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Effects of thermal annealing on analog resistive
switching behavior in bilayer HfO2/ZnO synaptic
devices: the role of ZnO grain boundaries†

Yeong-Jin An,‡a Han Yan, ‡a Chae-min Yeom,a Jun-kyo Jeong,a Sunil Babu Eadi,a

Hi-Deok Lee *a and Hyuk-Min Kwon*b

The effects of thermal annealing on analog resistive switching behavior in bilayer HfO2/ZnO synaptic

devices were investigated. The annealed active ZnO layer between the top Pd electrode and the HfO2

layer exhibited electroforming-free resistive switching. In particular, the switching uniformity, stability, and

reliability of the synaptic devices were dramatically improved via thermal annealing at 600 °C atomic force

microscopy and X-ray diffraction analyses revealed that active ZnO films demonstrated increased grain

size upon annealing from 400 °C to 700 °C, whereas the ZnO film thickness and the annealing of the

HfO2 layer in bilayer HfO2/ZnO synaptic devices did not profoundly affect the analog switching behavior.

The optimized thermal annealing at 600 °C in bilayer HfO2/ZnO synaptic devices dramatically improved

the nonlinearity of long-term potentiation/depression properties, the relative coefficient of variation of

the asymmetry distribution σ/μ, and the asymmetry ratio, which approached 1. The results offer valuable

insights into the implementation of highly robust synaptic devices in neural networks.

1. Introduction

As the conventional von Neumann architecture causes slow
calculation speed and high energy consumption, the demand
for low-energy and highly adaptable computing has gradually
increased with the development of big data, the Internet of
Things, and artificial intelligence.1,2 Thus, extensive research
has been conducted to enhance the efficiency of information
processing under ultralow power consumption based on the
imitation of the neuromorphic system of the human brain.3,4

The potential of neuromorphic computing has attracted inter-
est for the development of various materials and devices.5

Prezioso et al. (2018)6 proposed a memristive device based on
a metal–organic framework that can emulate the plasticity of
biological synapses. The device demonstrated high accuracy in
recognizing handwritten digits and consumed considerably
less power than conventional computing methods.
Neuromorphic computing has become a promising method to
achieve highly efficient data processing in which memristive

devices are used owing to their simple structure, elevated inte-
gration, low power consumption, and analog conductance
modulation.7–12 Digital memristive devices with abrupt resis-
tive switching in which the active material is sandwiched
between two electrodes have been widely studied for next-gene-
ration non-volatile memory applications.13 Digital memristive
devices exhibit the formation and rupture of conduction fila-
ments (CFs), indicating that filamentary digital memristive
devices can be repeatedly switched with abrupt set/reset
switching. On the contrary, analog memristive devices with
gradual resistive switching can be modulated by applied elec-
trical stimuli, similar to synapses that carry information from
one neuron to another.14–16 The application of electrical
stimuli can tune the internal resistance of the active material
and improve conductivity, similar to synaptic weight poten-
tiation. In addition, it is similar to synaptic weight depression
in the conductance state of the active material, where the con-
ductivity decreases continuously with increasing electrical
reverse voltage.17 Interestingly, analog memristive devices with
inherent ionic dynamics analogous to biological synapses
show promising features in exploiting artificial synapses for
brain-inspired neuromorphic computing. However, the mecha-
nism of analog resistive switching has remained obscure as
few studies have been performed on analog memristive devices.

In digital memristive devices, transition metal oxides,
mainly based on Al2O3,

18 HfO2,
19 TaOx,

20 ZrO2,
21 TiO2,

22 and
others, are used owing to their abrupt resistive switching upon
the formation of a highly conductive path to realize high-per-
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formance memory devices. However, single-layer memristive
devices with transition metal oxides suffer from uncontrolled
filament formation, high switching voltage, and gradual
change in conductance under bipolar resistive switching.23

The electroforming process is usually required to obtain stable
resistive switching; however, it uses a much higher bias and
may result in unpredictable resistance states, making it
difficult to modulate resistive switching. An active-metal–oxide
deposition technique was developed via the redox reaction of
oxide-based materials, such as TiOx,

24 TaOx,
25 WOx,

25 AlOx,
26

HfOx,
27 and PrxCa1−xMnO3 (PCMO),28 introduced between the

transition metal oxide and the top electrode to significantly
improve the resistive switching behavior. Recently, an electro-
forming-free process based on indium–gallium zinc oxide
(IGZO) and zinc oxide (ZnO) has been proposed to modulate
conductance during resistive switching.29 IGZO and ZnO films
offer low cost, low deposition temperature, controllable electri-
cal behavior, chemical stability, and electrochemical activity,
leading to their application in neuromorphic computing.30

The conduction mechanism of the metal oxide film is related
to the electrical migration of oxygen ions/vacancies in the
switching film.31,32 However, the controllability of oxygen
vacancies via thermal annealing is a major challenge, mainly
because the oxygen vacancy concentration significantly affects
the conductivity of the material.33,34 The redistribution of
oxygen vacancies upon thermal annealing depends on the
grain boundary size, duration, and the number of program-
ming pulses, allowing memristive devices to mimic synaptic
plasticity by exhibiting analog resistive switching
characteristics.35,36 In particular, ZnO deposited by atomic
layer deposition (ALD) usually forms a polycrystalline structure
owing to a large lattice mismatch, indicating that its electric
properties depend on microstructural characteristics.37

Thermal annealing affects ZnO film properties by modifying
the interfacial structure of grain boundaries.38 A significant
improvement in synaptic plasticity may be possible by employ-
ing the dependencies on the grain boundary of a geometrical
functional scheme, which can inherently modulate ionic trans-
fer dynamics in the active layer. In the set process, oxygen ions
within transition metal oxides may migrate more readily to the
top metal electrode along grain boundaries within the active
layer in response to an electric field. The reset process of mem-
ristive devices decreases the conductance in the off state by
removing the CF path through the grain boundary region of
the active layer between the transition metal oxide and the top
electrode.39 In addition, there is limited information about the
characteristics of ZnO active layers in bilayer memristive
devices, and little is known about the properties of grain
boundaries in the ZnO active layer and how they impact synap-
tic functions in memristive devices.

In this work, we investigated the effects of thermal anneal-
ing on analog resistive switching behavior in bilayer HfO2/ZnO
synaptic devices to mimic the functions of biological synapses.
In particular, the nanocrystalline structure of active ZnO films
in bilayer HfO2/ZnO synaptic devices was easily formed via
thermal annealing, and its effects on the electroforming-free

resistive switching behavior were evaluated. We verified the
improved uniformity in VSET and VRESET distributions with
the cycle number and on/off ratio. Atomic force microscopy
(AFM) and X-ray diffraction (XRD) verified that the increase in
annealing temperature caused grain boundary enlargement,
which could improve diffusion paths for oxygen vacancies to
control the conductance modulation. To verify the role of the
film thickness and the annealed ZnO layer in the bilayer HfO2/
ZnO structure, two synaptic devices comprising 6 nm single-
layer HfO2 and bilayer HfO2/ZnO were fabricated without
and with thermal annealing at 600 °C and compared.
Consequently, the switching uniformity, stability, and
reliability of bilayer HfO2/ZnO synaptic devices were optimized
via thermal annealing at 600 °C.

2. Experimental procedure

The fabrication of synaptic memristive devices was performed
after the thermal oxidation of silicon dioxide (SiO2, 300 nm)
on a (100) silicon substrate. As shown in Fig. 1(a), Pt was de-
posited on a SiO2/Si substrate as the bottom electrode by an
electron-beam evaporator. To better match the physical
contact and electrical properties of the substrate with the
bottom electrode, the adhesion between SiO2 and Pt layers and
conductivity were improved by the deposition of a 10 nm Ti
layer. An ALD system at a chamber temperature of 200 °C was
used to deposit a 3 nm HfO2 layer using tetrakis(ethylmethyl-
amino)Hafnium (TEMAH), Hf[N(CH3)(C2H5)]4 and source pre-
cursors in H2O on the bottom electrode. Then, a 3 nm ZnO
layer was deposited by ALD using DEZn (diethylzinc, Zn
(C2H5)2) and source precursors in H2O at a chamber tempera-
ture of 80 °C. Consequently, the samples were annealed in a
quartz tube furnace at 400 °C, 500 °C, 600 °C, and 700 °C for
1 h in an N2 ambient. After cooling the annealed samples, the
pattern fabrication of the top electrode was conducted using a
negative photoresist by photolithography. Finally, 150 nm Pd
was deposited using a radio frequency sputtering system as the
top electrode in an Ar environment, and memristive devices
with a crossbar structure were formed by the lift-off process.
Cross-sectional high-resolution transmission electron
microscopy (HRTEM) and energy dispersive X-ray spectroscopy
(EDS) images of bilayer HfO2/ZnO synaptic devices were shown
in Fig. 1(b). The physical thickness of bilayer HfO2/ZnO synap-
tic devices was measured by HRTEM, which was 3.94 nm of
HfO2 and 3.17 nm of ZnO2, respectively, as shown in Fig. 1(b).
Notably, all samples were fabricated at the same time to mini-
mize variations in the devices due to the fabrication process,
such as the deposition of resistive switching materials and
bottom/top metal electrodes. The crystal structure and micro-
structure of ZnO films were characterized using XRD and AFM.
The scanning area used in AFM was 2 × 2 µm.

Electrical measurements were performed using a Keysight
B1500A semiconductor device analyzer to evaluate analog
resistive switching characteristics and learning properties with
pulse trains. All electrical measurements were obtained by
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applying a voltage to the top Pd electrode while the bottom Pt
electrode was grounded. Synaptic functions in bilayer HfO2/
ZnO synaptic devices were measured by Keysight B1530A with
a waveform generator/fast measurement unit. For learning pro-
perties with pulse trains, all pulses were applied across the
synaptic devices through the B1530 arbitrary waveform genera-
tor, and the currents were simultaneously monitored using
the B1500 source measurement unit. To analyze the synaptic
plasticity behavior of bilayer HfO2/ZnO synaptic devices, 100
pulses were applied, respectively, and the current was
measured after each stimulation pulse.

3. Results and discussion
3.1. Surface morphology and crystallization

To confirm the effect of thermal annealing on grain bound-
aries, the surface morphologies of ZnO films upon thermal
annealing in bilayer HfO2/ZnO synaptic devices were investi-
gated by AFM, as shown in Fig. 2. In addition, AFM was used
to visualize grain boundaries in nanocrystalline films.40

Variations in surface roughness were indicated by the root
mean square (Rq or Rrms) and average roughness (Ra). The Rq
value of the HfO2/ZnO interface in the as-deposited film was
0.72 ± 0.2 nm as shown in Fig. 2(a).41 The roughness para-
meters reduced when the annealing temperature increased
from 400 °C to 700 °C, as shown in Fig. 2(b–e). Based on the

AFM results, the dependence of the roughness parameters of
ZnO films on annealing temperature was revealed, as shown in
Fig. 2(f ). The roughness parameters significantly increased for
the ZnO films annealed at temperatures above 600 °C, which
implies an increase in the ZnO grain size. At high tempera-
tures, Zn and O atoms in ZnO films have enough activation
energy for the internal migration process to complete the
crystal lattice.42 Grain coalescence and re-growth in ZnO films
at high temperatures are attributed to the increased grain size
and reduced the grain boundary density because grains with
low surface energies merge with neighboring grains and form
large-size grains at high temperatures. Simultaneously, pore
coalescence was observed in the AFM images of the ZnO films
annealed at 600 °C and 700 °C.

To investigate the crystalline phase formation, HfO2/ZnO
films were analyzed upon thermal annealing using XRD, as
shown in Fig. 3. Actually, the thickness of the active ZnO layer
increased from 3 nm to 10 nm to examine the tendency of crys-
tallization because it was difficult to analyze broad diffraction
peaks and low signal-to-noise ratios below 10 nm (see
Fig. S1(a)†). The primary growth direction of ZnO is generally
known as the (0001) direction in the hexagonal prism crystal
structure because the (0001) plane has the lowest surface free
energy.43 The crystal orientation of the ZnO film was favored
in the Z-axis direction and appeared in the (002) crystal plane.
The diffraction peaks of the HfO2/3 nm ZnO films on anneal-
ing temperature were not observed in the XRD results (see

Fig. 1 (a) Schematic illustration of neurotransmission processes in a biological synapse and a 3-dimensional (3D) crossbar structure with a bilayer
HfO2/ZnO synaptic device (artificial synapse), where the top Pd metal electrode mimics pre-synaptic neurons, and the bottom Pt metal electrode
emulates post-synaptic neurons, (b) cross-sectional high-resolution transmission electron microscopy (HRTEM) and energy dispersive X-ray spec-
troscopy (EDS) images of bilayer HfO2/ZnO synaptic devices.
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Fig. S1(b)†), indicating the formation of amorphous and/or
nanocrystalline structures in ZnO deposited samples. When
the sample is placed at a high temperature, sufficient diffusion
activation energy is obtained to penetrate the lattice point, and
grains with low surface energies merge with neighborhood
grains and grow large in size. All samples exhibit a common
XRD peak at around 51°, which originates from the Si sub-
strate.44 Among the 10 nm ZnO diffraction peaks, 2θ angles of
31.9°, 34.4°, and 36.4° corresponded to the (100), (002), and
(101) planes of ZnO (ICSD 31052), implying that the ZnO films
were strongly oriented in the Z-axis direction. The obtained
XRD diffraction peaks agreed well with the standard diffraction
peaks of ZnO. When the annealing temperature increased
from 400 °C to 700 °C, the intensity of all ZnO diffraction
peaks increased significantly, as shown in Fig. 3(a). In
addition, the diffraction peaks of HfO2 films were not found
upon thermal annealing, indicating that the HfO2 films had a
polycrystalline structure below 700 °C.

To analyze the thickness and grain size of polycrystalline
films as a function of annealing temperature, the average poly-
crystalline sizes were estimated using the Debye–Scherrer
equation,

DðnmÞ ¼ kλ
β cos θ

ð1Þ

where λ is the X-ray wavelength (λ=1.5406 Å), and β is the peak
width of the diffraction peak profile at half maximum resulting
from the crystallite size in radians. k is a dimensionless shape
factor, with a typical value of approximately 0.9, and θ is the
Bragg diffraction angle.45,46

Fig. 3(b) shows the dependence of the full width at half
maximum (FWHM) and average grain size of HfO2/ZnO films
on annealing temperature. As the annealing temperature
increased, the FWHM reduced sharply and the average grain
size increased, indicating the polycrystalline structure of ZnO

Fig. 2 AFM surface topography images of ZnO films in bilayer HfO2/ZnO synaptic devices (a) without thermal annealing, (b) with thermal annealing
at 400 °C, (c) 500 °C, (d) 600 °C, and (e) 700 °C. (f ) Dependence of the root mean square (Rq or Rrms) and average roughness (Ra) of ZnO films on
thermal annealing.

Fig. 3 (a) X-Ray diffraction spectra of HfO2/ZnO films without and with thermal annealing from 400 °C to 700 °C. (b) Dependence of the full width
at half maximum (FWHM) and average grain size of HfO2/ZnO films on annealing temperature.
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films upon thermal annealing. The FWHM value is inversely
proportional to the average grain size, which means that a
lower FWHM and a larger grain size indicate better crystal
quality. Consequentially, thermal energy generated by the
annealing process facilitates atomic alignment in the plane
with the lowest free surface energy, and nanocrystals aggregate
after annealing to form larger crystallites, consistent with the
AFM and XRD results.

3.2. Electrical characterization

To investigate device-to-device variation, Fig. 4(a) and (b)
shows that the distribution and cumulative probability of the
initial state during the electroforming process and low-resis-
tance state (LRS) were measured in single-layer HfO2 and
bilayer HfO2/ZnO synaptic devices without and with thermal
annealing, where the initial state and LRS were extracted at a
read voltage of ±0.3 V. Fig. S2† observes the I–V resistive
switching cycle behaviors of 40 synaptic devices for single-layer
HfO2 and bilayer HfO2/ZnO synaptic devices without and with
thermal annealing. Electroforming HfO2 without and with
thermal annealing and bilayer HfO2/ZnO synaptic devices
without thermal annealing was conducted for the field-
induced migration of oxygen vacancies in bilayer HfO2/ZnO
films by voltage sweeping from 0 to 4 V, as shown in Fig. 4. A
compliance current of 1 mA was set to prevent damage due to
a sudden increase in current levels. Interestingly, the electro-
forming process did not affect the initial resistive switching
behaviors of the bilayer HfO2/ZnO synaptic devices annealed at
400 °C, 500 °C, and 600 °C, as shown in Fig. 4. This implies
that the electroforming-free process can generate defects or
grain boundaries that act as high diffusion paths for oxygen
vacancies in nanocrystalline ZnO films formed by thermal
annealing.47

To investigate the effects of the formed grain boundaries on
the resistance switching behavior, the typical current–voltage
(I–V) switching of bilayer HfO2/ZnO synaptic devices without
and with thermal annealing from 400 °C to 700 °C for 1 h in
an N2 ambient is shown in Fig. 5(a–d). Abrupt (digital) and

gradual (analog) switching behaviors were observed in bilayer
HfO2/ZnO synaptic devices. However, bilayer HfO2/ZnO synap-
tic devices without thermal annealing show uniformity issues
as the cycle number and on/off ratio varied. The uniformity is
improved for bilayer HfO2/ZnO synaptic devices upon thermal
annealing at 400 °C, 500 °C, and 600 °C, implying that the
electroforming-free process can cause defects or grain bound-
aries that act as high diffusion paths for oxygen vacancies in
the annealed nanocrystalline ZnO films. Bilayer HfO2/ZnO
synaptic devices annealed at 700 °C no longer performed resis-
tive switching because the crystallization of HfO2 and/or ZnO
films became obvious, as shown in Fig. 5(e). The statistical
results of the distribution and cumulative probability of the
high-resistance state (HRS) and LRS in 40 consecutive I–V
sweeps were obtained in bilayer HfO2/ZnO synaptic devices
without and with thermal annealing, where the HRS and LRS
were extracted at a read voltage of ±0.3 V, as shown in Fig. 5(f ).
The on/off ratio of our synaptic devices was approximately 103,
confirming a clear resistance window and the improved resis-
tance distribution of the HRS and LRS in 40 consecutive I–V
sweeps upon thermal annealing at 600 °C. VSET and VRESET
distributions in 40 consecutive I–V sweeps are repeatedly
measured in bilayer HfO2/ZnO synaptic devices without and
with thermal annealing, as shown in Fig. 6(a–d). The varia-
bility of VSET shows a significant improvement with increasing
annealing temperature, while the distribution of VRESET
exhibited uniformity with little deviation. The results showed
that bilayer HfO2/ZnO synaptic devices annealed at 600 °C
exhibited uniform VSET and VRESET distribution distri-
butions, as well as gradual switching, which can be beneficial
in binarized neural networks because the synaptic device
response can be adjusted from cycle to cycle depending on the
number of stimulations pulses.48

To verify the improved role of the film thickness or the
annealed ZnO layer in a bilayer HfO2/ZnO structure, we investi-
gated the typical I–V switching behavior of 6 nm single-layer
HfO2 and bilayer HfO2/ZnO synaptic devices without and with
thermal annealing at 600 °C for 1 h in an N2 ambient (Fig. 7(a)

Fig. 4 Distribution and cumulative probability of (a) the initial state during the electroforming process and (b) the low-resistance state (LRS) for
single-layer HfO2 and bilayer HfO2/ZnO synaptic devices without and with thermal annealing, where the initial state and LRS were extracted at a
read voltage of ±0.3 V.
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Fig. 5 Typical current–voltage (I–V) resistive switching behavior of bilayer HfO2/ZnO synaptic devices (a) without and with thermal annealing at (b)
400 °C, (c) 500 °C, (d) 600 °C, and (e) 700 °C for 1 h in an N2 ambient. (f ) Distribution and cumulative probability of the high-resistance state (HRS)
and low-resistance state (LRS) in 40 consecutive I–V sweeps for bilayer HfO2/ZnO synaptic devices without and with thermal annealing, where the
HRS and LRS were extracted at a read voltage of ±0.3 V.

Fig. 6 Obtained VSET and VRESET distributions for 40 consecutive I–V sweeps for bilayer HfO2/ZnO synaptic devices (a) without and with thermal
annealing at (b) 400 °C, (c) 500 °C, and (d) 600 °C.

Paper Nanoscale

4614 | Nanoscale, 2024, 16, 4609–4619 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 2
0 

Ja
nu

ar
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

5.
12

.2
02

5 
02

:4
1:

32
. 

View Article Online

https://doi.org/10.1039/d3nr04917e


and (b)). The uniformity of the resistive switching properties of
the single-layer HfO2 synaptic device without and with thermal
annealing at 600 °C further degraded because of the formation
of a large number of conductive filaments. Also, after a bilayer
3 nm HfO2/3 nm ZnO structure with thermal annealing at
600 °C, the added ZnO films cause the cumulative probability
and distribution degradation of HRS and LRS (see Fig. S3†).
Importantly, the annealed ZnO film in a bilayer HfO2/ZnO
structure improves the uniformity of the resistive switching
properties.49,50 Therefore, because conductance values (the
inverse of resistance values) are used as synaptic weights in
binarized neural networks, the annealed ZnO films in bilayer
HfO2/ZnO synaptic devices helped to improve the relatively high
variability of the HRS. As previously mentioned, the AFM and
XRD results revealed that the ZnO grain size increased upon
annealing, which is consistent with the improvement in the re-
sistance switching properties with annealing temperature.

3.3. Applications of artificial synapses and neurons

In the human brain, the transmission between pre-synaptic
and post-synaptic neurotransmitters is substituted into the
artificial synaptic device, which is comparable to the electrical
switching behavior of synaptic devices.51 The repeated pre-
synaptic potential firing progressively changes the strength of
connections between the neurons modulating the synaptic
weight. This phenomenon is known as synaptic plasticity,
which plays an important cognitive function of the brain. The
nonlinearity and symmetry of synaptic devices are also critical
factors for application analysis. Fig. 8 shows the long-term
potentiation (LTP) and long-term depression (LTD) of bilayer
HfO2/ZnO synaptic devices without and with thermal anneal-
ing from 400 °C to 600 °C for 1 h in an N2 ambient. One
hundred consecutive pulses, which consisted of a series of
positive pulses (1.5 V, 800 μs) and a read pulse (0.25 V, 2.4 ms),
was applied to bilayer synaptic devices during the LTP process.
The negative pulses (−1.5 V, 800 μs) were reversed under the
same condition during the LTD process. These behaviors
agreed well with the results obtained for the I–V switching be-
havior with a DC sweep.

In particular, the conductance modulation of a synaptic
device must be updated depending on the number of stimu-
lation pulses between neuron spikes to achieve LTP or LTD;
thus, analog switching in a biological synapse can be
implemented where the weight modulation is set to various
states during the adjustment of the conductance. However,
most synaptic devices suffer from nonlinearity due to the mis-
matches of the input pulse resulting from physical limitations,
including the diffusion dynamics of vacancies in resistive
switching materials during the CF process. Linear conductance
modulation is a major requirement for synaptic device-based
neuromorphic computing to realize high accuracy for learning.
The nonlinearity of synaptic devices is given by equation,30

Nonlinearity ¼ average
G� GLinear

GLinear

����
����� 100%

� �
ð2Þ

where G is the change in the conductance of synaptic devices,
and GLinear is the linear change of the conductance.

The conductance modulation of bilayer HfO2/ZnO synaptic
devices without thermal annealing shows an abrupt increase,
followed by gradual saturation, as shown in Fig. 8(a). The non-
linearity of the LTP and LTD characteristics is determined as
65.2% and 69.1%, respectively. The initial filament formation
involves the movement of oxygen vacancies only in the vicinity
of the CF. Hence, the electroforming process of bilayer HfO2/
ZnO synaptic devices with thermal annealing may lead to line-
arity by preventing the initial abrupt increase without the fila-
ment formation process. The conductance modulation of LTP
and LTP in bilayer HfO2/ZnO synaptic devices is improved by
increasing the thermal annealing temperature, as shown in
Fig. 8(b) and (c). The nonlinearity of LTP and LTD character-
istics with thermal annealing is 64.23% and 25.14% at 400 °C,
and 39.11% and 24.05% at 500 °C, respectively. In particular,
the conductance modulation of bilayer HfO2/ZnO synaptic
devices improves substantially with thermal annealing at
600 °C. The nonlinearity of the LTP and LTD characteristics at
600 °C was 9.62% and 6.66%, respectively. This implies that
grain boundaries act as high diffusion paths for oxygen

Fig. 7 Typical I–V switching behavior of 6 nm HfO2 (a) without and with thermal annealing (b) at 600 °C for 1 h in an N2 ambient compared with
that of bilayer HfO2/ZnO synaptic devices under the same thermal annealing conditions. (c) Distribution and cumulative probability of the HRS and
LRS of HfO2 (6 nm) and bilayer 3 nm HfO2/3 nm ZnO synaptic devices without and with thermal annealing.
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vacancies in the annealed nanocrystalline ZnO films upon the
increase in grain size. Blocking the concentration of the elec-
tric field in the HfO2 layer also prevents a sudden change in
conductance at the beginning as the electroforming-free
process.52 To verify the device-to-device uniformity of LTP and
LTD, measurements were performed on 5 bilayer HfO2/ZnO
synaptic devices in each structure. Subsequently, numerical
values were inserted as standard deviations, and it was
observed that the HfO2/ZnO synaptic device with thermal
annealing from 600 °C exhibited the least variability. The
asymmetric synapse behavior during the learning process with
pulse trains is important in the overall efficiency of neuro-
morphic computing, as well as the nonlinearity of the results.
The symmetric weights of LTP and LTD in bilayer HfO2/ZnO
synaptic devices are redefined as the asymmetry ratio (AR):53

AR ¼ GPotentiation@ðNxÞ
GDepression@ðNmax � Nx þ 1Þ ð3Þ

where GPotentiation and GDepression are the changes in the con-
ductance during LTP and LTD processes, Nx is the number of
pulses, and Nmax is the total number of pulses between Gmin

and Gmax, indicating that the ratio of “1” is the ideal state.
The cumulative probability of the AR for LTP and LTD in

bilayer HfO2/ZnO synaptic devices without and with thermal
annealing from 400 °C to 600 °C for 1 h in an N2 ambient is

plotted in Fig. 9. The coefficient of variation σ/μ, where σ is the
standard deviation, and μ is the mean value of the AR, gradu-
ally improves as the annealing temperature increases. An AR

Fig. 8 Long-term potentiation (LTP) and long-term depression (LTD) behavior of bilayer HfO2/ZnO synaptic devices (a) without and with thermal
annealing at (b) 400 °C, (c) 500 °C, and (d) 600 °C for 1 h in an N2 ambient. One hundred consecutive pulses, which consisted of a series of positive
pulses (1.5 V, 800 μs) and a read pulse (0.25 V, 2.4 ms), was applied to bilayer synaptic devices during the LTP process. The negative pulses (−1.5 V,
800 μs) were reversed under the same condition during the LTD process. And LTP, LTD were measured across 5 bilayer HfO2/ZnO synaptic devices,
with the results presented as standard deviations.

Fig. 9 Cumulative probability of the asymmetry ratio for LTP and LTD
behavior in bilayer HfO2/ZnO synaptic devices without and with thermal
annealing from 400 °C to 600 °C for 1 h in an N2 ambient, where the
ratio “1” is the ideal state.
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value closer to “1” means that data fluctuations are small.
These behaviors matched well with the nonlinearity results.54

To verify the cycle-to-cycle variation of LTP and LTD, we
applied a continuous pulse to HfO2/ZnO synaptic devices with

thermal annealing at 600 °C. We delivered 100 positive pulses
followed by 100 negative pulses and repeated this process a
total of four times. For LTP, with each repetition of measure-
ments, observed an increase in nonlinearity from 9.62% to
11.63%, 16.47%, and 19.84%. In the case of LTD, the nonli-
nearity increased from 6.66% to 24.23%, 7.92%, and 30.63%.
This indicates that uniformity is maintained even with
repeated cycles.

A schematic illustration of the transition mechanism
during CF formation in bilayer HfO2/ZnO synaptic devices
without and with thermal annealing is shown in Fig. 11.
Oxygen ions (O2−) in bilayer HfO2/ZnO synaptic devices
without thermal annealing diffuse from HfO2 toward ZnO
and the top electrode interface upon the applied electrical
field, as shown in Fig. 10(a). Currently, oxygen vacancies are
generated in the HfO2 layer and facilitate CF formation, indi-
cating that bilayer HfO2/ZnO synaptic devices increase the
conductance. The ZnO layer between the top Pd electrode
and the HfO2 layer plays a significant role in electroforming-
free resistive switching by easily forming oxygen deficiency in
the active ZnO layer–top electrode interface. In particular, the
crystallized ZnO film formed by thermal annealing between
the top Pd electrode and the devices treated at 600 °C is
improved.

Fig. 11 Schematic illustration of the transition mechanism during the conductive filamentary formation in bilayer HfO2/ZnO synaptic devices (a)
without and (b) with thermal annealing. Crystallized ZnO films formed by thermal annealing between the top Pd electrode and the HfO2 layer
remarkably improve O2− migration from the HfO2 layer to the ZnO bulk and the top electrode interface.

Fig. 10 Conductance saturation characteristics of HfO2/ZnO synaptic
devices with thermal annealing at 600 °C under a series of positive
pulses with different voltage amplitude.

Table 1 Comparison of device characteristics, and measurement result of the HfO2, ZnO based synaptic devices

Structure (TE/material/BE) Switching speed Vreset/Vset ΔR=Roff/Ron NL%(LTP/LTD) Asymmetry Ref.

Pt/ZnO/Pt 10 ms −0.5 V/1 V 102 — — 55
TiN/HfO2/TiN <10 ns −1.4 V/1.5 V 102 — — 56
Pt/ZnO1−-x/ZnO bilayer structure/Pt — −0.6 V/1.5 V 40 — — 57
Ti/ZnO/HfO2/Pt — — Order of ∼102 — — 58
TiN/ZnO/Pt — −1.2 V/1.2 V 10 — — 59
Pt/HfO2/ZnO/TiN — −1.7 V/1.4 V 30 — — 60
Pd/ZnO(annealing)/HfO2/Pt — −0.5 V/1 V >103 9.62/6.66 ∼1 This work

TE, top electrode; BE, bottom electrode; RT, room temperature; NL, nonlinearity; “—”, data not found in the associated reference paper.
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HfO2 layer remarkably improves O2− migration from the
HfO2 layer to the ZnO bulk and top electrode interface, as
shown in Fig. 10(b). In other words, O2− in the HfO2 layer
aggressively migrates toward the top Pd electrode and then
gets trapped at the ZnO–top electrode interface or the grain
boundaries of the annealed ZnO layer in addition to blocking
the concentration of the electric field in the HfO2 layer.
Therefore, the increased grain size in the annealed nanocrys-
talline ZnO films provides a robust improvement in the analog
resistive switching uniformity, stability, and reliability of
synaptic devices.

Also, comparing to the previous reports shown in Table 1, it
is clear that the performance of the HfO2/ZnO synaptic devices
treated at 600 °C is improved.

4. Conclusions

The effects of thermal annealing on analog resistive switching
behavior in bilayer HfO2/ZnO synaptic devices were investi-
gated. The annealed active ZnO layer between the top Pd elec-
trode and the HfO2 layer played a significant role in the result-
ing electroforming-free resistive switching behavior by easily
forming oxygen deficiency in the ZnO layer. AFM and XRD
analyses revealed that the grain size of ZnO increased as the
annealing temperature increased from 400 °C to 700 °C, while
the diffraction peaks of HfO2 were not found. To verify the role
of the film thickness and the annealed ZnO layer in a bilayer
HfO2/ZnO structure, the resistive switching behavior in single-
layer HfO2 (6 nm) and bilayer HfO2/ZnO without and with
thermal annealing at 600 °C was compared. We found that the
analog resistive switching behavior (switching uniformity,
stability, and reliability) of synaptic devices significantly
improved upon thermal annealing in bilayer HfO2/ZnO synap-
tic devices. The switching uniformity and stability of synaptic
devices demonstrated in this work are promising for the devel-
opment of neural networks in the future.
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