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Abstract: In this paper, resistive random-access memory (RRAM) with InGaO (IGO) as an active layer
was fabricated by radio-frequency (RF) sputtering system and the resistive switching mechanism
with the different top electrode (TE) of Pt, Ti, and Al were investigated. The Pt/IGO/Pt/Ti RRAM
exhibits typical bipolar resistive switching features with an average set voltage of 1.73 V, average reset
voltage of −0.60 V, average high resistance state (HRS) of 54,954.09 Ω, and the average low resistance
state (LRS) of 64.97 Ω, respectively. Ti and Al were substituted for Pt as TE, and the conductive
mechanism was different from TE of Pt. When Ti and Al were deposited onto the switching layer,
both TE of Ti and Al will form oxidation of TiOx and AlOx because of their high activity to oxygen.
The oxidation will have different effects on the forming of filaments, which may further affect the
RRAM performance. The details of different mechanisms caused by different TE will be discussed.
In brief, IGO is an excellent candidate for the RRAM device and with the aids of TiOx, the set voltage,
and reset voltage, HRS and LRS become much more stable.
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1. Introduction

In recent years, metal-oxide semiconductor (MOS) transistor-based memories such as dynamic
random-access memory (DRAM) and NAND flash memory play a critical role in the computer science
industry. However, with the progress of science and technology, more and more demands which cannot
be satisfied with those traditional memories are required. Nowadays, emerging non-volatile memories
(NVMs) are, therefore, being widely researched and developed due to its fast operation speed and
low power consumption [1–10]. Emerging NVMs can be simply divided into three categories as
magnetic random-access memory (MRAM), phase change random-access memory (PCM), and resistive
random-access memory (RRAM).

The MRAM structure based on memory cells that have two magnetic storage elements, one with a
fixed magnetic polarity and the other with switchable polarity. Technically, the state of MRAM can
be confirmed by conducting a current through the cell to determine the value of electrical resistance.
According to the magnetic tunnel effect [11], the electrons will be able to tunnel to switch the cells from
different states. On the other hand, PCM is based on a class of material called chalcogenide glasses
which can exist in two different phase states (e.g., crystalline and amorphous) [12]. By applying a
current, the crystal structure of the material can change rapidly between the two states which leads to
different electrical resistances. Among all, owing to being faster than PCM and smaller than MRAM,
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RRAM is considered as the candidate with the most potential. Besides, the RRAM device has a simpler
structure compared to others and is more compatible with CMOS technology.

Due to the simple sandwich-structure of the RRAM device—which consists of top electrode (TE),
metal oxide, and bottom electrode (BE) —RRAM is easy to fabricate. A lot of oxide materials—such as
HfO2 [13,14], ZrO2 [15,16], Al2O3 [17,18], TiO2 [19,20], NiO [21], SrZrO3 [22], HfZrO [23], IGZO [24],
ZnO [25], etc.—were fabricated as the RRAM active layer and have been reported. As a wide
bandgap material, Ga2O3-based oxide has also been commonly used for devices such as thin film
transistor (TFT) [26,27], photodectector [28,29], high electron mobility transistor (HEMT) [30], and so
on. However, research on Ga2O3-based RRAM is still in its infancy. Only J. B. Yang’s team has
researched the RRAM performance using InGaO (IGO) as an active layer [31]. In this work, IGO was
chosen to be the active layer because of its favorable electron mobility, ideal optical transparency,
and low-temperature processability.

As everyone knows, RRAM devices were operated between high resistance state (HRS) and low
resistance state (LRS). The resistance switching (RS) behavior was caused by the filament which was
arrayed by the oxygen vacancies. That is to say, the oxygen vacancies may be arrayed under an electric
field and the arrayed oxygen vacancies are what we called a filament. The filament can be formed
by the set process and destroyed by the reset process. However, lots of reports have pointed out that
different TE materials will have different influence on the arrangement of the oxygen vacancies at the
interface between TE and active layer [32–35], for instance, the mechanism the filament be formed and
be destroyed and the paths the filament may grow. The above uncertainties caused by different TEs
may further affect the performance of the RRAM device. In order to analyze the mechanism of different
TEs, the inert metal Pt is chosen to be the standard TE. Except for the inert metal Pt, we choose another
two metals with a similar work function of about 4.3 eV, which is Ti (4.33 eV) and Al (4.28 eV) [36],
to deeply research the influence of the RRAM device.

In this work, high-performance RRAM using IGO as an active layer was fabricated by RF
sputtering system. The characteristics of the IGO thin film were reported. Besides, we focus on the
mechanism of how different TE materials affect RRAM performance.

2. Experimental Details

Figure 1 shows the structure of the IGO RRAM. The proposed RRAM was fabricated on
2 cm × 2 cm quartz substrates which were cleaned with an ultrasonicator by acetone, isopropyl
alcohol, and deionized water each for 5 min. After drying under a stream of nitrogen, 10-nm-thick Ti
adhesion layer and 50-nm-thick Pt bottom electrode were evaporated onto the substrates by e-beam
evaporator in order. 20-nm-thick IGO was then deposited by radio frequency (RF) sputtering system as
an active layer using a single InGaO target (In2O3:Ga2O3 = 40:60 in at %). During the sputtering process,
the sputtering power was set at 80 W, the background pressure was fixed at 5 mtorr, and the gas flow
ratio of O2/Ar was 10/90 sccm, respectively. Finally, 50-nm-thick Pt, 100-nm-thick Ti, and 100-nm-thick
Al were deposited each by e-beam as different TEs. On the other hand, the size of the RRAM device
was patterned by metal masks, which was 1500 µm × 1500 µm for the active layer and 50 µm × 50 µm
for the TE, respectively.

To verify the quality and characteristics of the deposited thin film, X-ray diffraction (XRD:
Bruker D8 Discover, Billerica, MA, USA), atomic force microscope (AFM: Bruker, Billerica, MA, USA),
and transmission electron microscope (TEM: JEM-2100F Electron Microscope, JEOL, Tokyo, Japan)
analysis were carried out. In addition, the current–voltage (I–V) characteristics were measured at room
temperature by Agilent B1500A semiconductor parameter analyser (Agilent, Santa Clara, CA, USA).
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3. Results and Discussion

Figure 2a shows the morphology of the sputtered IGO thin film. According to the AFM analysis
results, the sputtered film has a very small root-mean square value of 0.362 nm, which indicates that the
sputtered thin film is smooth. The sputtered film is amorphous because the larger intensity only appears
at about 25 degree which is attributed to the glass substrate and no sharp or distinctive peak showing
up in the XRD patterns as shown in Figure 2c, indicating the lack of long-range crystalline order.
Furthermore, Y. H. et al. have reported that amorphous films which have no grain boundaries not only
favor high-speed electronic devices but also lead to better mobility of oxygen vacancies [25]. For the
sake of the amorphous films, the resistive switching process of RRAM can be stabilized. Figure 2c
shows the oxygen–metal bonding of the thin film from the XPS result. The O 1s peak was deconvoluted
into three peaks at 530.2, 531.5, and 533.3 eV, which are assigned to the well-bonded oxygen with metal
cation (M–O), oxygen vacancies (Vo), and metal hydroxide species (M–OH), respectively. Among all,
the oxygen vacancies accounted for about 48.31% which indicates that the film has a proper amount of
oxygen vacancies to form filaments when operated as an RRAM device.

When it comes to RRAM devices, we have extracted parameters—such as set voltage, reset voltage,
high resistant state, and low resistant state—which are some of the basic parameters to quantify RRAM
performance. The lifetime and the reliability will also be concerned to distinguish an RRAM is good
or not. Since Pt is a kind of inert metal, which will not interact with the active layer, we first use Pt
as TE to simply focus on the influence on the RRAM performance from the active layer itself before
discussing the influence of different TE.

Figure 3a illustrates the IV sweep curve of the 10th, 50th, and 100th cycles of the IGO RRAM
operated under bipolar switching mode. The IV sweep process can roughly divide into four parts. First,
we applied a positive voltage increased from 0 V to 2.5 V to the TE and caused the RRAM to switch
from HRS to LRS. Second, the applied positive voltage decreased back to 0 V and kept the RRAM
at LRS. In the above two progress, which is so-called the set process, 5 mA current compliance was
held in order to provide the device from hard-breakdown. Third, a negative reverse bias was applied
from 0 V to −0.9 V to the TE and the RRAM will then be switched back to HRS. Finally, the applied
reverse bias gradually decreased to 0 V while the RRAM kept at HRS. The latter two progress is what
we called the reset process. When the whole four steps were conducted means that a sweep cycle
was completed. During the measurement, the RRAM with TE of Pt was switched for 130 cycles and
finally hard-breakdown. It is calculated from the 130 cycles that the average set voltage is 1.727 V,
the average reset voltage is −0.596 V, the average HRS is 54,954.09 Ω, and the average LRS is 64.97 Ω,
respectively. Since the maximum current of the reset process is corresponding to that of the set process,
it is recognized that the resistive switching behavior of the RRAM with TE of Pt is dominated by the
oxidation-reduction reaction. Figure 3b depicts the schematic of the redox mechanism. The oxygen
ions migrate from the bottom of the switching layer to the top of the switching layer because of the
electric field induced by the applied positive bias, which left oxygen vacancies behind. As the positive
voltage increased, the oxygen vacancies accumulate and form a conductive filament, which turns the
RRAM from HRS to LRS. Owing to Pt being an inert metal, the accumulative oxygen ions will not
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react with the Pt TE and may escape outward around the interface between the TE and active layer,
which results in a thin filament.
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After knowing some basic characteristics of the IGO RRAM with TE of Pt, we substituted Ti
and Al for Pt as TE. The IV sweep curves are shown in Figure 4. Generally, the oxidation of both Ti
and Al occur much easier than that of Pt. As a result, when the Ti and Al TE were deposited on the
switching layer, both Ti and Al interacted with the oxygen ions in the switching layer because of their
high activity to oxygen and formed TiOx and AlOx. However, as the TEM results shown in Figure 4c,
TiOx has no clear boundary in TE while AlOx only appears at the interface between TE and active layer
for about 6 nm as shown in Figure 4d. That is because oxygen ions diffuse more easily into the deeper
Ti TE layer and form a thicker TiOx, which can be observed in the line scan profile as Figure 4e shows.
In contrast, Figure 4d,f show the oxidized AlOx is much denser than TiOx. Once the AlOx layer formed
at the interface, the oxygen ions are hard to diffuse into a deeper region of TE.
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Different from Pt as TE metal, both Ti and Al will form an oxidation layer and further affect
the conductive mechanism of the RRAM device. Figure 5 indicates the conductive mechanism of
RRAM with Ti and Al. When a positive bias was applied to the Ti TE, the TiOx acted as a reservoir
of oxygen ions, which assists to form sturdy filaments in the switching layer. Consequently, low set
voltage and reset voltage are obtained. On the contrary, when a positive bias was applied to the Al TE,
the reset process is distinguished from that of Ti. Since we already realized that the Al-O bond is hard
to break, the rupture of the conductive filaments is then dominated by the Joule heat effect, which
causes significantly higher current during the reset process than the set process as shown in Figure 4b.
Besides, the oxidized AlOx layer is a good insulator, which may impede the forming of the conductive
filaments. As a result, the conductive filaments may form through a different path in the switching
layer thus higher set voltage and higher HRS can be obtained.
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Lastly, we further discuss the characteristics of the IGO RRAM with different TE. Figure 6 shows
the voltage versus switching cycles, resistance versus switching cycles and resistance versus time
of the three RRAM devices in this work. Besides, some major parameters of the three devices are
summarized in Table 1. The maximum average set voltage appears when TE is Al. This is due to the
oxidized AlOx layer making the forming of the filaments more difficult in the switching layer. On the
other hand, TiOx plays a role of reservoir which assists the forming of filaments therefore a minimum
average set voltage is obtained. The minimum average reset voltage of −0.7 V appears when TE is
Ti. This is due to the sturdy filaments forming with the assistance of the oxygen reservoir TiOx, so it
needs a more negative bias to rupture the strong filaments. The significant large HRS and LRS can be
observed with TE of Al is because of the Joule heat effect we have mentioned before. To analyze the
stability of the RRAM devices, we defined the standard deviation (SD) of the set voltage, reset voltage,
HRS, LRS using the formula

SD =

√∑
(x− x)2

n− 1

where n is the total switching cycle, x is the value from each cycle, and x is the average of all
cycles, respectively. All the standard deviations of the parameters are summarized in Table 1 as well.
With small SD values, both Pt and Ti as TE show pretty good stability of set voltage, reset voltage, HRS,
and LRS, which ensured the reliability of RRAM using Pt and Ti as TE. However, all the parameters
we concerned show a great variation when the TE is Al. This result may be attributed to both a-IGO
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and dense AlOx. Unlike Pt and Ti, the conductive mechanism is dominated by Joule heat effect when
using Al as TE, which may destroy the filament thoroughly and make the forming of filament more
unstable. In addition, owing to the dense AlOx layer, the filaments are much more difficult to be
formed, which means the possibilities of all the possible filament paths are almost the same. As a
result, the amorphous thin film with TE of Al leads to a higher variation of set voltage and HRS while
the different filament paths may have different set voltage and HRS. According to Figure 6c, all the
three TE demonstrated good stability in the retention test, which means the RRAM devices all have the
perfect capability to store data and keep the data quite stable.
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Table 1. Some parameters of IGO RRAM with TE of Pt, Ti, and Al

TE Switching
Cycles

Average
Vset (V)

SD of Vset
(V)

Average
Vreset (V)

SD of
Vreset (V)

Average
HRS (Ω)

SD of HRS
(Ω)

Average
LRS (Ω)

SD of LRS
(Ω)

Pt 130 1.727 0.299 −0.596 0.077 54,954.09 31,622.78 64.97 9.99
Ti 247 0.811 0.139 −0.7 0.084 1621.81 234.42 63.93 8.14
Al 129 3.749 3.543 −0.523 0.289 ~8 × 1010 ~2 × 1011 145.3 191.27

4. Conclusions

In this work, IGO RRAM with three different TE of Pt, Ti, and Al were fabricated, and the
characteristics were discussed. Because oxygen ions will diffuse into deeper Ti after deposited onto the
switching layer, and the TiOx will form and assist the forming of filaments. As a result, the RRAM
with TE of Ti shows the best reliability and stability with switching cycles of 247 times, the average
set voltage of 0.811 V, the average reset voltage of 0.084 V, average HRS of 1621.81 Ω, average LRS of
63.93 Ω, respectively. On the other hand, the RRAM with TE of Al shows the worst stability because
an approximately 6-nm-thick AlOx layer will form at the interface of TE and active layer, which makes
filaments more unstable. All the three devices can maintain either HRS or LRS for over 10,000 s.
In summary, IGO can serve as an excellent candidate for the RRAM device. Besides, with proper TE
metal, the performance and reliability of IGO RRAM can be enhanced.
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