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Resistance random access memory (RRAM) composed of stacked aluminum (Al)/InGaZnO(IGZO)/

Al is investigated with different gallium concentrations. The stoichiometric ratio (x) of gallium in the

InGaxZnO is varied from 0 to 4 for intentional control of the concentration of the oxygen vacancies

(VO), which influences the electrical characteristics of the RRAM. No Ga in the IGZO (x¼ 0)

significantly increases the value of VO and leads to a breakdown of the IGZO. In contrast, a high Ga

concentration (x¼ 4) suppresses the generation of VO; hence, resistive switching is disabled. The

optimal value of x is 2. Accordingly, enduring RRAM characteristics are achieved. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4770073]

InGaZnO (IGZO) has attracted a great deal of attention

in recent years as a channel material for use in thin film tran-

sistors (TFTs). IGZO has several advantages when used as

an active layer in TFTs, including transparency and high mo-

bility, even in an amorphous state, which are important

requirements for flat-panel display applications.1 The electri-

cal characteristics of IGZO TFTs mainly depend on the con-

centrations of indium and gallium.2 It is well known that an

increased concentration of indium enhances the mobility of

TFTs and that the addition of gallium suppresses the genera-

tion of oxygen vacancies (VO).3,4

Meanwhile, resistive random access memory (RRAM)

is a nonvolatile type of memory that utilizes the resistive

switching (RS) behavior between a high-resistance state

(HRS) and a low-resistance state (LRS) for the construction

of a bi-stable state. RRAM has attracted considerable atten-

tion as a transparent and flexible memory device because of

its promising electrical characteristics, such as low power

consumption and high speed.5–8 Amorphous IGZO (a-IGZO)

is a potential candidate for RRAM devices due to the nature

of its transparency and its low-temperature processing. The

electrical characteristics of IGZO have been investigated

with respect to the stoichiometric ratio (composition ra-

tio).9,10 One of the advantages of IGZO is that its electrical

properties can easily be modulated by controlling the stoichi-

ometric ratio of indium and gallium. In particular, the

increased concentration of gallium in IGZO suppresses the

generation of VO, which plays a role in carrier transport. This

phenomenon was applied to IGZO-TFT devices to decrease

the off-state current, which is crucial for minimizing the

power consumption.11 Therefore, if the mechanism of bipo-

lar resistive switching (BRS) strongly relies on the concen-

tration of VO, it is inferred that deliberately controlling the

oxygen vacancy concentration may be suitable for IGZO-

based RRAM.12 It was experimentally demonstrated that

IGZO shows RS characteristics.13,14 Specifically, the RS

characteristics based on oxygen ion migration in a-IGZO

were utilized for a synaptic device with inherent learning

and memory functions.15 However, controllable resistive

switching characteristics, which are affected by the concen-

tration of VO, have not been comprehensively investigated.

Thus, it is timely to study how the oxygen vacancy concen-

tration in the IGZO-based RRAM influences the RS

characteristics.

In this study, an adjustment of the gallium concentration

is adopted to modulate the concentration of VO by control-

ling the activation energy for annihilation of oxygen vacan-

cies.16 It should be noted that the purpose of controlling the

gallium concentration is to study how an intentionally engi-

neered oxygen vacancy concentration affects the characteris-

tics of IGZO-based RRAM. The implemented RRAM

comprises three layers: Al (top electrode), IGZO (resistive

switching material), and Al (bottom electrode). The stoichio-

metric ratio (x) of gallium in the composite of In:Ga:Zn

¼ 1:x:1 is varied from 0 to 4 to control the concentration of

VO because this concentration influences the RS characteris-

tics. The electrical properties of the fabricated RRAM are

analyzed with different values of x. The oxygen concentra-

tion dependency is also analyzed with the aid of electron

energy-loss spectroscopy (EELS).

An Al layer thickness of 50 nm was used as the top elec-

trode (TE) and the bottom electrode (BE). The Al was depos-

ited by a thermal evaporator. Conventional photolithography

and chemical etching were employed to pattern the electro-

des. An IGZO thin film was deposited by a sol-gel method.

Indium(III) nitrate hydrate, gallium(III) nitrate hydrate, and

zinc nitrate hexahydrate were used as precursors. The molar

concentration of the indium and zinc precursors was fixed at

0.1 M. The molar ratio of the gallium precursors was varied

from 0 to 4 in a composite of In:Ga:Zn¼ 1:x:1. All precur-

sors were dissolved in a 10 ml volume of 2-methoxyethanol.

Spin coating was performed at 5000 rpm for 30 s. The coated

substrates were annealed at 370 �C for 2 h in air to evaporate

out the solvent. These IGZO samples are known to be in an

amorphous state when annealed at 370 �C.17 The inset of
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Fig. 1(b) verifies that the deposited IGZO is in an amorphous

state according to an X-ray diffraction (XRD) analysis. Fig.

1(a) shows a cross-sectional transmission electron micros-

copy (TEM) image of the fabricated Al/a-IGZO/Al device.

Regardless of the gallium concentration, the thickness of

Al2O3 between the top electrode and IGZO is approximately

4 nm, whereas that between the bottom electrode and IGZO

is approximately 8 nm. The thickness of IGZO at x¼ 2 is

approximately 18 to 21 nm. It was reported that the modula-

tion of the gallium concentration did not make a significant

difference in the IGZO thicknesses.18 The roughly estimated

average thickness of IGZO is 20 nm, irrespective of the gal-

lium concentration.

Figs. 2(a) and 2(b) show the oxygen concentration as ana-

lyzed by EELS along with the depth of the prepared samples

at x¼ 0 and x¼ 2 in the composite of In:Ga:Zn¼ 1:x:1. The

EELS data ensure that the oxygen concentration is higher at

x¼ 2 than at x¼ 0. This indicates that gallium suppresses the

generation of VO. The oxygen deficiency (vacancy) at the TE/

IGZO interface is remarkably increased when x¼ 0. These

generated oxygen vacancies are thought to cause BRS,

triggering a reduction-oxidation reaction with oxygen ions

according to the polarity of the applied voltage.19

The nominal device area used for electrical characteriza-

tion is 100 lm� 100 lm. The BE is grounded while a voltage

is applied to the TE. BRS characteristics were noted in the Al/

a-IGZO/Al structure. In this work, the examination of BRS is

carried out. Fig. 1(b) shows a typical measured current

density-voltage (J-V) curve with a bipolar voltage sweep in the

device with In:Ga:Zn¼ 1:2:1. An electro-forming process is

performed in the voltage range from 0 V to 5 V before the

analysis of the RS characteristics without a set compliance cur-

rent density (CC). The J-V curve clearly exhibits hysteresis (a

bi-stable state). The HRS and LRS are attributed to the oppo-

site polarity of the applied voltage. A positive voltage results

in an HRS, whereas a negative voltage leads to an LRS.

To confirm the modulation effect of the BRS according

to the Ga concentration, log-log plots of the J-V characteris-

tics were characterized in the devices with In:Ga:Zn¼ 1:0:1

and In:Ga:Zn¼ 1:2:1, as shown in Figs. 3(a) and 3(b),

respectively. The J-V curves positioned toward the right in

Figs. 3(a) and 3(b) indicate an electro-forming process from

FIG. 1. (a) A cross-sectional TEM image of a

stacked Al/a-IGZO/Al structure in In:Ga:Zn

¼ 1:2:1. (b) Typical current density-voltage

(J-V) curve of RRAM consisting of an Al/

a-IGZO/Al device with In:Ga:Zn¼ 1:2:1 during

a bipolar voltage sweep. Arrows indicate the

direction of the voltage sweep. The inset repre-

sents XRD data for the deposited IGZO

annealed at 370 �C.

FIG. 2. The oxygen-concentration profile based

on an EELS analysis with respect to the depth for

(a) In:Ga:Zn¼ 1:0:1 and (b) In:Ga:Zn¼ 1:2:1.

FIG. 3. Measured current density-voltage (J-V)

characteristics of devices in a double-logarithmic

plot in (a) In:Ga:Zn¼ 1:0:1 and (b) In:Ga:Zn

¼ 1:2:1. Arrows indicate the direction of the

voltage sweep. The J-V curves positioned toward

the right in (a) and (b) indicate the electro-

forming process from fresh devices. After the

electro-forming process is performed, the J-V
curves positioned toward the left in (a) and (b)

represent a permanent breakdown and a LRS,

respectively. The CC is set to 10 A/cm2 in (a),

and the value of the current is not limited in (b).
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fresh devices. After an electro-forming process is performed,

the J-V curves positioned toward the left direction in Figs.

3(a) and 3(b) indicate permanent breakdown and an LRS,

respectively. The CC is set to 10 A/cm2 in Fig. 3(a), and the

value of the current density is not limited in Fig. 3(b). Per-

manent breakdown is observed only at x¼ 0 after the

electro-forming process. The resistance state of IGx¼ 0ZO is

altered to a metallic phase, which does not return to a non-

metallic state. Figs. 2(a) and 3(a) suggest that this state tran-

sition is induced by excessively generated VO, thus

inhibiting a BRS. Fig. 3(b) represents the hysteresis J-V
curve when x¼ 2. In contrast to Fig. 3(a), after the electro-

forming process, ohmic conduction (J / V) in a low-voltage

regime and a quadratic term (J / V2) in a high-voltage re-

gime were observed in spite of the LRS. In particular, the

quadratic voltage dependency arises from the trap-controlled

space-charge-limited current (SCLC).20 It is noteworthy that

the trends of the J-V curve shown in Fig. 3(b) are very simi-

lar to those of the Al/TiO2/Al-based RRAM.21,22 It was

reported that the BRS of TiO2 was associated with the

oxygen-deficient sites in the top domain of the TiO2

layer.20,23 In this experiment, the current-flowing behaviors

based on the SCLC in the high-voltage domain indicate that

current operations are governed by the variations of the

oxygen-deficient region.24 The BRS is attributed to the

reduction-oxidation reaction at the oxygen-deficient IGZO

layer.19 When a positive voltage is applied, O2
� ions move

toward the oxygen-deficient layer. Thus, the oxygen-deficient

IGZO layer is thinned down as being oxidized. In other words,

as negatively charged oxygen ions fill the oxygen vacancies,

the resistance is switched to the HRS during the positive volt-

age bias. In contrast, O2
� ions generated by the reduction

reaction of IGZO tend to move toward the BE under the nega-

tive voltage bias. The BRS from the HRS to the LRS occurs

as the oxygen-deficient layer starts to build up.

Figs. 2(a), 2(b), 3(a), and 3(b) show that a properly gen-

erated VO stemming from the chemical reaction of TE/IGZO

induces BRS characteristics. In this experiment, it was dem-

onstrated that BRS based on the SCLC is modulated by con-

trolling the VO concentration through a change in the molar

ratio of Ga in the IGZO film.

To clarify the BRS behavior, which is dependent on the

VO concentration, the J-V curves are characterized by con-

trolling the CC for various Ga concentrations. As shown in

Fig. 4, the BRS characteristics are tunable by changing the

stoichiometric ratio (x) and the CC. The CC is controlled

from 10�2 A/cm2 to 103 A/cm2. The resistive states are cate-

gorized by four groups: (1) breakdown, (2) BRS with poor

endurance, (3) BRS, and (4) no BRS. A breakdown indicates

a permanent breakdown of the IGZO, which cannot be

switched to an HRS. BRS with poor endurance indicates that

the value of the resistance fluctuates seriously when the BRS

is induced. No BRS indicates that the hysteric J-V behavior

disappeared. At x¼ 0, an excessive VO is not inhibited by

Ga; hence, this inherent and pre-existing VO leads to the for-

mation of conduction paths. As a result, a permanent break-

down through the aforementioned paths is induced. As noted

earlier, the increased gallium concentration (x) contributes to

suppressing the generation of VO.4 At x¼ 4, a high Ga con-

centration effectively suppresses the generation of VO;

hence, vacant trap densities for electron transport are notably

reduced. As a result, the BRS behavior disappears.

To confirm the memory window, i.e., the distinct resist-

ance difference between the HRS and the LRS, a cyclic en-

durance test was carried out. Figs. 5(a) and 5(b) exhibit the

endurance characteristics when In:Ga:Zn¼ 1:0.5:1 and when

In:Ga:Zn¼ 1:2:1, respectively. It should be noted that signif-

icant fluctuation and instability of the HRS arise at x¼ 0.5;

hence, the resistance interference between the HRS and the

LRS becomes problematic. In contrast, reliable endurance is

sustained in the range of x from 1 to 2. In other words, a dis-

tinctive separation between the HRS and the LRS is consis-

tently sustained in the case of x¼ 2. This separation

indicates that the reduction-oxidation reaction caused by the

FIG. 4. A graph to show the modulation effects of BRS by controlling the

CC with various Ga concentrations. Here, a breakdown means a permanent

breakdown. BRS with poor endurance indicates that the devices show BRS

with unstable endurance characteristics. No RS indicates that a hysteretic

J-V curve is not observed.

FIG. 5. Endurance characteristics during switch-

ing cycling after the electro-forming process for

(a) In:Ga:Zn¼ 1:0.5:1 and (b) In:Ga:Zn¼ 1:2:1.

The CC is set at 10 A/cm2.
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migration of oxygen ions is controlled according to the po-

larity of the applied bias, as expected. Therefore, the redox

reactions at the oxygen-deficient layer are controllable for

high gallium concentrations by the electrical voltage because

the generation of VO is properly suppressed.

The moderately suppressed generation of VO (when the

value of x is approximately 2) enhances the immunity against

electrical stress and retains the distinctive separation

between the LRS and the HRS under iterative biasing.

Although the BRS characteristics look similar for x¼ 1 and

x¼ 2, the level of CC is quite different. When x¼ 2, the CC

is increased to 101 A/cm2; however, it is 10�1 A/cm2 at

x¼ 1. This robustness against current-induced stress is

improved when x¼ 2 compared with when x¼ 1. Further-

more, as shown in Fig. 3(b), a BRS in the case of x¼ 2 is

actually induced even when the CC is not set. Except x¼ 2,

the BRS is inhibited unless a CC is applied during electrical

stress. The moderately suppressed oxygen vacancies block

off the migration of redundant VO during a positive voltage

bias. The connection of VO between the BE and the TE leads

to the transition to the metallic phase via electrical break-

down.25 That is, the gallium-rich IGZO layer prevents VO

from being moved back and forth between the BE and the

TE. Thus, the optimal value of x is near 2. In conclusion,

BRS behavior in gallium-rich IGZO RRAM is tunable by

changing the gallium concentration.

In summary, functional RRAM consisting of Al/IGZO/Al

was demonstrated here. The stoichiometric ratio (x) was varied

from x¼ 0 to x¼ 4 in a composite of In:Ga:Zn¼ 1:x:1. This

ratio controlled the concentration of oxygen vacancies of

IGZO, causing the resistive switching properties to be tunable.

The increased and reduced oxygen concentrations were ana-

lyzed with the aid of EELS. A low gallium concentration (in a

range of approximately 0 to 0.5) led to a permanent breakdown

or unstable resistive switching, whereas a high gallium concen-

tration (near 4) prohibited the RRAM from exhibiting resistive

switching. Therefore, a moderate gallium concentration (rang-

ing from approximately 1 to 2) will allow the RRAM to func-

tion properly with a reasonable sensing window and good

endurance. These results can provide insight into how to modu-

late RRAM characteristics comprehensively. Moreover, this

investigation can be useful for those who seek to analyze resis-

tive switching characteristics in RRAM devices composed of

other materials by adjusting the oxygen concentration.

This work was supported by the Center for Integrated

Smart Sensors funded by the Ministry of Education, Science

and Technology as a Global Frontier Project (CISS-2011-

0031845).
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