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Resistive switching with a self-rectifying feature is one of the most effective solutions to overcome the crosstalk issue
in a crossbar array. In this paper, a memory device based on Pt/TiOx/W structure with self-rectifying property is demon-
strated for write-once-read-many-times (WORM) memory application. After programming, the devices exhibit excellent
uniformity and keep in the low resistance state (LRS) permanently with a rectification ratio as high as 104 at ±1 V. The
self-rectifying resistive switching behavior can be attributed to the Ohmic contact at TiOx/W interface and the Schottky
contact at Pt/TiOx interface. The results in this paper demonstrate the potential application of TiOx-based WORM memory
device in crossbar arrays.
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1. Introduction
Resistive switching (RS) memory device has been con-

sidered to be one of the most promising candidates for next-
generation nonvolatile memories due to its simple structure,
high switching speed, excellent scalability, low power con-
sumption, high integration density, and compatibility with the
current complementary metal oxide semiconductor (CMOS)
technology.[1–5] As one type of RS memory device, write-
once-read-many-times (WORM) memory devices are receiv-
ing increasing interest because they are widely used in all
kinds of permanent data storage applications such as archival
storage equipment, secure databases, as well as electronic
labels.[6–8] To achieve high storage capacity, crossbar array
with the smallest cell size of 4F2 is adopted. Generally,
the integration of an addition selection diode to each cell is
used to suppress the unexpected sneak current in crossbar
structure.[8,9] Recently, the WORM memory devices with self-
rectifying characteristics in low resistance state (LRS) pro-
vide a more desirable solution to suppress the sneak current
without the externally added diode. However, the rectifica-
tion ratios of most of the reported WORM memory devices
with self-rectifying characteristics are not very high.[10,11] In
previous work, a self-rectifying WORM memory device based
on n+-Si/ZrO2/Pt structure with a high rectification ratio over
104 was demonstrated,[12] in which highly doped crystal sili-
con was used as the bottom electrode. However, from three-

dimensional (3D) high-density integration point of view, crys-
tal silicon is not expected.[13]

In this paper, by using tungsten (W) as the bottom
electrode, we demonstrate a high-performance self-rectifying
WORM memory device with a simple Pt/TiOx/W structure.
After programming the fresh device to LRS by applying the
voltage of −5 V, a high rectification ratio as high as 104 is
obtained. Such a high rectification ratio can overcome the
crosstalk issue in crossbar array without extra diodes. In addi-
tion, the physical mechanism is investigated.

2. Experiments
The titanium oxide-based WORM memory devices in this

study were prepared using the following processes. A 70-nm-
thick W bottom electrode (BE) was deposited on SiO2/Si sub-
strate by sputtering. Subsequently, 20-nm-thick titanium oxide
film was deposited on the W bottom electrode by atomic layer
deposition (ALD) system. TiCl4 was used as the Ti precursor
and H2O was used as the oxygen precursor. An atomic layer
deposition cycle with 4 steps was adopted for this experiment.
The 4 steps were TiCl4 reactant, N2 purge, H2O reactant, and
N2 purge, respectively. During the deposition, the temperature
was maintained at 150 ◦C. Finally, 70-nm-thick square-shaped
platinum (Pt) top electrodes (TE) with areas of 100×100 µm2

were deposited and defined by photolithography and lift-off
process to form Pt/TiOx/W structure devices. The composi-
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tion and binding energy analysis of the deposited TiOx film
was performed using x-ray photoelectron spectroscope (XPS).
The current–voltage (I–V ) characteristics of the fabricated de-
vices were measured by a Keithley 4200-SCS semiconductor
characterization system at room temperature. During the mea-
surements, the bias voltage was applied on the top electrode
while the bottom electrode was grounded.

3. Results and discussion

To confirm the chemical nature and the existence of the
defects in the deposited TiOx film, the XPS depth profiling
was performed as shown in Fig. 1. From XPS depth profiling,

the TiOx film is composed of two layers (here referred to as top
layer and bulk layer). The XPS spectrum of the top layer film
(surface to 4 nm) in Fig. 1(a) shows that O 1s peak is associ-
ated with TiO2 layer indicating the stoichiometric oxide layer.
In contrast, the XPS spectrum of the bulk layer film (4 nm to
20 nm) in Fig. 1(b) shows that the profile of the O 1s spec-
trum can be fitted by two Gaussian components at 531.0 eV
and 531.9 eV. The component of the low binding energy lo-
cating at 531.0 eV is associated with the O2− ions from the
Ti-O bonding, and the high binding energy locating at 531.9
eV is related to oxygen deficiencies of the TiOx layer,[14,15]

which indicates metal excess nonstoichiometric TiOx layer of
the bulk layer film.

525 530 535 540

O 1s

In
te

n
si

ty

Binding energy (eV)

525 530 535

In
te

n
si

ty

Binding energy (eV)

O 1s surface to 4 nm

4 nm to 20 nm   

(a) (b)

(c)

Fig. 1. XPS spectra of O 1s in the deposited TiOx film. (a) Top layer film: from surface to 4 nm in depth, and (b) bulk layer film: from 4 nm to
20 nm. (c) Schematic representation of the structure of the deposited TiOx film in depth.
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Fig. 2. (a) Programming process (PRG) of the as-deposited fresh de-
vice. (b) Typical I–V curves of the Pt/TiOx/W memory device before
and after PRG.

Figure 2 shows the typical I–V curves of the Pt/TiOx/W
structure device. As shown in Fig. 2(a), the as-deposited fresh
device is in an initial high resistance state (HRS). By sweep-

ing the voltage from zero to a negative voltage, a gradual in-
crease of the device current can be observed, and the device
switches from the initial HRS to low resistance state (LRS) by
increasing the voltage to about −5 V and then keeps in LRS
permanently and steadily. Figure 2(b) shows the typical I–V
curves of the Pt/TiOx/W device before and after the program-
ming process (PRG). It can be observed that the resistance ra-
tio between HRS and LRS exceeds 10 by using a −1 V readout
voltage. More importantly, a pronounced rectifying character-
istic with the rectification ratio as high as 104 can be obtained
after PRG. With such a self-rectifying behavior in LRS, the
undesired sneak current can be suppressed, and the crosstalk
issue can be avoided effectively in the crossbar array.

Although various models have been proposed to explain
the resistive switching behaviors in WORM memory devices,
the intrinsic mechanism is still unclear, especially for the self-
rectifying WORM memory device.[10–12] Based on the XPS
data shown in Figs. 1(a) and 1(b), the fabricated TiOx film
is composed of two layers, including top stoichiometric TiO2

layer with high resistance and nonstoichiometric TiOx bulk
layer with more oxygen deficiencies, as schematically sum-
marized in Fig. 1(c). Compared with the top TiO2 layer, the
bulk TiOx layer shows much higher conductivity due to the
existence of more oxygen deficiencies. Therefore, when a
negative voltage is applied to activate the fresh memory de-

016103-2



Chin. Phys. B Vol. 30, No. 1 (2021) 016103

vice, the high voltage is only applied on the top high resistance
layer and it causes soft-breakdown of the top high resistance
layer,[16] leading to the LRS of the Pt/TiOx/W WORM mem-
ory device after the programming process. To further clar-
ify the self-rectifying current conduction mechanism of the
Pt/TiOx/W WORM memory device, the I–V curves in both
HRS and LRS are analyzed using different theoretical mod-
els. As shown in Fig. 3, ln I has a linear relation to V 1/2 for
both HRS and LRS, indicating that the resistive switching be-
havior of the Pt/TiOx/W WORM memory device is dominated
by the Shcottky emission model.[8,12] In our previous work, it
has been confirmed that the TiOx/W interface is Ohmic con-
tact and the Pt/TiOx interface is Shcottky contact.[17] There-
fore, the electron injecting barrier at the Pt/TiOx interface
is higher than that at the TiOx/W interface, resulting in the
self-rectifying resistive switching behavior in the Pt/TiOx/W
WORM memory device.
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Fig. 3. Analysis of the ln I–V 1/2 curves (a) before and (b) after PRG
with the Shcottky emission model.

To evaluate the uniformity of the Pt/TiOx/W WORM
memory device, the statistical measurements of resistances
distribution of 20 randomly chosen devices in different po-
sitions of the two inches wafer were performed. Figure 4(a)
shows the statistical data of the resistances obtained by ±1 V
read voltages before (RB) and after (RA) programming. And
the mean values (µ) and standard deviations (σ ) of RB and RA

at −1 V and 1 V read voltages are 1.09×108 Ω (9.63×107 Ω),
424 Ω (64 Ω), 2.35×106 Ω (8.28×105 Ω), and 244 Ω (34 Ω),
respectively. Except for the RB at −1 V read voltage, all the
other resistances exhibit narrow distributions with good uni-
formity. Furthermore, it can be seen from Fig. 4 that the read-
ing window margin at the −1 V read voltage excesses 10,
which is large enough to distinguish these two states to store
information. Furthermore, the HRS rectifying ratio higher
than 105 and LRS rectifying ratio as high as 104 can be ob-
served for different memory devices. The retention character-
istic of the Pt/TiOx/W WORM memory device is also char-
acterized and shown in Fig. 4(b). First, the retention test is
carried out on the fresh device before PRG. Then, the same

device is programmed to the LRS by applied a −5 V volt-
age. The resistances in both states are stable and no significant
degradation is observed for over 104 s, which demonstrate the
nonvolatile storage capability of the Pt/TiOx/W WORM mem-
ory device.
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Fig. 4. Device-to-device distributions of the resistances obtained by
±1 V read voltages before and after PRG. All the statistical data are
obtained from 20 random devices. (b) Retention characteristic of the
Pt/TiOx/W WORM memory device.

4. Conclusions
We have successfully demonstrated a self-rectifying

WORM memory device with promising memory characteris-
tics such as excellent uniformity and good retention. More-
over, a remarkable self-rectifying effect in LRS could be also
observed in the device, which can minimize the crosstalk issue
in the crossbar array. The Ohmic contact at TiOx/W interface
and the Schottky contact at Pt/TiOx interface are suggested to
explain the self-rectifying behavior of the Pt/TiOx/W WORM
memory device.
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