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Abstract— Write-once-read-many-times memory (WORM)
devices were fabricated using ZnO and ZnO/MgO as active
layers on Si. Devices fabricated with ZnO show a different
memory effect at different current compliances such as WORM
at 100 µA, 500 µA, and 1 mA, resistive switching (RS) instead of
WORM at 5 and 10 mA, and WORM and RS coexisting at 20,
50, and 100 mA, while devices fabricated with ZnO/MgO show
WORM only at all current compliances. A few nanometers of
MgO layer play a major role in preventing devices from reset at
all current compliances because the much lower drift velocity
of oxygen vacancy in MgO and accumulation of negatively
charged O2− ions at the interface between ZnO and MgO prevent
the conducting filaments composed of oxygen vacancies from
breaking.

Index Terms— MgO, resistive random access
memory (RRAM), resistive switching (RS), write-once-
read-many-times memory (WORM), ZnO.

I. INTRODUCTION

THE semiconductor technology, especially the comple-
mentary metal–oxide–semiconductor (CMOS) process,
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has brought sustained prosperity to the information technol-
ogy over the last four decades, leading to computers with
enhanced processing and storage capabilities. Memory is one
of the most important parts in the semiconductor technology.
As flash memory continues scaling beyond 16 nm genera-
tion, it is reaching some major physical barriers. Nonvolatile
memories such as resistive-switching (RS) random access
memory (RRAM) have been widely considered as alternative
technologies because of the simple structure, small cell size,
low power, scaling-down potential, and compatibility with the
CMOS process [1]–[5]. On the other hand, as an important
nonvolatile memory device which also adopts RS effect, write-
once-read-many-times memory (WORM) is desirable for per-
manent data storage applications such as the archival storage of
images and for noneditable databases where the vulnerability
to breakage and the relatively high cost associated with slow
and power-hungry magnetic or optical disk drives are not
acceptable [6]–[9].

ZnO, an abundant and environmentally friendly oxide mate-
rial, is an excellent candidate for both the RRAM and WORM
applications. Reversible RS behavior suitable for random
access memory was observed in monocrystalline ZnO [10],
ZnO thin film [11]–[16], ZnO nanowire [17]–[19], and ZnO
nanorod [20]–[23]. Compared with the research on ZnO
RRAM, the effort on ZnO WORM is much smaller in scale.
ZnO on Si was found to exhibit WORM characteristics, and
further inclusion of a MgO thin layer between ZnO and Si led
to enhanced memory performance [24], [25]. It is common
to use MgO for tailoring the properties of ZnO materials
and devices. For example, MgO/ZnO has been widely used
as buffer layer to obtain high quality ZnO films on sapphire
substrates [26], [27]. It has also been utilized in tuning the
bandgap of ZnO/MgO multilayer semiconductor materials by
varying ZnO layer thickness [28]. However, the reason that
MgO of a few nanometers can help develop ZnO WORM
on Si remains unclear. Here, we report the WORM effect of
ZnO/MgO structure at a different current compliance and it
is shown that the different average drift velocities of oxygen
vacancy in ZnO and MgO play a major role.

II. EXPERIMENT

ZnO (70 nm), ZnO (70 nm)/MgO (2 nm), and MgO (2 nm)
samples were grown on n+-Si (100) substrates in a radio fre-
quency (RF) plasma-assisted molecular beam epitaxy (MBE)
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Fig. 1. (a) STEM ABF image of ZnO/MgO/n+-Si. Inset: elemental map
(Zn: green; Mg: blue; Si: Red). (b) EDS spectrum of area 1 in (a). (c) EDS
spectrum of area 2. (d) EDS spectrum of area 3.

system, respectively. The Si substrates were dipped into
piranha solution (H2SO4:H2O2 = 5:3) and diluted HF alter-
nately for 1 min each for 3 times, rinsed by deionized
water in between and after, and finally dried by nitrogen
gun before being transferred into an MBE intro-chamber. Mg
and Zn sources were provided by two regular Knudsen-cells
filled with elemental Mg (6N) and Zn (6N), respectively.
O source was provided by an RF plasma source sustained
with O2 (6N) gas. A mass flow controller was used to
precisely tune the O2 flow rate. The MgO layers were grown
at 440 °C, with 455 °C Mg cell temperature, 5 standard cubic
centimeter per minute (SCCM) O2 gas flow rate, and 400 W
oxygen plasma power for all related samples. The ZnO layers
were grown at 400 °C, with 340 °C Zn cell temperature,
5 SCCM O2 gas flow rate, and 400 W oxygen plasma
power for all related samples. Ti (10 nm)/Au (90 nm) square-
shaped metal patterns of different areas (50 μm × 50μm,
100 μm × 100μm, 200 μm × 200 μm, 400 μm × 400 μm,
and 600 μm × 600 μm) were deposited on ZnO, ZnO/MgO,
and MgO by electron beam evaporation after photolithography,
followed by standard liftoff process. Al was evaporated also by
electron-beam evaporation as back contact onto n+-Si (100).
No high-temperature process was utilized during device fab-
rication, which can be fully compatible with the back-end
CMOS technology [29]. The electrical characteristics of the
Au/Ti/ZnO (ZnO/MgO or MgO)/n+-Si/Al structure were mea-
sured by using an Agilent 4155C semiconductor analyzer.

III. RESULTS AND DISCUSSION

Fig. 1(a) shows atomic resolution scanning transmission
electron microscopy (STEM) annular bright field (ABF) image
of as grown ZnO/MgO /n+-Si structure. It can be observed that
there is one amorphous layer of about 4-nm thick between top
crystalline ZnO and bottom Si substrate. The elemental map by
STEM electron energy loss spectroscopy spectrum imaging is
shown in the inset of Fig. 1(a), where Zn shown as green color,
Mg as blue color, and Si as red color. The energy dispersive
X-ray spectroscopy (EDS) spectra collected from three regions
labeled 1 to 3 within the amorphous layer in Fig. 1(a) are
shown in Fig. 1(b)–(d), respectively. The amorphous layer is
the mixture of ZnO and MgO with more MgO close to Si
substrate and more ZnO close to the crystalline ZnO.

Fig. 2. I–V characteristics at current compliances of 100 mA for (a) Au/Ti/
ZnO/n+-Si/Al, (b) Au/Ti/ZnO/MgO/n+-Si/Al, and (c) Au/Ti/MgO/n+-Si/Al
structures. (d) Writing voltage distribution for WORM devices with different
areas using ZnO and ZnO/MgO as active layers.

Fig. 2(a)–(c) show I–V characteristics of Au/Ti/ZnO/n+-
Si/Al, Au/Ti/ZnO/MgO/n+-Si/Al, and Au/Ti/MgO/n+-Si/Al
structures, respectively. First, the applied voltage was swept
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from −1.5 to 1.5 V to read the OFF states of WORM, as the
black dots shown in Fig. 2(a)–(c). Then, the voltage was swept
from 0 to 10 V, 0 to 20 V, and 0 to 5 V to switch the device
from OFF to ON states of WORM for ZnO, ZnO/MgO, and
MgO structure, respectively, as shown in the inset of Fig. 2(a)
and (b) and green triangle in Fig. 2(c). Finally, the applied
voltage was swept from −1.5 to 1.5 V again to obtain the
current of ON states, as the red dots shown in Fig. 2(a)–(c).
During the voltage sweep, the current compliance was set
at 100 mA. The resistance ratios of OFF and ON (R-ratio) at a
reading voltage of 1 V are about 104 and 107 for the devices
using ZnO and ZnO/MgO as active layers, respectively. For
the devices with a MgO layer of only a few nanometers, the
resistances are the same before and after writing, as shown
in Fig. 2(c), indicating that there is no memory effect. The
writing voltage of the devices with MgO layer is higher than
that of without MgO layer. Fig. 2(d) shows the distribution
of writing voltage of the devices with different areas using
ZnO and ZnO/MgO as active layers. The writing voltage of
the devices without MgO layer is 5–8 V while it is 10–15 V
for the devices with MgO layers. Furthermore, both voltages
decrease with the increase of device area, which is similar
to the results reported in [30]. This trend may be due to the
increase of the edge defect numbers and grain boundaries with
the increasing area. After the devices are switched to ON states,
they cannot be switched back to OFF states anymore at the
current compliance of 100 mA by voltage sweeping from
5 to −5 V for both ZnO and ZnO/MgO devices, indicating
WORM properties.

As the current compliance is set at 5 mA, it is observed that
the devices using ZnO as an active layer can be completely
switched back from OFF to ON if the applied voltage is swept
from 5 to −5 V (RS modes), as shown in Fig. 3(a). The prior
OFF and ON states for WORM are provided here as black
squares and red solid circles, respectively, for comparison. The
switching between ON and OFF is reversible, indicating RS
properties instead of WORM. The devices using ZnO/MgO as
active layer cannot be switched back to OFF state no matter
what kind of voltage is applied on the device, as shown
in Fig. 3(b).

I–V measurements were performed for devices using ZnO
and ZnO/MgO as active layers at other current compliances
of 100 μA, 500 μA, 1 mA, 10 mA, and 50 mA. The
resistances of OFF and ON states at a reading voltage of 1 V
for WORM are written as RW OFF and RW ON, respectively. The
resistances reading at 1 V after the devices go through the
voltage sweep of 5 ∼ −5 V and −5 ∼ 5 V were written as
RROFF and RRON, respectively. The results are shown in Fig. 4
for devices using (a) ZnO and (b) ZnO/MgO as active layers,
respectively. For devices using ZnO as active layer, as shown
in Fig. 4(a), the values of RROFF and RRON are almost the same
as those of RW ON at current compliance of 100 μA, 500 μA,
and 1 mA, indicating WORM property only. When the current
compliances increase to 5 and 10 mA, the values of RROFF

are the same as those of RW OFF while the values of RRON are
the same as those of RW ON, indicating that devices exhibit RS
property instead of WORM property. All the values of RW OFF,
RW ON, RROFF, and RRON are different at current compliances

Fig. 3. I–V characteristics at current compliances of 5 mA using (a) ZnO
and (b) ZnO/MgO as active layer.

of 20, 50, and 100 mA, while RROFF and RRON are at the same
amplitude order of RW OFF, indicating coexistence of WORM
and RS. For devices using ZnO/MgO as active layer, as shown
in Fig. 4(b), RROFF and RRON are the same as RW ON at
all current compliances, indicating perfect WORM properties.
These results show that a few nanometers layer of MgO can
effectively prevent devices from reset.

In previous publication [24], it is reported that the conduct-
ing filaments consisting of oxygen vacancies are responsible
for the switching mechanism from OFF state to ON state.
In order to investigate the effect of MgO layer preventing
devices from reset, a simple model is proposed based on ZnO
and MgO film with a size of 100 μm × 100 μm × 2 nm,
respectively. The average drift velocities of oxygen vacancy in
ZnO and MgO in this model were calculated according to [31]

v ≈ fae
− UA

kB T sinh

(
q Ea

2kB T

)

where f = 1013 Hz is attempt-to-escape frequency which is
usually accepted to be the lattice vibration frequency [32].
a = 0.52 nm [33] and 0.42 nm [34] are lattice constants of
ZnO (along the c-axis) and MgO. UA = 1 is the migration
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Fig. 4. Resistance of OFF and ON states at a different current compliance
measured at WORM and RS modes for devices using (a) ZnO and (b)
ZnO/MgO as active layer.

energy of oxygen vacancy. E is the local electric field for
the oxygen vacancy drift determined by the applied bias and
the thickness of ZnO or MgO. kB , T , and q are Boltzmann
constant, local temperature, and charge of oxygen vacancy,
respectively. Because of Joule heating, the local temperature
can rise to a steady-state value in nanoseconds under an
applied bias. The local temperature is given by [35]

T = T0 + V 2

R
Rth

where T0 = 297 K, Rth = 10 K/W is equivalent thermal
resistance, V is bias, R is resistance of ZnO and MgO thin
film calculated from the data in Fig. 2(a) and (c), which
are about 1.2 and 46 �, respectively. It shall be noted that
although the formula is for crystalline materials, it is still
suitable to compare the difference between ZnO and MgO
approximately because the impact of lattice constants on the
average drift velocity is much weaker than that of other factors.
The calculated results shown in Fig. 5 indicate that the drift
velocity of oxygen vacancy in ZnO is at least ten times
larger than that in MgO under given voltage from 1 to 5 V.
Therefore, the probability of recombination between O2− and
oxygen vacancy is much lower in MgO than that in ZnO.
In other words, the oxygen vacancy in MgO is much more

Fig. 5. Estimated drift velocity of oxygen vacancy in ZnO and MgO versus
the absolute value of applied voltages.

stable than that in ZnO. Meanwhile, it is obvious that the
difference of average drift velocity of oxygen vacancy in ZnO
and MgO becomes larger with the increase of bias because
the resistance of ZnO is lower than that of MgO. Thus, the
temperature rises faster with the increase of voltage in ZnO,
leading to the fact that the velocity of oxygen vacancy in ZnO
increases faster than that in MgO. O2− ions accumulate on the
interface of ZnO and MgO during the transport when there is
a 2-nm MgO layer. These negatively charged O2− ions form
a local electric field, which weakens the effective electric field
in the ZnO layer and enhances the effective electric field in
MgO. Furthermore, the drift velocity increases much quicker
with the increase of applied voltage in ZnO than that in MgO.
Therefore, higher voltage is needed to obtain the same drift
velocity of oxygen vacancy forming the conducting filaments
in devices using ZnO/MgO, which explains the higher writing
voltage of devices using ZnO/MgO. As the devices were
fabricated with ZnO only, the voltage of −5 V is enough to
switch back the device to OFF states immediately because of
the breaking of conducting filaments at high oxygen vacancy
drift velocity. While there is an embedded MgO layer of a
few nanometers, the devices cannot be switched back to OFF

states at once because the much lower drift velocity of oxygen
vacancy in MgO and accumulation of negatively charged
O2− ions at the interface between ZnO and MgO prevent
the conducting filaments composed of oxygen vacancies from
breaking.

IV. CONCLUSION

WORM devices were fabricated using Au/Ti/ZnO/n+-Si/Al
and Au/Ti/ZnO/MgO/n+-Si/Al structures. The I–V character-
istics show that the devices fabricated with ZnO layer have RS,
WORM, or RS/WORM coexisting properties at different cur-
rent compliances, while devices using ZnO/MgO as active
layer show WORM only at all current compliances. The huge
difference of oxygen vacancy velocity in ZnO and MgO plays
a major role in the effect of MgO preventing devices from
reset.
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