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High-Performance TiN/Al2O3/ZnO/Al2O3/TiN
Flexible RRAM Device With High

Bending Condition
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Abstract— The bipolar resistive switching (RS) charac-
teristics of the ZnO-based TiN/Al2O3/ZnO/Al2O3/TiN struc-
ture are investigated for flexible nonvolatile memory
applications. Using a thin Al2O3 buffer layer on both sides
of the ZnO device shows uniform and eminently stable
bipolar resistance switching characteristics. The device
exhibits good RS with more than two orders of resis-
tance ON-OFF ratio, retention of >104 s at 120 ◦C, good dc
endurance >104 cycles, and high ac endurance of >108

cycles with 40-ns pulsewidth without any degradation. The
device shows high mechanical stability when under 104

continuous repetitive flexible bendings, indicating that high
endurance with a very small bending radius of up to 3 mm.
The lower Gibbs free energy of the Al2O3 (−1676 kJ/mol)
film compared with the ZnO (−320.4 kJ/mol) and TiO2
(−994 kJ/mol) films can improve the RS properties of the
TiN/Al2O3/ZnO/Al2O3/TiN device. The significant improve-
ment in the TiN/Al2O3/ZnO/Al2O3/TiN device is due to the
reason that thin Al2O3 layers on both sides of ZnO would
help stabilize the local oxygen migrations for the formation
and rupture of the conductive filament during the continu-
ous switching cycles, resulting in high memory switching
characteristics.

Index Terms— Conductive filament (CF), Gibbs free
energy, Poole–Frenkel conduction, resistive switching (RS).

I. INTRODUCTION

THE nonvolatile resistive random access memory (RRAM)
is one of the most prominent candidates for nonvolatile

memory applications because of its excellent scaling ability,
good reliability, robust switching speed, and very strong
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capability for the CMOS process [1]–[5]. In recent years,
flexible substrate-based devices are very promising and essen-
tial due to their lightweight, being globally friendly, and low
cost, for various applications in flexible displays, transistor,
diodes, touch panel devices, as well as integrated circuits.
However, lack of good performance is the major issue in
the flexible substrate-based devices for future memory appli-
cations [6], [7]. To achieve excellent RRAM characteristics,
various studies have been performed to investigate the resistive
switching (RS) phenomenon in distinct materials [8]. Metal
oxides such as TaOx, Al2O3, ZrO2, TiO2, SiOx, and ZnO,
in particular, have received more attention for their use in
fabricating RRAMs because of their good compatibility with
semiconductor technologies and low-cost fabrication [9]–[17].
Among these materials, ZnO has promising characteristics
such as excellent RS properties, large breakdown electric field,
better endurance, and good thermal stability [15]. So far, vari-
ous models have been proposed to explain the RS phenomenon
of the RRAM, including the conductive filament (CF) model.
The growth and annihilation of CFs in oxides were widely
accepted to explain the RS phenomenon. The wide variety
of experimental results reported in the literature proved the
presence of CFs [2], [3]. However, the stochastic formation
and rupture of the CFs cause the fluctuation in the RS
properties during continuous switching cycles, which may
lead to severe control and readout problems. Based on the
previous studies, the RRAM device would be highly stable
and reliable for practical applications, if the regions where
the formation and rupture of the CFs occur can be controlled,
such as inserting a thin layer between the electrode and the
RS layer is one of the best ways to confine the region where
the filament is formed to improve the switching characteristics
of the RRAM [18], [19]. Kim et al. [18] have shown that a
thin IrO2 layer, inserted on both sides of the NiO film reduced
the fluctuation in the switching parameters by stabilizing the
local oxygen migrations for filament formation and rupture.
According to the RS mechanisms, Chen et al. [19] reported
more stable and reliable RRAM for practical applications
by inserting thin Al2O3 layers between NbAlO films and
electrodes. Other studies also showed that inserting a thin
Al2O3 layer in between the HfO2 switching layer and the
metallic bottom electrode (BE) allowed improving the memory
window as well as the operating current [20], [21].
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Fig. 1. Schematics of (a) TiN/ZnO/TiN and (b) TiN/Al2O3/ZnO/
Al2O3/TiN devices, respectively.

In this article, in order to evaluate the memory cell for flexi-
ble technologies and to project for future flexible 1T1R mono-
lithic technology, we have investigated the high performance
of a low-temperature, ZnO-based memory device with the
insertion of thin Al2O3 buffer layers at the interfaces of the top
and bottom of the ZnO film in the TiN/Al2O3/ZnO/Al2O3/TiN
device, which have not been achieved before. Such an arrange-
ment can reduce the fluctuations in the switching parameters
by stabilizing the local oxygen migrations for filament forma-
tion and rupture. Besides, the lower Gibbs free energy of the
thin Al2O3 layer compared with TiO2 and ZnO can improve
the RS characteristics of the devices.

II. EXPERIMENT

The fabrication process of the devices is initiated with
the cleaning of the flexible polyethylene terephthalate (PET)
substrate. First, a 100-nm TiN BE was deposited on the
PET substrate by sputtering technique at room tempera-
ture (RT). A thin 3-nm Al2O3 film was deposited on
TiN BE by RF-sputtering at RT under 5-mTorr pressure
with an Ar/O2 mixture gas ratio of 10:3 SCCM. Then, a
9-nm thick ZnO film was deposited on the Al2O3
layer by RF sputtering at RT under working pressure
(10 mTorr) and Ar/O2 gas flow (2:1 SSCM). After that,
a 3-nm thick Al2O3 layer was also deposited by RF-sputtering
on top of the ZnO layer under 5-mTorr pressure and an
O2 gas flow of 10 SSCM to reduce the amount of oxy-
gen vacancies in the Al2O3 layer. Finally, a 100-nm TiN
top electrode (TE) with a diameter of 100 µm using a
metal shadow mask was deposited by sputtering at RT to
form the TiN/Al2O3/ZnO/Al2O3/TiN device. For comparison,
a TiN/ZnO/TiN single layer structure without the Al2O3
layer was also fabricated. The dc electrical measurements
were performed by using an Agilent B1500A semiconductor
parameter analyzer, and the ac pulse was generated by an
Agilent B1530A waveform generator/fast measurement unit
(WGFMU). The voltage was applied on the TiN TE with the
TiN BE grounded.

III. RESULTS AND DISCUSSION

Fig. 1(a) and (b) shows the schematic of the TiN/ZnO/TiN
and TiN/Al2O3/ZnO/Al2O3/TiN devices, respectively. The
forming process is required for both the fresh devices to
initiate the RS. Fig. 2(a) and (c) presents the typical forming
behaviors for the ZnO- and Al2O3-based devices, where
forming voltages are around 4.2 and 5 V, respectively, in which

Fig. 2. (a) I–V curves of the forming and repetitive set processes
with larger dispersion in the set voltage in the ZnO-based device.
(b) I–V curves of the reset processes when applying a negative voltage
sweep in the ZnO-based structure. (c) and (d) Narrow dispersion of the
set and reset processes in the Al2O3-based device.

400-µA current compliance is required to protect the devices
from permanent dielectric breakdown. Because the wide
conductive path forms during the forming process under
a high bias voltage, the first reset process of the I–V
curve shows a larger current and voltage than the following
reproducible reset cycles. A relatively lower resistance is
also observed during the first reset process than the low
resistance state (LRS) in the successive set operations. This
should be a result of the parasitic capacitance on the device,
which discharges through the filament during the forming
or set process [19]. The voltage distributions of the SET
and RESET processes, in the case of repetitive dc switch-
ing cycles, can be observed from Fig. 2. Compared to the
SET and RESET processes of the ZnO device, as shown
in Fig. 2(a) and (b), smaller dispersions in the values of
the SET and RESET voltages are found along with the
highly uniform, repetitive SET and RESET processes of the
Al2O3-based device, as shown in Fig. 2(c) and (d).

The wide variation in the SET/RESET voltages is attributed
to the random formation and rupture of CFs in the ZnO-based
device, while the effective RS region is confined in the
Al2O3-based device, so that the device possesses low operation
voltages and sharp distributions of SET and RESET, leading
to stable RS characteristics. Introducing a thin Al2O3 layer on
both sides of the ZnO layer greatly enhances the switching
properties of the Al2O3 device, where SET/RESET voltages
and LRS/high resistance state (HRS) are more stable than
ZnO-based devices. The dc endurance characteristics of the
ZnO- and Al2O3-based devices are shown in Fig. 3. The dc
endurance of the ZnO devices is stable up to 200 cycles
only, while the insertion of a thin Al2O3 layer on both
sides of ZnO greatly enhances the switching cycles for more
than 104 cycles, as shown in Fig. 3(a) and (b), respectively.
The HRS degradation is more severe [Fig. 3(a)], which is
caused by the defects or oxygen vacancies that can be easily
generated inside the switching layer, due to thermal joule
heating. Therefore, the HRS is not stable, because the oxygen
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Fig. 3. (a) DC endurance of the ZnO-based device. (b) DC endurance
of the Al2O3-based device. (c) Voltage distribution of ZnO- and
Al2O3-based devices. (d) XRD data on ZnO deposited on TiN and
Al2O3/TiN.

vacancies can randomly generate in the switching layer, which
will link together and try to form a conductive filament.
Hence, the device gradually transits its state from HRS to
LRS [22]. The distributions of voltages for the ZnO- and
Al2O3-based devices analyzed at a read voltage of 0.3 V dur-
ing 100 continuous dc switching cycles are plotted in Fig. 3(c).
The wider fluctuations in the SET/RESET voltages of the
ZnO-based device as compared to those of the Al2O3-based
device are attributed to the stochastic formation and rupture
of CFs in the ZnO device, while the effective RS region
is confined in the Al2O3 device, so that the device retains
sharp distributions of SET/RESET voltages, leading to highly
stable switching characteristics. Fig. 3(d) depicts the X-ray
diffraction (XRD) spectra of ZnO with and without a thin
Al2O3 layer on TiN BE to confirm the reason for the memory
switching stability by the Al2O3 thin inserting layer. The XRD
spectra of devices were measured in a grazing incidence mode.
The peak intensity of ZnO with Al2O3 is increased more
than two times, as compared to that without Al2O3. This
indicates an enhancement of crystallinity compared with ZnO
on TiN. This suggests that more crystallized ZnO will help to
stabilize the memory switching characteristics. It is consistent
with empirical observations that the memory switching would
become more stable as the ZnO crystallinity increases [18].
According to the conductive filament model, conductive fila-
ments can easily grow along the grain boundaries. It is well
known that ZnO has polycrystalline nature (In fact, based
on previous experience, we can say that it easily forms the
(002) preferred orientation grain, so that most of the grain
boundaries are perpendicular to the substrate.), and grains are
formed during the growth of polycrystalline ZnO. Hence, as a
result of grain boundaries, conductive filaments would form
and rupture along the grain boundaries of the ZnO layer,
causing stabilization in both the HRS and LRS of the RRAM
devices [23].

Fig. 4(a) and (b) shows the cycle-to-cycle and device-to-
device uniformity of the LRS and HRS values for different
devices. The distribution is wider for the ZnO-based devices
compared to that of the Al2O3-based devices. This wider

Fig. 4. (a) and (b) Distribution of the cycle-to-cycle and device-to-device
variations of the LRS and HRS values for different devices, respectively.
(c) P–F fitting of the I–V characteristics of both ZnO- and Al2O3-based
devices in the HRS. (d) Linear fitting of the I–V characteristics of both
devices in the LRS.

distribution in the LRS and HRS values for the ZnO-based
device can be attributed to the possibility of higher leakage
paths due to higher oxygen vacancies in ZnO, causing fluctu-
ations in the LRS/HRS during different switching cycles. The
small variation of the LRS/HRS values in the Al2O3-based
device represents the high stability of the devices for their
nonvolatile memory application in near future. In order to
clarify the conduction mechanism, the I–V curves are fit by
Poole–Frenkel (P–F) fitting according to the linear relationship
between ln (I /V ) and the square root of the applied voltage
(V 1/2) in the HRS, as shown in Fig 4(c). The I–V curves
are fit well representing the presence of P–F conduction for
ZnO- and Al2O3-based devices. In the LRS, the conduction
mechanism of the curves representing the Ohmic conduction
for both the devices is shown in Fig. 4(d). In the HRS,
the electrons can pass through the oxygen vacancies presented
in the devices causing P–F type of conduction. In the LRS,
the current flows through the filament formed by the oxygen
vacancies in the devices resulting in Ohmic conduction of the
electrons through the devices.

Fig. 5 depicts the X-ray photoelectron spectra (XPS) of both
the devices. The O 1s spectra of the ZnO and Al2O3 layers
can be deconvoluted into two peaks shown in Fig. 5(a) and
(b), respectively. The lower binding energies of the O 1s peak
at around 529.9 and 531.4 eV correspond to the Zn–O and
Al–O bonding in ZnO and Al2O3 layers, respectively, while
slightly higher energies of 532.1 and 532.2 eV in the O 1s
spectra are attributed to the oxygen vacancies in ZnO and
Al2O3 layers, respectively [15], [24], [25]. The concentrations
of oxygen vacancies for ZnO and Al2O3 layers are about
40% and 10%, respectively. The XPS depth profile of the
Al2O3/ZnO/Al2O3 structure is analyzed, as shown in Fig. 5(c).
All layers can be recognized easily with different colors.
Fig. 5(d) also represent the oxygen vacancy concentration
of the TiN/Al2O3/ZnO/Al2O3/TiN device. The highest oxy-
gen vacancy concentration of about 40% for the ZnO RS
layer is observed. The underlying Al2O3-interface layer near
the TiN BE has an oxygen vacancy concentration of about
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Fig. 5. O 1s XPS spectra of (a) ZnO and (b) Al2O3 thin films. (c) XPS
depth profiles of the TiN/Al2O3/ZnO/Al2O3/TiN device. (d) Distribution of
oxygen vacancy concentration of layers in the TiN/Al2O3/ZnO/Al2O3/TiN
device.

Fig. 6. (a)–(d) Schematic of random formation and rupture of the CF in
the TiN/ZnO/TiN device. (e)–(h) Schematic of the formation and rupture
of the CF in the TiN/Al2O3/ZnO/Al2O3/TiN device.

10%, which is higher than that of the upper Al2O3-interface
layer (5%) [2], [26]. The oxygen vacancies play an important
role in constructing the CFs in the ZnO and Al2O3 layers.
Higher oxygen vacancies in the layer construct thicker fila-
ments, which is discussed in the CF filament model.

According to the CF model, the wider fluctuations in the
RS parameters can be controlled by stabilizing the formation
and rupture of the CF during continuous switching cycles.
The formation and rupture of the CF occurs at a certain
portion near the metal oxide interfaces in the ZnO- and
Al2O3-based devices. Fig. 6(a) and (d) shows the schematics
of the formation and rupture of CFs for the ZnO-based device.
The CFs form into a conical shape, where the thicker part
of the filament is on the cathode side while the thinner
part is on the anode side [27], [28]. Therefore, during the
forming process, the RS region is feasibly closer to the
interface of TiN TE and the RS layer in the ZnO device, as
illustrated in Fig. 6(b). When a positive voltage is applied
to the TiN TE, oxygen vacancies are generated in the ZnO

layer and migrate toward the TiN BE to form conical shape
filaments [15], [29]–[31]. The device switches from the initial
resistance state to the LRS. When the negative voltage is
applied on the TiN TE, oxygen ions drift easily from TiN
TE to recombine with the oxygen vacancies due to the high
mobility of oxygen ions along the grains boundaries, resulting
in the rupturing of filaments at the TiN TE/ZnO interface,
as shown in Fig. 6(c). Next, on application of a positive
voltage on TiN, the device switches back to the LRS during
the set process, as shown in Fig. 6(d). However, when the RS
occurs near the TE interface, loss of oxygen from TE along
the grain boundaries degrades the device performance [15].
This phenomenon is due to that no sufficient oxygen ions
could recombine with oxygen vacancies for rupturing the
conducting filaments (CF). Hence, this phenomenon leads
to shrinking of the ratio (ON/OFF ratio) between the LRS
and the HRS during RS cycles and causes the endurance
degradation problem [32], [33]. Therefore, the poor endurance
up to 240 cycles and a small resistance ratio are found in
the ZnO-based device. Conversely, the formation and rupture
of CF in the Al2O3-based device are shown in Fig. 6(e)–(h).
During the forming process, oxygen vacancies are generated
and they move toward the TiN BE, while the oxygen ions
move toward the TiN TE to form the CF, which is narrower
on both sides of the Al2O3 layers and thicker in the ZnO
layer due to higher oxygen vacancies in the ZnO layer than in
Al2O3 layers [34]–[37]. The device switches from the HRS to
the LRS, as shown in Fig. 6(f). During the reset process, when
a negative voltage is applied on TiN TE, oxygen ions return
from TiN TE and recombine with the oxygen vacancies. The
filament ruptures at the weakest part, which is located at the
upper Al2O3 layer due to the effect of local Joule heating, and
the device switches from the LRS to the HRS, as indicated
in Fig. 6(g). In addition, during the set process, the device
switches from the HRS to the LRS, with the drifting of the
oxygen ions toward TiN TE for the reconstruction of the CF,
as shown in Fig. 6(h). In contrast, the CF would be constructed
in the RS layer in the ZnO-based device due to the generation
of oxygen vacancies with the application of a high electric
field [18]–[21]. The thin Al2O3 interface layer can be used to
stabilize the formation and rupture of the CF in the Al2O3-
based device, indicating highly stable switching performance.
On the other hand, the Al2O3-based device shows excellent
RS compared to the ZnO-based device. This phenomenon
indicates that less oxygen vacancies are generated in the
Al2O3-based device than those in the ZnO one [Fig. 5(d)].
The higher oxygen vacancy generation in ZnO causes the
higher leakage current, which decreases the LRS/HRS ratio
and endurance characteristics of the ZnO-based device [4]. The
Al2O3-based device reveals a larger LRS/HRS ratio during
RS [20]. This is because Al2O3 is a highly stable material
with high thermal stability. Furthermore, Al2O3 has a lower
Gibbs free energy (−1676 kJ/mol) than ZnO (−320.4 kJ/mol)
[38], [39]. Materials with a lower Gibbs free energy are
more stable compared to those with higher Gibbs free energy
materials.

The mechanical stability is also investigated for the
Al2O3-based device for its flexible applications. The LRS/HRS
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Fig. 7. (a) Memory window of the TiN/Al2O3/ZnO/Al2O3/TiN device
with different bending radii. (b) Endurance characteristics of the
TiN/Al2O3/ZnO/Al2O3/TiN device after continuous bending at R =
3 mm. (c) AC endurance test for the TiN/Al2O3/ZnO/Al2O3/TiN device.
(d) Retention test of the Al2O3-based device at RT and 120 ◦C.

values of the device is measured at the read voltage of 0.3 V
with different bending radii starting from the flat condition
(25 mm) to the bending condition (2 mm), as shown in
Fig. 7(a). The device shows a very stable LRS/HRS ratio
without any degradation of the bending up to 3 mm and
degrades rapidly at a bending radius of 2 mm. The degradation
in the resistances of the device during a bending radius of
2 mm [Fig. 7(a)] may be attributed to the increase of the
sheet resistance of the RS layer and BE during the bending
condition [25], [40]–[42]. Fig. 7(b) exhibits the mechanical
stability of the Al2O3-based device during the continuous
104 times repetitive bendings with the bending radius of
3 mm, indicating that both LRS/HRS are highly stable without
any degradation. To test the reliability of the device, the ac
endurance property was measured at the flat and bending
condition and the results are shown in Fig. 7(c). The Al2O3
device can well maintain its both LRS/HRS states more than
108 cycles without any degradation with the LRS/HRS ratio of
more than two orders of magnitude at the read voltage of 0.3 V.
The retention properties of the device are also measured in
the LRS and the HRS at RT and 120 ◦C, as depicted in
Fig. 7(d), indicating stable retention characteristics for more
than 104 s with the stable LRS/HRS ratio of about two orders
of magnitude without any degradation making it well suitable
for future flexible memory device applications.

To confirm why the Al2O3-based device gives the high
performance, we further investigated the RRAM characteris-
tics of the TiN/TiO2/ZnO/TiO2/TiN flexible device for com-
parison. The RS characteristics of the TiO2-based device is
shown in Fig. 8(a). The device exhibits the bipolar resistive
switching (BRS) behavior with a low resistance ratio than
the Al2O3-based device, which confirms the higher leakage
current in the TiO2-based device due to the generation of more
oxygen vacancies, as compared to the Al2O3-based device.
Fig. 8(b) depicts the dc endurance characteristic of the TiO2-

Fig. 8. (a) RS curves of Al2O3- and TiO2-based devices.
(b) DC endurances of TiO2- and Al2O3-based devices.

based device in comparison with that of the Al2O3-based
device. Obviously, the TiO2-based device maintained its origi-
nal states up to 7000 cycles without any degradation, but with
inferior performance than Al2O3 one. The Al2O3-based device
exhibits a higher LRS/HRS ratio during switching compared to
the TiO2-based device. This phenomenon is probably due to
the lower Gibbs free energy of Al2O3. The standard Gibbs
free energies for Al2O3 and TiO2 are −1676 kJ/mol and
−994 kJ/mol at RT, respectively [43]–[46]. The higher Gibbs
free energy value of TiO2 than Al2O3 indicates that the TiO2-
based device generates higher concentration of oxygen vacan-
cies causing higher leakage current. Therefore, the Al2O3-
based device shows a higher performance than TiO2- and ZnO-
based devices.

IV. CONCLUSION

In this article, the switching characteristics and uniformity
of the Al2O3-based memory device enhanced with inserting
a thin Al2O3 layer on both sides of ZnO were investigated.
According to the CF model where the switching is associated
with the formation and rupture of CF at the thin Al2O3-
interface layer, such an Al2O3 layer helps to stabilize the
local oxygen migration for the formation and rupture of
filaments. This leads to enhanced switching performances,
such as high resistance ratio (>102), endurance (>104 cycles),
ac endurance (>108 cycles), and stable retention at high
temperatures (120 ◦C), achieved in the Al2O3-based device.
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