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Abstract: This study investigates effect of the top electrode material on the resistive switching and synaptic prop-
erties of HfO2/ZnO-based memristive devices. By varying the TE materials (Pd, Ti, TiN, and TiAu), we analyzed
influence of the work function difference between top and bottom electrodes on electrical performance. Devices
with a larger work function difference exhibited lower forming and set voltages, which is attributed to the enhanced
internal electric field. Despite this, all of the devices showed similar conduction mechanisms, with the Ti device
demonstrating gradual reset behavior due to its low Gibbs free energy. Synaptic characteristics including long-term
potentiation (LTP) and long-term depression (LTD) were evaluated using a pulse scheme, that confirmed stable ana-
log conductance modulation. These results suggest that selecting an appropriate TE material can improve switching
efficiency as well as synaptic reliability of the memristive devices.

Index terms: Memristive device, HfO2/ZnO, work function, resistive switching, synaptic device conduction mech-
anism, long term potentiation, long-term depression

I. INTRODUCTION

Rapid development of artificial intelligence (AI) and
data-intensive applications have breached the limitations
of von Neumann architecture, where separate memory and
processing units cause latency and high energy consump-
tion [1-4]. Neuromorphic computing, inspired by biologi-
cal neural networks, integrates storage and computation in
a single element to enable low-power parallel processing
[5-7].
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Among emerging memories, resistive random-access
memory (RRAM) is promising due to its simple metal-
insulator-metal (MIM) structure, fast switching, non-
volatility, and CMOS compatibility [8-11]. RRAM can
emulate synaptic plasticity through gradual conductance
modulation, and multi-layer oxide stacks improve switch-
ing uniformity and analog tuneability [12-15]. In par-
ticular, HfO2/ZnO bi-layer devices show stable switch-
ing and reliable weight modulation: HfO2 provides di-
electric stability, while ZnO supports filament formation
[16-19]. Beyond the switching layers, electrode materials
influence device behavior by affecting switching thresh-
olds and conduction mechanisms [20]. Properties such as
work function and Gibbs free energy of oxide formation
impact filament dynamics [4,7,14]. A larger work func-
tion difference between TE and BE enhances the inter-
nal electric field, reducing forming and set voltages, while
a low Gibbs free energy promotes oxygen ion migration
and endurance [15,17,19]. In this work, we investigated
HfO2/ZnO based devices with four TE materials: Pd, Ti,
TiN, and Ti/Au, and analyzed switching voltages, conduc-
tion mechanisms, and LTP/LTD behavior. The results pro-
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vide guidelines for optimizing electrode selection for re-
liable neuromorphic systems [1,5,19,20]. Previous studies
have investigated top-electrode effects on resistive switch-
ing, but they typically compare only a few metals and fo-
cus mainly on forming and SET voltage differences with-
out explicitly linking these trends to material-dependent
properties, such as trap levels or electrode-dependent fila-
ment stability [21,22]. In contrast, this work evaluates four
electrodes within the same HfO2/ZnO structure and corre-
lates their forming, SET, and synaptic behavior with both
work-function differences and the Gibbs free energy of
oxide formation, offering a more comprehensive material-
driven understanding of electrode effects.

II. DEVICE FABRICATION

The memristive devices were fabricated on thermally
oxidized silicon substrates (Si/SiO2) according to the
structure depicted in Fig. 1. The substrates were cleaned
with dilute hydrofluoric acid to remove native oxide be-
fore the deposition of Ti/Pt (10/100 nm) bottom electrode.
The HfO2 and ZnO insulating layers were sequentially de-
posited with atomic layer deposition, which provides pre-
cise control of film thickness and uniformity. Thickness

Fig. 1. Schematic structure of the fabricated HfO2/ZnO-based
memristive device.

of the ZnO and HfO2 layers was fixed at 15 and 3 nm, re-
spectively. These bi-layered structures served as the active
switching medium.

TE consisting of Pd, Ti, and TiN were deposited by
radio-frequency sputtering, while the Ti/Au (10 nm/100
nm) electrode was deposited using e-beam evaporation.
The Ti and Au layers were sequentially stacked to form
the Ti/Au bi-layer electrode. A standard lift-off process
was used to define the crossbar structures of the top elec-
trodes. The final device had a MIM structure with a cell
area of 20 µm × 20 µm, which is suitable to evaluate re-
sistive switching and synaptic characteristics.

III. RESULTS AND DISCUSSION

1. Electrical Characterization

DC electrical measurements were performed using an
Agilent 4156C semiconductor parameter analyzer with a
voltage sweep applied to the TE keeping the BE grounded.
Unless otherwise stated, all of the measurements were
conducted at room temperature. The SET and RESET
compliance currents were fixed at 1 mA and 100 mA, re-
spectively, and all devices were evaluated at the 50th cy-
cle while repeating voltage sweeps (step: 0.05 V) until
hard breakdown occurred. Table 1 summarizes the work
function values of each TE material, including the effec-
tive work function of the Ti/Au (10 nm/100 nm) bi-layer
electrode, and their differences with the BE. To further as-
sess switching stability, cycle-to-cycle (C2C) and device-
to-device (D2D) variations were statistically analyzed, as
shown in Fig. 2.

Fig. 3 shows the forming and SET voltages as a func-
tion of the work function difference for all TE materi-
als (Pd, Ti, TiN, and Ti/Au). Devices with a larger dif-
ference exhibit lower forming and SET voltages, while
those with a smaller difference require higher voltages.
For instance, the Ti-based device, with the largest differ-
ence, showed the lowest potential for forming (3.19 V)
and SET (1.42 V), whereas the Ti/Au-based device ex-
hibits the highest values. This behavior arises from the en-

Table 1. Work function values of BE and TE materials and their differences.

Sample BE material BE work function [eV] TE material TE work function [eV] Work function difference
[eV]

#1 Pt 5.12 [21] Pd 5.60 [22] 0.48

#2 Pt 5.12 Ti 4.33 [23] 0.79

#3 Pt 5.12 TiN 4.70 [24] 0.42

#4 Pt 5.12 Ti/Au 5.10 [25] 0.02
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Fig. 2. (a) C2C variation of HRS and LRS over 50 cycles for four
TE devices. (b) D2D variation of SET voltage extracted
from 20 devices per TE.

Fig. 3. Forming and SET voltages of devices with different TE
materials (Pd, Ti, TiN, Ti/Au) and their work function
differences.

hanced internal electric field of a larger work function dif-
ference, which promotes filament formation and stabilizes
subsequent switching events, thereby contributing to more
reliable device operation.

2. Conduction Mechanism Analysis

Although the TE materials differ, the insulating lay-
ers remain identical across all of the devices, suggesting
no major variation in switching mechanisms. As Shown
in Fig. 4, all devices exhibited Ohmic conduction in the
low-voltage region and space-charge-limited conduction
(SCLC) at higher voltages. This consistency shows that
the work function difference affects the switching voltage
rather than the conduction mechanism.

The Gibbs free energy of oxide formation represents
the thermodynamic driving force for interfacial oxidation,
where a more negative value indicates a higher tendency
for spontaneous and stable oxide formation. This interfa-
cial energetics directly influences ion transport behavior in
oxide-based devices. Ti, with a low formation energy for
TiO2 (∆G◦

f ≈ −888.8 kJ/mol) [26], enables partial con-
trol of oxygen ion migration, suppressing complete fila-
ment rupture and leading to a gradual reset transition. This
moderated process reduces power dissipation, alleviates
stress concentration, and prevents local overheating, as il-
lustrated in Fig. 5. Reported Gibbs free-energy data show
that PdO forms near −100 kJ/mol, while gold oxides have
positive values and remain unstable under common con-
ditions [29,30]. TiN also requires higher energies than Ti
to form TiON or TiO2 [31]. These values indicate weaker
interfacial oxide formation for Pd, TiN, and Au, leading
to less uniform vacancy redistribution and supporting the
smoother RESET and stronger retention of Ti-based de-
vices.

Fig. 6 shows the different reliability behaviors between

Fig. 4. (a)-(d) I-V characteristics of HfO2/ZnO devices employing Pd, Ti, TiN, and Ti/Au electrodes, showing switching behavior
variations depending on the top metal. (e)-(h) Corresponding SCLC fitting results for devices with Pd, Ti, TiN, and Ti/Au.
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Fig. 5. Schematic diagram of oxygen ion/vacancy migration in
Ti TE devices during (a) SET and (b) RESET processes
based on Gibbs free energy [32-34].

Fig. 6. Retention characteristics under stress voltage for devices
with (a) Ti TE and (b) Ti/Au TE, showing stable opera-
tion for Ti and abrupt failure for Ti/Au.

Ti and Ti/Au TE devices. The Ti TE device Fig. 6(a) main-
tains high resistance state (HRS) values under prolonged

stress, demonstrating stable retention without abrupt resis-
tance collapse.

In contrast, the Ti/Au TE device Fig. 6(b) exhibits sud-
den failure under elevated stress voltages, as indicated
by the sharp resistance drop labeled as “failure.” Specif-
ically, failures were observed after approximately 1400
s at Vstress = −1.2 V and after 200 s at Vstress = −1.5
V, confirming the vulnerability of Ti/Au electrodes un-
der high-field stress. In this work, “failure” refers to the
abrupt transition from the HRS to the LRS state upon
reaching the compliance current during constant voltage
stress, indicating uncontrolled filament overgrowth rather
than gradual resistance evolution. This discrepancy under-
scores that the lower Gibbs free energy of Ti facilitates
controlled migration of oxygen vacancies, thereby sup-
pressing catastrophic filament rupture and enabling grad-
ual resistance modulation, whereas electrode systems with
higher Gibbs free energy, such as Ti/Au, are more prone
to abrupt breakdown.

3. Synaptic Characteristics

To evaluate synaptic performance, LTP and LTD mea-
surements were performed by applying 100 consecutive
pulses in sequence, as shown in Fig. 7. Both devices were
tested using identical pulse schemes consisting of 100 po-
tentiation (LTP) and 100 depression (LTD) pulses with a
fixed pulse width of 800 µs. The pulse amplitudes were
set to 2.0 V and 2.2 V for the two devices, respectively,
and the read voltage was fixed at 0.2 V. All devices exhib-
ited analog conductance modulation, demonstrating stable
synaptic switching behavior and acceptable nonlinearity,
which is essential for neuromorphic system implementa-
tion.

The nonlinearity (NL) was calculated using Eq. (1),
where G denotes the normalized conductance and GLinear

is the ideal linear conductance, as defined in [35].

Nonlinearity = average
(∣∣∣∣G−GLinear

GLinear

∣∣∣∣) . (1)

The nonlinearity was calculated using the same normal-
ization range and averaging procedure for all devices to
ensure a fair comparison.

In particular, the Ti-based device (Fig. 7(a)) exhibited
the most gradual and symmetric conductance changes dur-
ing potentiation and depression. This behavior can be at-
tributed to the controlled migration of oxygen vacancies
enabled by the low Gibbs free energy of Ti TE and the
moderate work function, which together suppress abrupt
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Fig. 7. LTP/LTD characteristics under spike stimuli for (a) Ti TE
device, (b) Ti/Au TE device, and (c) normalized conduc-
tance with extracted NL values.

filament dissolution and allow fine-tuned weight updates.
Consistently, the extracted NL value of the Ti device was
0.51, close to the ideal case, indicating its suitability for
stable synaptic weight updates.

In contrast, the Ti/Au-based device in Fig. 7(b) showed
less gradual modulation with higher NL values (0.90
for potentiation and 0.56 for depression), reflecting the
weaker influence of its higher Gibbs free energy. Such
quantitative differences highlight that Ti electrodes enable
more linear conductance modulation compared to Ti/Au,
which is highly desirable for reliable learning behavior in
neuromorphic applications.

These results, summarized in Fig. 7, confirm that the
choice of top electrode material significantly affects both
the resistive switching characteristics and the synaptic
plasticity of HfO2/ZnO-based memristive devices.

IV. CONCLUSIONS

In this study, we investigated the effect of TE materi-
als on the switching behavior and synaptic performance
of HfO2/ZnO-based memristive devices. All of the de-
vices share same insulator structure, leading to a consis-
tent switching mechanism–Ohmic conduction in the low-
voltage regime and SCLC in the high-voltage regime.

Nevertheless, the TE work function and Gibbs free en-
ergy significantly influenced device performance. Devices
with a larger work function difference exhibited lower
forming and SET voltages. In particular, the Ti TE device,
with its low Gibbs free energy, demonstrated a gradual re-
set process by controlling oxygen ion migration and pre-
venting abrupt filament rupture. This thermal moderation
also contributed to enhanced retention performance, with
no failure observed under increased stress conditions.

Furthermore, the Ti TE device exhibited the most de-
sirable synaptic behavior, showing gradual and symmetric
conductance modulation under LTP/LTD pulse sequences.
These results confirm that the selection of TE material is
critical not only for resistive switching characteristics but
also for achieving reliable and analog synaptic functional-
ity in neuromorphic systems.
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