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Abstract: Using two kinds of targets (gallium and silicon dioxide) and the rf magnetron sputtering
deposited technique, GdOx:SiO2 thin film RRAM devices were deposited on TiN/Si substrate to
form a metal–insulator–metal (MIM) structure. In addition, different oxygen concentrations and rf
sputtering power parameters were prepared for the GdOx:SiO2 thin films. Decrease of the defects and
oxygen vacancies of the GdOx:SiO2 thin films were used and repaired by rapid thermal annealing
technology. Indium tin oxide (ITO) as the top electrode on the GdOx:SiO2 thin film was prepared
by the physical vapor deposition (PVD) method, and ITO/GdOx:SiO2/TiN/Si structures of the
GdOx:SiO2 thin films’ RRAM devices were also made. In addition, the current–voltage curves and
devices’ endurance properties were measured by an impedance analyzer. Finally, the crystalline style,
the preferred phase, the grain size, and surface microstructure of the thin films were analyzed and
observed from X-ray diffraction and field emission scanning electron microscope measurements.

Keywords: RRAM; GdOx:SiO2; bipolar resistive switching; physical properties; rf power

1. Introduction

Recently, the science and technology of micro-computer units and micro-electronic
devices were widely discussed and investigated for applications in PDA, iPads, digital
cameras, 3C productors, TV, and many electronic products. Among electronic products,
device size and thickness have continuously decreased, and low-power computation,
low power loss, portal characteristics, green energy technology applications, and small
integrated device size were improved and investigated in the advanced semiconductor
fabrication integrated process, and many material science and technology were selected for
three to five generations of the semiconductor industry and products.

For modern computer science and technology, there are mainly two kinds of volatile
and non-volatile characteristics, read and write methods, of many memory devices. The
main difference in volatile memory devices is that they need electrical power to maintain
their performance ability and operation efficiency, and non-volatile memory devices do not
support the application of electrical power. Recently, with the miniaturization technology
of modern non-volatile flash memory devices, many novel memory devices were widely
developed, such as resistance random accesses memory (RRAM) [1–6], magnetoresistive
random-access memory, ferroelectric RAM, and phase-change memory devices. In this
study, we used thin film RRAM devices because of their simple structure, low power loss,
and high device density [7–9].

The metal–insulator–metal (MIM) sandwich structure of thin film RRAM using a SiO2
thin film layer for the insulator layer was chosen in this study because of its low cost, easily
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deposition, and good dielectric properties [10,11]. In addition, the main reasons gallium
metal was chosen for another deposited source target were (1) the easy divalent compounds
formation, (2) high dielectric constant of 16 K, (3) high energy gap of 5.6 eV, and (4) good
stability at high temperature [12]. The advantages of thin film RRAM are the high device
density, low power, low cost, and high read/write operation speed for application in the
development of modern memory in the future [13–15].

Many previous reports and studies of RRAM devices on the different electrical conduc-
tion mechanisms, post-treatment procedures, physical and chemical reaction behavior, and
low supercritical fluid technology, were widely investigated and discussed. In addition,
the electrical properties of the bipolar and un-polar I-V curves of RRAM devices were
efficiently improved and discussed in low-power computation and integrated devices for
applications in the next generation of advanced non-volatile memory devices. For example,
Chen et al. reported the first order rate law analysis for reset state in thin film RRAM
devices, and the experimental result exhibited the first order decay reaction expression
equation of the RRAM devices in LRS/HRS [16,17].

2. Experiment Detail

In this study, the gallium (Gd) element was used and its atomic number is 31. The metal
element gallium (Gd) was discovered in 1875, and gallium metal is in the periodic table
group 13 and is similar to the other metals of the group. In addition, silicon dioxide metal
was widely used and discussed in terms of silicon semiconductor industry applications.
For the GdOx:SiO2 the thin film RRAM device fabrication in this study, the gallium (Gd)
element and silicon dioxide metal were prepared by co-sputtering to observe gallium metal
electronics transport in initial metallic electrical conduction behavior forming processing.

For the MIM structure, the gallium and silicon dioxide targets were co-coated using
rf sputtering technology on TiN/Si substrate to form the GdOx:SiO2 thin film. Then, the
ITO thin film was sputtered on the MIM structure as the top electrode, and formed the
(ITO/GdOx:SiO2/TiN/Si) RRAM device structure. In this study, the sputtering power for
the SiO2 target was fixed at 100 W, and the rf sputtering powers for the gallium target
were 20, 40, and 60 W. For the rf power fixed for the SiO2 and gallium target, the different
oxygen gas flow parameters of 4, 6, 8, and 10 sccm were occupied the oxygen vacancies in
the GdOx:SiO2 thin film. Finally, the grain rearrangement and defects of the GdOx:SiO2
thin film were improved by rapid thermal annealing (MILA-5000, RTA) technology.

For the measurement of crystalline properties, X-ray diffraction (XRD) images were
taken by using a Bruker D8 multi-function high power instrument, and the cross-sectional
microstructure images of thin film (ITO/GdOx:SiO2/TiN/Si) RRAM devices were taken
using a JEOL JSM-7800F field emission scanning electron microscope (FE-SEM). In addition,
the I-V curve characteristics for the current compliance were measured and analyzed
by a semiconductor parameter analyzer (B2902B Precision Source/Measure Unit, 2ch,
100fA resolution).

3. Results and Discussion

Figure 1 shows the XRD images for the co-sputtered GdOx:SiO2 thin films for 2θ of
10◦–50◦. For (400), (411), and (332), preferred phrase was found at 33◦, 36◦, and 38◦, and
the different GdOX thin film peaks were found and investigated. From the experimental
results, it can be seen that the different GdOX thin films for different oxygen gas flow were
deposited on the substrates, and no other second phase peaks were found. In Figure 2, the
GdOX thin film RRAM device structures are shown in TEM cross-sectional images. The
thicknesses for the TiN bottom electrode, GdOx:SiO2 thin films, and Al top electrode were
calculated as 135.18 nm, 22.91 nm, and 134.9 6nm. According to a previous study, Potlog
et al. reported the influence of rf sputtering power and thickness on structural and optical
properties of nickel oxide thin films. The thickness and refractive index of nickel oxide
thin film were increased as the rf power continuously increased [18]. In our study, thin
thickness and low deposition speed of the GdOx:SiO2 thin film RRAM devices were chosen
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because of the high device density, low applied voltage, low power consumption, and low
cost of fabrication of the investigated parameters.

Figure 1. (a) XRD pattern and (b) the cross-sectional morphology of the GdOx:SiO2 thin films.

Figure 2. The surface morphologies of the GdOx:SiO2 thin films for different oxygen gas flows.

Table 1 shows three different sputtering power parameters (20, 40, and 60 W) for the
thin films in this paper. In addition, the inference of thin film properties was made in detail,
such as the thickness as well as density of the thin films, as shown in Figure 1b. Figure 2
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show the dense surface morphologies of the all GdOx:SiO2 thin films for different oxygen
gas flows. The circular shape grain of the thin films was observed. The grain size of thin
films were similar and caused by the low rf power deposition parameters.

Table 1. Sputtering parameters (different rf powers).

Rf power (Gd) 20, 40, 60 W

rf power (SiO2) 100 W

Gas flow (Ar) 10 sccm

Gas flow (O2) 8 sccm

Time (min) 10

Working pressure 20 mTorr

With the initial forming current increasing, the breakdown voltage of the thin film
RRAM devices was obtained as 3 V. To discuss and investigate the set/reset state in the
thin film RRAM devices, the operation current was continuously decreased from LRS
to HRS for the negative bias applied than the reset voltage was called the reset state.
In addition, the thin film RRAM devices were transferred to LRS the high positive bias
than the set voltage was called the set state in Figure 3. Figure 3a exhibits the electrical
forming current properties of the thin film RRAM devices, and Figure 3b shows the
(ITO/GdOx:SiO2/TiN/Si) RRAM device structure.

Figure 3. (a) the electrical forming current properties, and (b) the (ITO/GdOx:SiO2/TiN/Si) RRAM
device structure for set and reset states.

Comparing three sputtering power parameters (20, 40, 60 W), the high On/Off ratio
and memory window is shown in Figure 4a. In Figure 4b, the On/Off ratio and memory
window continuously became worse as the operating sweept cycle time increased. Finally,
the switching properties were unstable as the operating sweept cycle time was contin-
uously increased, as shown in Figure 4c. In conclusion, the excellent memory window
of the GdOx:SiO2 thin film RRAM devices was chosen and is shown in Figure 4a for the
subsequent specimens.
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Figure 4. The I−V curve characteristics and switching cycles of RRAM devices for the different rf
power parameters.

With the sputtering power fixed at 20 W, the different oxygen concentration flow
parameters (4, 6, 8, 10 sccm) for the sputtering process are shown in Table 2. The oxygen
vacancies were filled in the oxygen gas and induced the excellent I−V curves of electrical
properties of the thin films.

Table 2. Sputtering parameters (different oxygen gas flows).

Rf power (Gd) 20 W

rf power (SiO2) 100 W

Gas flow (Ar) 10 sccm

Gas flow (O2) 4, 6, 8, 10 sccm

Times (min) 10

Working pressure 20 mTorr

In Figure 5a, the I−V switching curves of the thin film RRAM devices exhibited the
lack of oxygen atoms filled (only 4 sccm) were not obvious. When increasing the oxygen gas
flow, the better I−V switching property and the switching cycle times were still unstable as
shown in Figure 5b. When the oxygen gas flow was 8 sccm, better and stable switching cycle
times were obtained, as shown in Figure 5c, and the oxygen vacancies filled by the oxygen
gas might the main reason. Finally, when the oxygen gas flow was 10 sccm, the switching
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cycle times gradually became worse, and they are shown in Figure 5d. In conclusion, the
excellent memory window of the GdOx:SiO2 thin film RRAM devices for 8 sccm oxygen
gas flow was chosen and is shown in Figure 5c for the subsequent specimens.

Figure 5. The I−V curve characteristics and switching cycles of RRAM devices for different O2

gas flows.

For the optimal deposition fabrication parameters of different powers and oxygen
gas flows, the grain rearrangement and defects of the GdOx:SiO2 thin film RRAM devices
were improved using the rapid thermal annealing (RTA) technique. In Table 3, the different
specimens are divided into no-RTA, RTA 300 ◦C, and RTA 400 ◦C processing, respectively.
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Table 3. Sputtering parameters (different RTA temperatures).

Rf power (Gd) 20 W

rf power (SiO2) 100 W

RTA no, 300, 400 ◦C

Gas flow (Ar) 10 sccm

Gas flow (O2) 8 sccm

Working pressure 20 mTorr

To investigate the electrical transport mechanism for the initial metallic filament
forming procedure, the Schottky emission conduction and the hopping conduction behavior
were observed from the lnI-V and lnI-V1/2 curve fitting. The Schottky emission conduction
equation is

J = A∗T2 exp

[
−q

(
ΦB −

√
qEi

4πεi

)
/kT

]
(1)

ΦB is the Schottky barrier height, T is the absolute temperature, k is Boltzmann’s
constant, εi is the insulator permittivity, and A* is the Richardson constant.

To discuss and find the ln(I/T2)-V1/2 curve, the Schottky conduction equation was
fitted to the I−V curves of the GdOx:SiO2 RRAM devices. For the hopping conduction,

J = qNav0e−qΦT/kTeqaV/2dkT (2)

where d, ΦT, v0, N, and a are film thickness, barrier height of hopping, intrinsic vibration
frequency, the density of space charge, and mean of hopping distance, respectively. To find
the electrical transport mechanism for the initial metallic filament forming procedure, the
ohmic conduction equation was fitted to the ln(I)–ln(V) curves of the GdOx:SiO2 RRAM
devices as already widely reported [19–21].

Figure 6 shows the ln(I)–ln(V) plots of ITO/GdOx:SiO2/TiN/Si RRAM devices for
different oxygen gas flows. In Figure 6a, for 4 sccm oxygen gas flow, the slope of the
RRAM devices for LRS/HRS states in set/reset regions can be seen and it was calculated
to be about 1. The ohmic conduction transport mechanism was found from the I−V
curves of the RRAM devices for low voltage and thinner film thickness were discussed.
Additionally, the I−V curves of the RRAM devices for different oxygen gas flows all
exhibited the ohmic conduction transport mechanism when low voltage was applied, as
shown in Figure 6b–e. As shown in Figure 2, the I-V curve properties of the GdOx:SiO2
thin film RRAM devices with low applied voltage for set and reset states shows the ohmic
conduction transport mechanism.

Compared to the as-deposited and RTA samples in Figure 7a, the I−V switching curve
properties were better and stable. When the RTA temperature increased to 400 ◦C, the
defects became worse and the electron conduction transport behavior became difficult, and
the high voltage and worse I-V switching properties of the GdOx:SiO2 thin film RRAM
devices were increased and found.

Figure 8 shows the SEM surface morphologies of co-sputtered GdOx:SiO2 thin films
for no-RTA and 300 ◦C RTA procedures. Compared to the no-RTA specimen and 300 ◦C
RTA, it reveals more dense and uniform grains. The average grain sizes for the no-RTA and
RTA specimens were 30 nm and 50 nm, respectively.
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Figure 6. Ln(I)−Ln(V) plots of ITO/GdOx:SiO2/TiN/Si RRAM for different oxygen gas flows.
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Figure 7. The I−V curve characteristics and switching cycles of RRAM devices for different RTA
temperatures.

Figure 8. The surface morphologies of the GdOx:SiO2 thin film RRAM devices for no RTA and RTA.

For RRAM device measurement, the current compliance was an important affective
factor to causing the devices to be destroyed and broken, and the electrical conduction
transport behavior of the I−V switching properties became worse. In Table 4, the current
compliances are 10, 15, and 20 mA, respectively.
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Table 4. Sputtering parameters (different current compliances).

rf power (Gd) 20 W

rf power (SiO2) 100 W

RTA 300 ◦C

Gas flow (Ar) 10 sccm

Gas flow (O2) 8 sccm

Current compliance 10 mA, 15 mA, 20 mA

Working pressure 20 mTorr

In Figure 9a, the I−V switching property of the GdOx:SiO2 thin film RRAM devices for
10 mA current compliance is stable. In Figure 9b, the memory window of RRAM devices
for 15 mA current compliance is small, and low and high impedence values exhibited the
low ratio. A small memory window and the sweep cycle times of the RRAM devices for
higher current compliances are shown in Figure 9c. Finally, the high current compliances
of 15 and 20 mA, the memory ratio and operating sweept time of the RRAM devices were
worse and unstable [19–21].

Figure 9. The I−V characteristics and switching cycles of the GdOx:SiO2 thin film RRAM devices for
different current compliances.

Figure 10 describes the electrical metallic filament forming procedure model of the
GdOX:SiO2 thin film RRAM devices for set/reset state. In Figure 10a, the electrical metallic
filament path process for the GdOX:SiO2 thin film RRAM devices for positive bias in the set
state is described. In Figure 10b, the complete metal metallic filament was slightly thinner



Crystals 2023, 13, 156 11 of 13

because of its continuous oxidation reaction from oxygen atoms for high negative voltage
applied. The metal metallic filament was made continuously sharper by the oxygen atoms
in the surface TiN bottom electrode. In addition, the resistance state of the GdOX:SiO2 thin
film RRAM devices was transformed from set to reset to complete the bipolar switching
process [19–26].

Figure 10. The initial metallic filament path model of the GdOx:SiO2 thin film RRAM devices for
(a) set and (b) reset state.

4. Conclusions

In this study, the co-sputtering technique was used to deposit GdOX:SiO2 thin films
on TiN/Si substrates, and the ITO top electrode was then deposited and formed the
ITO/GdOX:SiO2/TiN/Si RRAM device structure. Additionally, the optimal deposition
parameters of a power of 20 W, oxygen gas flow of 8 sccm, RTA temperature of 300 ◦C,
and electrical current compliance of 10 mA were found and investigated. Finally, the
excellent memory window ratio and stable I−V switching properties as well as operating
sweep cycle times were obtained and the optimal fabrication parameters are summarized
and organized in Table 5. In summary, the GdOX:SiO2 thin film RRAM device size and
thickness continuously decrease, and it has low power computation, low power loss, and
small integrated device size, and the I−V curve bipolar switching properties investigated
were probably cardioid and may be chosen for the next generation of semiconductor
industry and product applications.

Table 5. The optimal fabrication parameters.

rf power (Gd) 20 W

rf power (SiO2) 100 W

RTA 300 ◦C

Gas flow (Ar) 10 sccm

Gas flow (O2) 8 sccm

Current compliance 10 mA

Working pressure 20 mTorr
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