the use of additional templates, multiple rounds of e-
beam or photolithography, and postdeposition treatment at
high temperatures for extended durations.’”> Furthermore,
patterned electrodes often have large dimensions, posing
challenges for device scaling and integration with other on-chip
components.*”** Therefore, a more efficient and effective
method with a great scaling ability is needed to incorporate
metal nanoparticles into the materials.

One promising approach for incorporating metal nano-
particles involves a self-assembling process during the growth
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Figure 1. (a) Schematic illustration of the Ag/HfO,/BTO—Au/SRO/STO device and measurement setup. (b) Schematic illustration of the cross-
sectional view of the Ag/HfO,/BTO—Au/SRO/STO device. z- and x-axes represent the out-of-plane and in-plane directions, respectively. (c, d)
Schematic illustrations of the switching process in regions marked by the red and blue boxes in (b), respectively. (e, f) Corresponding COMSOL

simulation of the electric field in (c) and (d).

of an insulating matrix. This can be achieved through the
utilization of vertically aligned nanocomposites (VANs), which
exhibit a vertical arrangement of two or more phases on a
single substrate. A large range of oxide—oxide VANs have been
investigated,ﬁ_57 with recent advancements focusing on
oxide—metal VANs.”® These VAN systems offer a versatile
combination of materials as well as the ability to tailor the
density and dimensions of the metal pillars. Furthermore,
oxide—metal VAN are particularly attractive due to their ease
of fabrication, a wide range of applicable material combina-
tions, and the capability to tune the film morphology to meet
specific requirements. As an earlier example, BaTiO;—Au
(BTO—Au) shows strong optical anisotropy, high thermal
stability, great tunability of pillar dimension and density, and
potential integration with Si and flexible substrates.”””** In
contrast to methodologies involving the exploitation of phase
boundaries in oxide—oxide vertical arrangement nanoscale
(VAN) systems, which necessitate elevated growth temper-
atures surpassing 800 °C coupled with stringent epitaxial
growth requirements, the BTO—Au system presents an
alternative approach.®®® This system can be cultivated at
notably lower growth temperatures, below 600 °C, with
potential for further reduction while also enabling seamless
integration with diverse amorphous switching materials such as
HfO,. This simplified fabrication process of the BTO—Au
system greatly enhances its potential for diverse applications.

In this work, we demonstrate a facile and effective electric-
field-driven conducting filament formation using self-as-
sembled uniform Au nanoelectrodes in an HfO, resistive
switching device as artificial neurons. As illustrated in Figure
la)b, the proposed device structure and the measurement
setup, such uniform Au nanoelectrodes are embedded in the
BTO matrix and underneath the HfO, switching layer to
achieve controlled Ag filament growth and reduced threshold
voltage. Figure 1 shows the cross-sectional schematic of the
device. A self-assembled BT O—Au layer is deposited on top of
the SrRuO; (SRO) bottom electrode, followed by the growth
of the HfO, switching layer. The fabrication procedures are
demonstrated in Figure S1. As evidenced in the COMSOL
electric field simulation (Figure lef), the one with Au

nanoelectrodes will provide a higher (~1.8X) electric field
near the Au electrode regions and thus achieve the selective Ag
filament formation, which could significantly reduce the
threshold voltage. Additionally, by comparing Figures 1c and
1d, we propose that the implementation of a BTO insulating
matrix can lead to a greater stability and reduced formation of
conducting filaments at undesired locations in comparison to
pure HfO, devices. This results in lower energy consumption
for the BTO-based devices. Details about the COMSOL
simulation can be found in Supporting Information Section S2.
This study presents a new approach to integrate vertically
aligned nanocomposites with resistive switching materials,
providing a new defect engineering approach to effectively
improve device reliability and reduce energy consumption.

The detailed structural characterization of the HfO,/BTO—
Au stack was conducted using transmission electron micros-
copy (TEM) and scanning transmission electron microscopy
(STEM) coupled with energy-dispersive spectroscopy (EDS)
elementary mapping on a HfO,/BTO—Au/STO reference
sample, as shown in Figure 2a—c, respectively.

Figure 2. (a) TEM image of the HfO,/BTO—Au film on STO
substrate; Au nanoelectrodes are marked by yellow boxes in the
image. (b, ¢) STEM and EDS mapping of the same region, showing
the morphology and distribution of the Au nanoelectrodes. (d)
Schematic illustration of the c-AFM measurement setup of the BTO—
Au/SRO/STO sample. (e) c-AFM measurement results with 1 V
applied to the sample. Bright spots indicate the Au nanoelectrodes.

https://doi.org/10.1021/acs.nanolett.3c02217
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02217/suppl_file/nl3c02217_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02217/suppl_file/nl3c02217_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02217?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02217?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02217?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02217?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02217?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02217?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02217?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02217?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

a b € Ag
107 CC=10pA —— Simulation 107 CC=10pA —— Simulation
1 —— Measurement 1 —o— Measurement Hfozl X ! 1
1 1
10'61 10>6'|
z | 2 BTO
;":; 10 1 ;":; 10 1
£ £ d1le f AU
. e sRO.
1- 3 75 s 1
1072 T L f Ag ‘
S
1 Ag/HfO,/SRO/STO 1" e Ag/HfO,/BTO-AWSRO/STO HfO )
107" T T T T 107" T T T T 2 \ ] /
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 05 l i
Voltage (V) Voltage (V) |
c d BTO I
I
1004 g 100 Au !
I (f‘ 9 ™
S w0 sw] | sRO.
g { § |
c c I
8 601 B 8 601 | 9 Ag
[ o o
g | g i Ho,| V&) |
o 404 HO, o 404 2
> ——V, 2 | HIO, x
k] — *V:,,'o'd T I ——LRS :
S 204 ’ S 204 f —o— HRS |
E HIo BT\(;:: E : HIO,/BTO-Au| BTO
3 ] ——Vy S ] § R Aus
¢ '
o w @ oo e e o oo SR
Voltage (V) Resistance (Q)

Figure 3. I-V characteristics under DC stress and the simulation result of (a) the Ag/HfO,/SRO/STO device and (b) the Ag/HfO,/BTO—Au/
SRO/STO device with 10 #A compliance current (CC). (c) Cumulative percentages of the hold (red curves) and threshold (blue curves) voltages
of the HfO, and HfO,/BTO—Au devices. (d) Cumulative percentages of the LRS (red curves) and HRS (blue curves) of the HfO, and HfO,/
BTO—Au devices. (e—g) Detailed schematic illustrations of the switching processes of different stages marked on the I-V curve in (b).

Vertical Au nanopillars inside the crystalline BTO matrix
connecting the polycrystalline HfO, layer with the STO
substrate can be clearly identified. This pillar-in-matrix growth
of the BTO—Au system originates from the difference in
surface energies between Au and the oxides. Consequently, Au
adatoms nucleate into islands (i.e, 3D growth mode) to
minimize the surface energy of the metal phase, while the BTO
adatoms grow in layer-by-layer (i.e., 2D growth mode) fashion,
forming the overall pillar-in-matrix structure.”” The Au
nanoelectrodes, which extend a few nanometers into the
HfO, layer, align with the structural design depicted in Figure
1. In addition to the desirable Au nanoelectrodes that
penetrate the BTO matrix, smaller Au nanoparticles without
complete pillar formation are also observed in Figure 2b,c.
However, these nanoparticles do not contribute to the direct
conduction path to the bottom electrode during the switching
process. Such issue can potentially be circumvented by
optimizing the growth conditions including the substrate
temperature and laser energy as well as reducing the film
thickness to reduce the chance of random Au nucleation
during grow’ch.m’62 In order to reveal the distribution of the Au
nanoelectrodes, conductive AFM (c-AFM) was performed on
a BTO—Au/SRO/STO sample. Figure 2 illustrates the
experimental setup of the c-AFM measurement. When the
tip probes come into contact with the sample surface, only the
regions containing the desired Au nanoelectrodes exhibit direct
conduction, while areas with Au nanoparticles or without Au
embedment remain insulating. The c-AFM result is shown in
Figure 2e under a 1 V applied voltage. Bright spots with
current up to 24 nA are shown, indicating the locations of ideal
Au nanoelectrodes. Figure S2 presents XRD characterizations
of three samples prepared for electrical measurements: HfO,/
SRO/STO (termed HfO,), HfO,/BTO—Au/SRO/STO
(termed HfO,/BTO—Au), and HfO,/BTO/SRO/STO
(termed HfO,/BTO). Au nanostructures can be found for

the HfO,/BTO—Au sample, confirming the existence of Au
nanoelectrodes. Besides, no HfO, peak is shown in the XRD
plots for all three samples, indicating polycrystalline/
amorphous HfO,. Detailed TEM and STEM images of the
HfO,/BTO—Au and HfO,/BTO samples are shown in Figure
S3. The measured thickness of the HfO, layer in both samples
is approximately 10 nm. Uniformity in HfO, thickness across
all three samples was achieved by employing an identical
growth recipe (calibrated from the HfO,/BTO—Au growth
shown in Figure 2a) for HfO, deposition. Slightly increased Au
nanoelectrode sizes in the sample grown on SRO is potentially
due to the reduced vertical strain between BTO and Au.®
After depositions, square Ag top electrodes with dimensions
of 10 ym and a 60 nm thickness were fabricated via e-beam
evaporation and e-beam lithography. The electrical character-
istics of the fabricated devices were evaluated using the
experimental setup depicted in Figure la. In this configuration,
the metallic SRO bottom electrode was grounded and a
sweeping voltage was applied to the Ag top electrode. The
SRO electrode has a work function similar to that of Au
(approximately S.2 eV), ensuring satisfactory ohmic contact
with the Au nanoelectrodes.®” The Ag electrode, on the other
hand, has a work function of approximately 4.7 eV, which is
approximately 0.5 eV lower than that of SRO. The ohmic
contact and a contact resistance of approximately 125 € were
revealed by the current—voltage (I—V) measurement of the
Ag/SRO contact (see Figure S4). The I—V characteristics of
HfO, threshold switching devices with and without the BTO—
Au buffer layer are presented in Figures 3a and 3b, alongside
simulation results, respectively. Both devices exhibit threshold
switching within the voltage sweep range of 0-0.5 V,
characterized by sudden changes in current levels. These
transitions correspond to the formation and rupture of Ag
filaments, respectively, under a compliance current (CC) of 10
uA. The high-resistance state (HRS) of both devices lies
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beyond the detection limit of the instrument, which is
approximately picoamperes (~pA). This indicates excellent
insulating properties of the 10 nm HfO, switching layer. 200
consecutive I-V cycles on each sample were measured to gain
insights into the stability and the statistical distribution of the
hold voltage (V},,14) and threshold voltage (Vy,), the resistances
of the HRS, and the low-resistance state (LRS), as shown in
Figure 3c,d. According to the results shown in Figure 3c, the
mean values and standard deviations of Vi, 4 and V, are
summarized in Table 1. The ratio of electric field strengths in

Table 1. Statistics of Vy, and V} 4 for the HfO, and HfO,/
BTO—Au Devices

device structure

HfO,
HfO,/BTO—Au

threshold voltage (V)

0.39 + 0.03
0.22 + 0.03

hold voltage (V)

0.07 + 0.08
0.05 + 0.04

HfO, with and without the Au nanoelectrodes (~1.8, indicated
in Figure le,f) corresponds to the inverse of the two threshold
voltages (~1.77). This observation suggests that the
concentrated electric field at the Au nanoelectrodes is the
main factor responsible for the lower threshold voltage (~0.22
V) observed in the HfO,/BTO—Au device, as compared to the
HfO, device (Vy, ~ 0.39 V). Furthermore, the HfO,/BTO—Au
device exhibits a tighter distribution and a smaller V;,y4 (~0.05
V) in comparison to the HfO, device (V44 ~ 0.07 V),

indicating better stability and reliability of the device. The
observed narrower V4 distribution in the HfO,/BTO—Au
device may be attributed to a more consistent distribution of
Ag filament dimensions, particularly in terms of width. This
phenomenon aligns with the proposed explanation by Wang et
al, which suggests that the rupture of Ag filaments is a
spontaneous relaxation process driven by surface energy
minimization.'**® In contrast, the variability in Ag filament
dimensions is likely more pronounced in the HfO, device
where there is limited control over the filament formation
process. The low Vi, achieved in the 10 nm thick HfO,/BTO—
Au device is comparable with the results reported in the 5 nm
thick ALD growth HfO, device.”**® A thicker HfO, film with
low Vy, is beneficial for device applications as it provides an
even lower leakage current, reducing the energy consumption.

Moreover, the IV characteristics of the HfO,/BTO control
sample with no Au nanoelectrodes show capacitive behavior
for 0—2 V sweep (Figure SSa) and a transition in resistance at
approximately 2.3 V (Figure S5b). The observed characteristics
in the control sample provide evidence against the involvement
of BTO’s ferroelectricity in threshold switching and reinforce
the filtering effect (as discussed in Supporting Information
Section 2) of the BTO buffer layer when scanning at lower
voltages (0—0.5 V). Additionally, a previous study of
ferroelectric BTO memristors with smaller thicknesses (<10
nm) has shown higher switching voltages (~2 V), which
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Figure 4. (a) Schematic illustration of the leaky integrate-and-fire circuit. (b) The firing behavior of the Ag/HfO, device when subject to an input
voltage pulse train with 3 V, 50 us width, and 100 us period. (c) Measurement results and (d) simulation results of the Ag/HfO,/BTO—Au device
under an input voltage pulse train with 3.5 V, S0 us width, and 200 us period.
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supports the conclusion that ferroelectricity does not play a
role in threshold switching.*’

Figure 3e—g provides schematic representations of the
formation and rupture of Ag filaments during the resistive
switching process in the HfO,/BTO—Au device, specifically in
the three distinct sections marked in Figure 3b. Initially, the Ag
atoms located in the upper electrode underwent ionization.
Consequently, the resulting Ag" ions migrated toward the Au
nanoelectrodes. Subsequently, these Ag" ions underwent a
reduction process facilitated by electron capture, leading to the
formation of the foundational structure for Ag filaments.”””"
The presence of Au nanoelectrodes in the HfO,/BTO—Au
device results in a lower Vy, leading to the formation of Ag
filaments with significantly smaller dimensions compared to
those formed at higher voltages in the HfO, device.
Consequently, Ag filament rupture likely caused by unstable
Ag ions occurs more easily in filaments with smaller
dimensions.”” In contrast, the higher V}; of the HfO, device
leads to the formation of thicker and denser Ag filaments that
are harder to dissolve, resulting in unwanted nonvolatility of
the device and an inability to switch back to the HRS even
under low or no applied electric field.

Artificial neurons are of utmost importance in the field of
neuromorphic computing, as they facilitate data processing.
Within spiking neural networks (SNN), these neurons are
responsible for receiving input data in the form of pulses and
subsequently generating output pulses once the voltage
surpasses a predefined threshold.”” This behavior closely
resembles the action potential generation observed in bio-
logical neurons. To accurately replicate the action potential
generation exhibited by biological neurons, the leaky integrate-
and-fire (LIF) neuron model is widely adopted within the field
of neuromorphic computing. LIF measurements were con-
ducted to verify the functionality of the threshold switching
devices as artificial neurons, as illustrated in Figure 4a. The
membrane potential was determined to be the voltage drop
across the membrane capacitance, which was represented by
capacitor C,. The threshold switching devices functioned as
artificial neurons, switching between the HRS and the LRS
once the membrane potential reached the desired levels.”* A
shunt resistor R; was connected in series with the artificial
neuron to facilitate measurement of the output current. In the
actual circuit, a capacitor of 1 nF and a shunt resistor of 10 kQ
were utilized (see the Supporting Information, Section S7).
The input voltage pulses from the wave generator were
converted to current pulses by using a customized Howland
current pump before being input into the measurement circuit.

Figure 4b illustrates the firing behavior of the HfO, device
without Au nanoelectrodes. With input voltage pulses of 3 V,
which were converted to approximately 3 yA current pulses by
the Howland current pump with a width of 50 us and a period
of 100 ps, the firing of the HfO, device was shown to be
inconsistent throughout the 20 ms measurement period. The
voltage required to trigger the firing varied from 0.9 to 1.2 V. A
longer period of 200 ys and 3.5 V input voltage did not trigger
the firing of the HfO, device, as the membrane potential failed
to exceed 0.9 V (see Figure S7). In addition, large leakage
current (~10 pA) was observed between consecutive firing
events, with the membrane potential remaining at approx-
imately 0.4 V. This suggests that the device remained in the
LRS of 30 k€ and failed to switch back to the HRS
immediately after firing.

In contrast, the HfO,/BTO—Au devices demonstrated more
consistent performance under low triggering potentials (<0.4
V), as depicted in Figure 4c. Moreover, these devices exhibited
negligible leakage current between firing events, indicating an
immediate transition from the LRS back to the HRS and
considerably lower energy consumption for neuromorphic
computing applications. The statistical results of the Vi,
distribution derived from LIF measurements from 10 different
HfO,/BTO—Au devices are presented in Figure S8. The
overall V,; extracted from all of the measurements was found to
be 0.31 + 0.07 V, which is slightly higher than the Vy, derived
from the I-V characteristics. The simulation results of the
artificial neuron (with Vy, = 0.4 V, V4 = 0.05 V, LRS = 70
kQ, HRS = 10 GQ) are shown in Figure 4d, with the
magnitude and pulse interval in good agreement with the
experimental results, thus confirming the stability of the HfO,/
BTO—Au artificial neurons.

In summary, HfO, artificial neurons with embedded Au
nanoelectrodeshave been fabricated by inserting a self-
assembled VAN BTO—Au buffer layer for the first time. The
novelty of the Au nanoelectrodes in the VAN buffer layer lies
in the following: (1) the Au nanoelectrodes provide spatial
control and enhanced electric field in the HfO, switching layer
that not only reduce the threshold switching voltage but also
improve the stability of the device in both threshold switching
characteristics and neuron functionality; (2) the insulating
BTO matrix serves as a filter layer, eliminating the unwanted
filament formation and minimizing the impact of defects in the
HfO, switching layer; and (3) the fabrication of artificial
neurons can be achieved in a consecutive thin film growth
session without any postdeposition processing, which signifi-
cantly reduces the number of steps involved and improves the
feasibility of future device implementation. While the devices
in this study were deposited on STO substrates, they can be
integrated onto Si substrates by initially depositing a set
ofbuffer layers, e.g, TiN/STO. Further tunability in the
dimension and distribution of Au nanoelectrodes as well as
other metal electrode selections opens up versatile design
potential for future switching devices with specific device
density, functionality, and energy-efliciency requirements.
Within this innovative framework, the extensive repertoire of
VANs emerges as a valuable resource, offering a multitude of
potential VAN selections. These systems hold the promise of
imbuing integrated devices with a wide range of functionalities
encompassing optical and magnetic properties. This trans-
formative potential not only facilitates seamless multifunctional
integration but also opens exciting prospects for exploring
synergistic couplings between distinct physical properties
toward future device schemes.
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