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A forming-free ReRAM cell with low operating voltage
Binbin Yang1 , Nuo Xu2 , Cheng Li1 , Chenglong Huang1 , Desheng Ma1 , Jiahao Liu1 , Daniel Arumí3 , and Liang Fang1, a)

Abstract The unwanted electro-forming process is unavoidable for the
practical application of most resistive random access memory (ReRAM)
devices, which is always being one of the obstacles for the massive commercialization of this novel electronic device. In this letter, a forming-free
Pt/Ti/(TiO2−x )/Ta2 O5 /Pt based ReRAM device is demonstrated with an
additional feature of the low operation voltage. The fitting result of the measured I-V curves reveals that resistive switching of the fabricated device is
conducted by the electrons trapping/de-trapping process in deep-level electron traps of the TiO2−x layer, which is formed through the spontaneous
“oxygen grabbing” reaction in the interface of Ti and Ta2 O5 during the
film deposition. The plentiful oxygen vacancy defects and the thin resistive
switching zone (TiO2−x ) ensure the forming-free and low operating voltage
characteristics. Using “oxygen grabbing” to pre-produce abundant electron
trapping centers for the resistive switching provides a simple way for the
fabrication of the forming-free ReRAM device with low operating voltage,
aiming to the high-density and low-power memory applications.
Keywords: ReRAM, resistive switching, forming-free, low operation voltage
Classification: Electron devices, circuits and modules (silicon, compound semiconductor, organic and novel materials)

ple structure of Pt/Ti/(TiO2−x )/Ta2 O5 /Pt is achieved by several conventional film deposition processes. The TiO2−x is
formed by the interface reaction between the top electrode
(TE, Ti) and the oxide layer (Ta2 O5 ) during the deposition
process, acting as the switching zone in the resistive switching process. The electrical measurement results of the device manifest the typical resistive switching behavior, which
is ascribed to the electrons trapping/de-trapping process in
the deep-level trap sites. And the space-charge-limited current (SCLC) mechanism [21] takes control of the conduction in high resistance state (HRS) and low resistance state
(LRS), evidenced by the I-V curves fitting result. Moreover,
as plenty of electron trap centers are pre-generated in the
thin switching zone (TiO2−x ) during the interface reaction,
the fabricated ReRAM device is forming-free and can be
switched under low voltages, holding great potential in low
power applications.

1. Introduction
In the coming era of the Internet of Things (IoT) and big data,
as the most promising successor of the next-generation nonvolatile memory [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15],
ReRAM still meets some practical problems that need to be
solved. First, in most cases, an electro-forming process
is a prerequisite for the repeatable resistive switching, in
which a large voltage is applied to the pristinely insulating
ReRAM device to generate suﬃcient oxygen vacancy defects
or metal ions to construct a conducting path [1]. However,
this electro-forming step is generally companied with some
undesired side eﬀects [16], such as device variations and
failures, and would undoubtedly increase the complexity of
the peripheral circuit. Second, most of this kind of filamentconducted resistive switching could not meet the low power
consumption requirements [16, 17, 18, 19, 20], which is
concerned in the IoT or mobile application scenarios.
In this study, a forming-free ReRAM device with the sim1
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Fig. 1 Top view optical microscope image of the device with an inset of
the Pt/Ti/(TiO2−x )/Ta2 O5 /Pt structure schematic.

2. Experimental
Fig. 1 shows the top view optical microscope image of the
fabricated device, with the device structure schematic as an
inset. First, the SiO2 substrate was sequentially cleaned
by the acetone, isopropyl alcohol, and deionized (DI) water
in an ultrasonic oscillator. Then, the films were deposited
on the chemically cleaned SiO2 substrate through electron
beam evaporation in a vacuum chamber with the pressure
of 1.5 × 10−4 Pa, having a stacking sequence of 10-nm Ti
(the adhesion layer), 40-nm Pt (the bottom electrode, BE),
80-nm Ta2 O5 (the oxide layer), 40-nm Ti (TE) and 10-nm Pt
(the protection layer). A copper grid shadow mask with the
arrayed opening window of 200 µm × 200 µm was used to
shape the device during the deposition of the TE and protec1
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tion layer. A TiO2−x layer was formed between the Ta2 O5
and Ti by the spontaneous “oxygen grabbing” reaction during the deposition process, as shown in the inset of Fig. 1.
The detailed mechanism will be explained later. The optical
microscopy image of the device was obtained by an Optical
Microscope (Nikon ECLIPSE LV150NL) in 100X. And, a
semiconductor characterization system (Keithley 4200 SCS)
combined with a probe station was utilized to the electrical
measurement of the ReRAM cell at room temperature, during which a bias voltage was applied to the TE and the BE
was grounded.

Table I Summary of recently reported material systems showing formingfree resistive switching characteristics
Ref.
[16]
[17]
[18]
[19]
[20]
[23]
[24]

3.

Results and discussion

Fig. 2(a) reflects the bipolar resistive switching behavior of
the fabricated ReRAM device by showing the DC voltage
sweep results of the first 10 cycles in the semi-log scale.
The voltage is swept in a sequence of 0→1.5 V→0→-1.0
V→0 with the step of 0.02 V and compliant current of 1
mA. The set switching, in which the resistance of the device
is changed from HRS to LRS, occurs in positive voltage
direction whereas the reset switching, in which the resistance
of the device is changed from LRS to HRS, happens in
the negative voltage direction. A more detailed resistive
switching behavior analysis of this ReRAM cell could be
found in our previous work [22].

[25]
[26]
This
work

Material system
Pt/α-MoO3 /Nb-SrTiO3

Special process V s et /Vr es et (V)
Proton injection
1.5/-2.2
Doping with Sm
++
Al/HfO2 /P -Si
∼ 3.5/∼ -3.8
or Dy
Hydrogen
Al/nc-Si:H/a-SiN x :H/P+ -Si
∼ 3.2/∼ -1.5
plasma treatment
Oxygen
plasma
∼ 2.4/∼ -2.0
Al/a-SiN0.73 O0.83 :H/P+ -Si
treatment
Pd/HfO2 /WO x /W
1.0/-3.0
Al/BP:PS/Al
Solution-Process ∼ 1.75/∼ -1.25
Solution-Process
0.9 to 3.7/-0.3 to
and annealing at
TiN/AlO x /Pt
-1.2
200 ◦ C
+
Al2 O3 /La2 O3 /Al2 O3
Al implantation
1.5/-1.0
Ag/r-TiO2 /FTO
Solution-Process
0.7/-0.8
Pt/Ti/(TiO2−x )/Ta2 O5 /Pt

-

0.76/-0.69

Fig. 3 I-V curves fitting result in double-log scales (a) for set switching
and (b) for reset switching.

Fig. 2 Electrical characteristics of the ReRAM device under DC sweep.
(a) Resistive switching behavior with forming-free performance. (b) Distribution of switching voltages from 150 continuous DC sweeps.

Notably, the first cycle has a smaller set voltage (near 0.5
V) than the following cycles, which evidences that the fabricated ReRAM device is free from the electro-forming step.
Fig. 2(b) shows the distribution of the switching voltages
from 150 continuous DC sweep cycles. Most of the switching voltages are below 1.0 V (in the form of absolute value),
showing the low operating voltage attribute (0.76 and -0.69
V are the average values of Vset and Vreset, respectively).
The switching voltages of recently reported representative
forming-free bipolar ReRAM devices are summarized in
Table I [16, 17, 18, 19, 20, 23, 24, 25, 26]. The device
in this article achieves the forming-free and superiorly low
operating voltage characteristics without using any special
processes, such as solution-process and ions implantation,
which equips the device with a great advantage in terms of
the CMOS-compatibility. All of these attributes facilitate
its application in the low-power consumption memory with
a simple peripheral circuit.
The I-V curves fitting is conducted to help to understand
the resistive switching and conductive mechanism of the

fabricated ReRAM device, as shown in Fig. 3. The fitting
result shows that the carrier transports in both HRS and LRS
follow the SCLC model, which has three diﬀerent conductive stages with the increase of the applied voltage: (1) I∝V;
(2) I∝V n (1<n≤2); (3) I∝V n (n>2) [21]. Moreover, it reveals
the existence of substantial deep-level electron traps in the
matrix of the device. Emptying of these traps contributes
to the HRS of the device, whereas their filled states lead to
the LRS. The electron traps come from the film deposition
process in the electron-beam evaporation system with high
reaction temperature. When depositing the TE (Ti) on to the
oxide layer (Ta2 O5 ) in the high-temperature chamber, the
active metal titanium automatically reacts with the oxygen
atoms from the Ta2 O5 layer, which conducts to form a thin
TiO2−x layer with a high concentration of oxygen vacancies
in the interface of Ti and Ta2 O5 . These oxygen vacancy
defects occupy the deep energy levels (from ∼ 0.8 eV to ∼
1 eV) in the bandgap and act as the electron trap centers
to trap/de-trap electrons during the resistive switching process [12, 27]. Although this chemical reaction also leaves
abundant oxygen vacancies in the oxide layer, these defects
occupy shallower energy levels (from ∼ 0.25 eV to ∼ 0.57
eV) and trend to construct a conductive filament acting as a
virtual electrode [28, 29, 30]. Therefore, resistive switching only happens in the thin TiO2−x zone in this study, as
shown in Fig. 4. Furthermore, compared with the previously reported resistive switching behavior in the tantalum
oxide with similar electrode systems [31, 32], none of them
claiming any forming-free attribute, we could conclude that
the spontaneously formed thin TiO2−x switching zone is re2
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sponsible for the forming-free operation in our device.
References

Fig. 4

Schematic of the device in the stable state.

During the fabrication process, this automatic “oxygen
grabbing” process pre-produces suﬃcient oxygen vacancy
defects in the switching zone (TiO2−x ) for the successful
switching events, so an initial electro-forming step is not
required for the workable ReRAM cell in this work. During
the first switching cycle, the reset operation releases many
trapped electrons, which results in a higher HRS (than the
pristine state). Therefore, the subsequent switches require a
larger set voltage than the first cycle. This can be concluded
by the smaller current of the following cycles in the nearzero voltage region (0 to 0.3 V) in HRS (See Fig. 2(a)).
Besides, the thin switching zone could also account for the
characteristic of low operating voltage.
4.

Conclusion

In summary, a forming-free Pt/Ti/(TiO2−x )/Ta2 O5 /Pt-based
ReRAM cell with low switching voltages is achieved in
this study. The disappearance of the bothersome electroforming step is ascribed to the presence of substantial deeplevel electron-traps pre-produced by the spontaneous “oxygen grabbing” reaction in the active metal/oxide interface
during the film deposition process. The I-V curves fitting
result demonstrates that the electron trapping/de-trapping
process governs the switching between the HRS and LRS.
The thin resistive switching zone results in the forming-free
and the low operation voltage attributes, making the device
have great potential in some high-density and low-power
consumption memory applications. The adopted “oxygen
grabbing” method does not need any special process or improvement in the fabrication process, providing a simple
way for achieving the forming-free and low switching voltage ReRAM device.
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