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The effects of substrate temperature on ZnO-based
resistive random access memory devices*
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Ag/Zn0O/Zn /Pt structure resistive switching devices are prepared by radio frequency magnetron sputtering. The
ZnO thin films are grown at room temperature and 400 °C substrate temperature, respectively. By comparing the
data, we find that the latter device displayed better stability in the repetitive switching cycle test, and the resistance
ratio between a high resistance state and a low resistance state is correspondingly increased. After 10%-s storage time
measurement, this device exhibits a good retention property. Moreover, the operation voltages are very low: —0.3 V /-
0.7 V (OFF state) and 0.3 V (ON state). A high-voltage forming process in the initial state is not required, and a

multistep reset process is demonstrated.
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1. Introduction

Recently, resistive random access memory
(ReRAM), which is based on resistance switching
characteristics, has received much attention as a
new type of storage.[""2l The resistive switching phe-
nomenon is observed in many materials, such as
polymers® and solid electrolytes.[¥ However, these
materials have their own certain limitations. For ex-
ample, polymers suffer from low endurance, a need
for the solid electrolyte to have a high write operation
voltage, etc. Relative to these materials, transition
metal oxides (TMOs), such as ZnO, ZrOq, NiO, and
TiO,,0~ 1 are widely researched due to their simple
structures, excellent scalabilities, high densities, and
good compatibilities with complementary metal-oxide
semiconductor (CMOS) technology. Despite these ad-
vantages, the stability of TMO ReRAM needs to be
improved. Therefore, we choose ZnO for device fabri-
cation and research in this paper. There are a large
number of oxygen vacancies in a ZnO thin film which
could be used to grow conductive filaments. In ad-

dition, ZnO semiconductor material has been widely
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studied, so the relevant instruments and preparation
technology are relatively mature.l'2=4 We use radio
frequency (RF) magnetron sputtering to grow ZnO
thin film. In order to obtain a device with good sta-
bility, good-quality ZnO is strongly required. For this
reason, we remold our instrument by using a light
tube to heat the substrate to a high temperature
(about 500 °C; only 200 °C could be reached before).
We compare two different devices. Omne of them is
fabricated at room temperature (RT) and the other
at 400 °C. We find that not only the quality of the
ZnO thin film but also the performance of the device
is improved when it is fabricated at 400 °C.

2. Experiment

A 20mm Zn Dbuffer layer was deposited
on the Pt/Ti/SiO5/Si substrate for fabricating
Ag/7Zn0O/Zn /Pt structure ReRAM devices. Then
about 100-nm ZnO thin films were grown by RF mag-
netron sputtering at room temperature and 400 °C
using a metallic Zn target, respectively. Subsequently,
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the ZnO thin film was annealed in an Oy gas ambient
for 20 min. The structure of the device is shown in
Fig. 1. A thin Ti layer was inserted between the lay-
ers of Pt and SiO2/Si to enhance the adhesion of the
Pt electrode to the Si substrate. A 100-nm Ag layer
The electrode with a
diameter of 200 um was deposited by RF magnetron

was used as a top electrode.

sputtering with a metal shadow mask. The current
(I')—voltage (V) characteristic was measured by using
a Keithley 2612. The crystal structure was charac-
terized by using an X-ray diffractometer (Bruker D8

advance).
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Fig. 1. Schematic structure of the designed memory
stack.

3. Results and discussion

Figure 2 shows the XRD patterns of the ZnO thin
films at different substrate temperatures. Figure 1(a)
shows the ZnO thin film grown at RT, whose peak
is not obvious, exhibiting poor crystallinity. Figure
1(b) displays the ZnO thin film deposited at 400-°C
substrate temperature, which is preferentially grown
along the ¢ axis. Apart from the (002) peak, no ad-
ditional diffraction lines of ZnO can be detected in
the scanned region of 30°-60°, which indicates a good
wurtzite structure with a strong c-axis texture. An-
other diffraction peak corresponds to Pt (111). The
XRD patterns indicate that after 400-°C heating of
the substrate, the quality of the ZnO thin film is im-
proved.

To analyse the resistive switching performances
of the Ag/Zn0O/Zn /Pt structure devices, the current—
voltage (I-V) characteristics are investigated by DC
voltage sweeps and plotted in a semi-logarithmic scale,
as shown in Fig. 3. During the electrical measure-
ments, the Ag top electrode (TE) is positively bi-

ased, while the Pt bottom electrode (BE) is grounded.
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Fig. 2. XRD patterns of the ZnO thin flims at substrate
temperatures of: (a) room temperature and (b) 400 °C.

A current compliance (CC) of 10 mA is adopted herein
to avoid permanent dielectric breakdown of the device
in the SET process. Typical I-V characteristics of
ZnO deposited at room temperature are exhibited in
Fig. 3(a). The ReRAM device switches to a low re-
sistance state (LRS) (ON state) at about 0.5 V when
the voltage sweeps from zero to a positive value. At
the negative part, the cell reaches a high resistance
state (HRS) (OFF state) at about —0.35 V. Figure 3(b)
shows the switching characteristics of ZnO deposited
at 400 °C. We can see in the SET process that the
threshold voltage is about 0.3 V. In the RESET pro-
cess, the first switching occurs at about —0.3 V, and
the second switching takes place at about —0.7 V. This
phenomenon is due to the fact that the device contains
both a Ag filament and an oxygen vacancy filament. %]
The multistep switching process indicates that a mul-
tilevel ReRAM device with a cache system can be
obtained by using a step voltage, which can effec-
tively solve the contradiction between large-capacity
and high-speed in memory devices. Moreover, the
operating currents of the two devices are very low
(~20 mA), which indicates a low power consumption.
The electroforming process is not needed in the ini-
tial state. This property is beneficial to high-density
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ReRAM device applications, laying the foundations
for the preparation of large capacity memory.®
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Fig. 3. Typical I-V characteristics of the Ag/ZnO/Zn/Pt
memory device at substrate temperatures of: (a) room
temperature and (b) 400 °C.

To further analyse the memory performance, mea-
surements of the repetitive switching cycles are car-
ried out and shown in Fig. 4. Both devices are SET
by a positive sweep voltage and RESET by a neg-
ative sweep voltage. Resistance values are obtained
at 0.1 V. As shown in Fig. 4(a), the resistance ra-
tio between HRS and LRS is about 5 x 102, but the
HRS resistance of the RT device is unstable. Fig-
ure 4(b) shows the switching cycling characteristics
of Ag/Zn0O/Zn /Pt devices at a 400-°C substrate tem-
perature. As can be seen, the low resistance values
are distributed in a narrow range around 20 €2, while
the high resistance values are about 2 x 10* . The
resistance ratio between HRS and LRS is about 103,
and the HRS resistance is more stable than that of
LRS. This illustrates that after the 400-°C heating of
the substrate, the device stability and the resistance
ratio between HRS and LRS are both increased cor-
respondingly.

Storage time performance is also an important pa-
rameter of memory devices, so we measure the capa-
bility of a Ag/Zn0O/Zn/Pt device fabricated at a 400-

°C substrate temperature to retain both resistance
states and it is shown in Fig. 5. During the measure-
ment, first, the device is turned ON or OFF by DC
voltage sweep and then a sustained readout voltage
(0.1 V) is applied to the Ag TE. As shown in this fig-
ure, after 10% seconds of test, the HR and LR remain
almost unchanged, and the resistance ratio between
HRS and LRS is kept stable when the ratio > 102,
which suggests that the data retention characteristic
of this memory device is very good.
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Fig. 4. Switching cycling characteristics in the HR state
and the LR state of the Ag/Zn0O/Zn/Pt memory device at
different substrate temperatures: room temperature and
400 °C, with the resistance measured at 0.1 V.
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Fig. 5. Retention property of the Ag/ZnO/Zn/Pt mem-
ory device at 400-°C substrate temperature.
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The mechanisms for resistive switching of the
transition metal oxides are interesting but still con-
troversial. From many proposed models, the conduc-
tive filament formation and rupture mechanism are
adopted to explain the resistive switching effect in this
work. Under application of an electric field, defects
such as oxygen vacancies and Ag cations align to form
tiny conducting filaments in the HRS and these tiny
conducting filaments gather together to form stronger
and more conducting filaments leading to the transi-
tion to the LRS.['7 These are in agreement with the
models of the electrochemical metallization memory
effect (ECM) and the valence change memory effect
(VCM).['8) Take the VCM model for example, in the
SET process, the oxygen ions which are generated by
soft excitation can be stored by the Ag TE. When
the DC sweep voltage varies from zero to negative,
the oxygen ions which have been stored in Ag TE
can infiltrate through the ZnO film into oxidized oxy-
gen vacancies, leading to the rupture of conducting
filament'! and the device transforming to HRS. The
ECM model is very similar to the VCM model in pro-
cess, but their difference is that Ag atoms, instead
of oxygen vacancies, play a main role. The oxidation
and reduction reactions of Ag atoms have the most
effect on conductive filament formation and rupture
process. [15]

In this work, we select ZnO to study the
ReRAM device, because the ZnO thin film contains
a large number of oxygen vacancies which could be
Therefore, the
electroforming process is not needed in the initial
state. Compared with the TMO materials of NiO or

Zr0,,[20:21] it has an improved characteristic for prac-

used to grow conductive filaments.

tical application. Although the oxygen vacancies play
an important role in forming filaments, their excess
can still affect the performance of ReRAM devices,
thereby reducing the resistance of the HR state and
thus the resistance ratio between HRS and LRS. So
we use the method of heating the substrate to im-
prove the quality of ZnO thin films, thus reducing the
excess number of oxygen vacancies. Hence, the resis-
tance ratio between HRS and LRS increases, and the
device has a better stability than the RT device. These
demonstrate that the better quality polycrystalline
ZnO thin film meets the requirements of ReRAM de-

vices.

4. Conclusion

By using the method of heating the substrate,
we improve the quality of ZnO thin film, and achieve
more stable resistive switching characteristics of the
Ag/7Zn0O/Zn/Pt ReRAM. A low operation voltage (<
1V), low operation current (~20 mA), high resistance
ratio (~ 10?), good retention characteristic (> 10* s),
non-electroforming process, and multistep reset pro-
cess are obtained. Taking these excellent switching
performances into consideration, the Ag/ZnO/Zn/Pt
memory device shows strong promise for future non-
volatile resistive switching memory applications.
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