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Factors Determining the Resistive Switching Behavior
of Transparent InGaZnO-Based Memristors
Fei Qin, Yuxuan Zhang, Honghwi Park, Chung Soo Kim, Dong Hun Lee,
Zhong-Tao Jiang, Jeongmin Park, Kwangsoo No, Hongsik Park, Han Wook Song,
and Sunghwan Lee*
effort, in 2008, scientists from HP labs
reported the ﬁrst operational monolithic
memristor made by sandwiching a thin ﬁlm
of titanium dioxide between platinum electrodes.[2] A pinched hysteresis loop was considered as the ﬁngerprint of all memristors.[3]
This physical resistive switching device led to
intensive study on the memristor, initially for
the demand of high-performance nonvolatile
memory.[4] Recently, in-memory computing
is believed to deliver an efﬁcient and reconﬁgurable way to process information in artiﬁcial intelligence (AI) applications which can
break the bottleneck of the conventional von
Neumann computing architecture.[5] The
ﬁeld of memristor was further boomed with
technological advancements, such as the ability of information storage in sub-2 nm scale,
low energy consumption, and compatibility
with complementary metal oxide semiconductor (CMOS), ideally fulﬁlling the needs
for the development of new computing
technologies.[6]
The major issues of memristor at the
single-device level include a relatively large variation of electrical
parameters and poor cycling endurance.[6] To overcome these
challenges, it is crucial to understand the mechanism of the
memristor’s switching behavior. Fundamentally, two types of

The overarching goal herein is to identify the factors dominating the performance
of a-IGZO-based memristors. Despite the highest on/off ratio, greater than 104
with a preferred minimal set/reset bias achieved from a-IGZO-based memristors,
it is observed that the switching performance and stability/reliability of the
devices is signiﬁcantly dominated by the VO·· density and metallization material,
depending on their reactivity with IGZO. As the ﬁrst governing factor, ensuring
optimal VO·· concentration in the switching layer IGZO (VO··/OOx ratio 24.3% in
this study) is crucial to obtain the tractable formation and rupture of conduction
ﬁlament. Neither higher nor lower VO·· density than the optimized results in
detrimental reliability issues, which may be ascribed to an uncontrollable ﬁlament
in an abundant vacancy environment or a weak conducting path, respectively. As
the second governing mechanism determining the memristor performance and
reliability, it is suggested that metallization materials need to be carefully selected
based on the thermodynamic redox potential and interfacial stability of the
metallization material with IGZO. Metallization materials with larger reduction
potential and interfacial stability are found to yield higher switching on/off ratio
and greater device performance reliability.

1. Introduction
The memristor, known as the fourth basic circuit element, was ﬁrst
postulated by Chua back in 1971.[1] After nearly four decades of
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physical phenomena have been widely accepted as the origins of
resistive switching (RS): electrochemical metallization mechanism (ECM) and valence change mechanism (VCM).[7] In an
ECM device, also called cation memristor, Cu or Ag is usually
chosen as active electrode, where the mobile species is considered to be metal cations and these cations actively participate
in the oxidation–reduction reaction.[8] Under a positive bias,
the active electrode (it is commonly the top electrode [TE]) is partially oxidized, and the cations migrate through the switching
layer (SL) toward the bottom electrode (BE) and reduce there.[9]
With the accumulation of reduced cations at the BE, a conductive
ﬁlament grows until reaching a short-circuit condition to achieve
a low resistive state (LRS). This is a SET process. A negative bias
can cause a rupture of this ﬁlament which is an inverse process
of SET back to a high resistive state (HRS). In a VCM device, also
called anion memristor, the mobile species are the oxygen anions
or positively charged oxygen vacancies, rather than metal cations
as in an ECM device.[10] The oxygen vacancies can form a conduction path. Some memristors function with both mechanisms,
called dual ionic memristor.[11] In these types of memristors,
either cation or anion migration can dominate the RS behavior,
which is supplemented by the other mechanism.[12] Although a
few aspects of these mechanisms have been investigated by techniques such as in situ transmission electron microscopy (TEM)
and scanning tunneling microscopy (STM),[13] the governing
mechanisms vary with SL, electrode materials, and other large
number of parameters and, therefore, only limited information
is available in the literature. Besides the abrupt ﬁlament switching mechanisms (i.e., VCM and ECM), another mechanism of
gradual analog switching has been also suggested, which can
mimic the functions of biological synapses where the synapse
emulation is considered an essential step toward neuromorphic
computing.[14–16] Wang et al. reported an IGZO oxygen-deﬁcient/oxygen-rich bilayer memristor with analog switching
behavior, in which oxygen ions migrate/diffuse over the entire
SL, rather than forming a conduction ﬁlament. The modulation
of conductance in analog switching was proposed as a result of
the motion of the conduction front/interface between oxygenrich and oxygen-deﬁcient layers, which is accomplished by the
electric ﬁeld-induced migration of oxygen ions.[14] The device
intrinsically enables analog switching because the shift of the
oxygen ion distribution is gradual.[17] The analog switching
behaviors have been demonstrated in ﬁlamentary memristors
as well, for example, multilevel LRS can be obtained by modulating the SET compliance current to form different thicknesses
of conducting ﬁlaments.[17]
In the design of the memristor, electrode selection is of
particular importance as it can greatly affect the RS behavior
of the device. As electrodes for memristors, single-element metals such as Pt, Ag, Cu, and Ti are typically considered due to the
simple processing and their well-known properties.[18] Oxidebased conductors with high carrier concentrations and hence
high conductivity are also considered as memristor electrodes
such as Al doped ZnO, and InSnO (ITO).[19] Alloy electrodes like
Cu–Te,[20] Cu–Ti,[21] and Pt–Al[22] and recently emerging
materials like graphene[23] and carbon nanotubes have been also
reported[24] where the alloy electrodes achieved more stable
switching performance and carbon-based electrodes led to lower
SET and RESET voltages. Although various combinations of

Phys. Status Solidi RRL 2022, 2200075

2200075 (2 of 11)

electrode materials for memristor applications are available in
the literature, the behavior of reported memristors, despite
the same switching and electrode materials, is considerably
inconsistent in their performance.[25–27] Enhanced understanding of the RS mechanism and the effect of metallization on
the performance may address the conﬂicted behaviors and further advance the memristor technology.
In this work, we chose amorphous InGaZnO (a-IGZO) as the
SL of memristors and ITO as the BE where the identical BE for all
the devices is intended to minimize additional complications due
to different BE materials for switching mechanism investigations. Amorphous oxides based on In2O3 such as a-IGZO are
widely considered as a channel material for thin-ﬁlm transistor
(TFT) applications because of their high mobility and visible
regime optical transparency.[28,29] Establishing IGZO memristor
technology may work as a breakthrough to develop an IGZObased memristor/TFT framework where the identical IGZO
plays a multifunctional role as the memristor SL and the TFT
channel.[30] This unique structure is expected to achieve a large
memristor crossbar array in a cost-effective manner and to mitigate an issue of undesired current ﬂow through unselected cells
(i.e., sneak path current) in passive crossbar arrays.[31] In addition, the electrical properties of a-IGZO are easily controlled
by optimizing the stoichiometric cation ratio of In, Ga, and
Zn as well as the oxygen content in the sputtering gas.[32]
Such tunability of IGZO is critical in understanding the dominant switching mechanism of a-IGZO memristor devices. For
the BE in the present study, ITO was selected due to high optical
transmittance for potential fully transparent memristor applications, good electrical conductivity, and chemical compatibility
with a-IGZO as well as high hardness, by which the BE and
the entire device is sustained when vertical loading is applied
during electrical characterizations. Four different TEs were strategically selected to establish ITO, Cu, Ag, and Ti TE memristors
to investigate the effect of TE on the memristor performance.
ITO TE is selected to limit the participating ions to be only
oxygen vacancies in the RS to represent a VCM cell. Cu is
currently used as an interconnection wire in mass-produced semiconductor devices, making the integration of the ECM cell into the
back-end-of-the-line (BEOL) process simple, which, in turn, lowers
the fabrication cost. The inclusion of Ag as TE was motivated by its
high ion mobility.[33] Ti was chosen to investigate the effect of the
expected TiOx interface layer on the memristor performance.
Here, through comparing the RS behaviors with different TE
metallization, we aim to provide insightful metallization selection
criteria for oxide-based transparent memristor applications.

2. Results and Discussion
A schematic of a two-terminal and single SL memristor based on
a-IGZO is illustrated in Figure 1a, of which the device patterns
are deﬁned using in situ shadow masks during the fabrication. A
cross-sectional high-angle-annular dark-ﬁeld (HAADF) TEM
micrograph of the ITO TE memristor (i.e., ITO/IGZO/ITO) is
presented in Figure 1b (left), which clearly shows each layer
of the memristor structure from bottom to top: 100 nm ITO
BE, 95 nm a-IGZO SL, and 150 nm ITO TE. An associated
energy-dispersive X-Ray spectroscopy (EDS) mapping image
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(a)

(b)

(c)

(d)

Figure 1. ITO/IGZO/ITO/glass memristor: a) Schematic illustration of the device structure, consisting of glass as substrate, ITO as BE, IGZO as SL, and
ITO again as TE. b) Cross-sectional HAADF–TEM micrograph (left), and EDS elemental mapping (right) of an ITO/IGZO/ITO memristor. c) Visible
regime optical transmission spectra obtained from the ITO/IGZO/ITO/glass structure (identically mimicking the memristor device) and its single or
bilayer components. Inset shows Tauc plots of IGZO and ITO from which the optical bandgap (Eg) of IGZO (3.7 eV) and ITO (3.6 eV) is determined.
d) Photographs of fabricated devices with various TEs over the Purdue logo.

(Figure 1b right) shows the major elements of each layer in the
ITO/IGZO/ITO device structure. No crystallographic features
are present owing to its amorphous state, which is in accordance
with our previous report on the IGZO phase stability before
and after 400 °C annealing, which was conﬁrmed by
conventional X-Ray diffraction and atomic force microscopy.[34]
All the IGZO ﬁlms used in this study were annealed for 2 h at
400 °C in air to enhance the stability and performance of the
device with low defect states. It has been known that the crystallization of amorphous In2O3 and InSnO (mostly 10 wt%
SnO2–90 wt% In2O3; known as ITO) occurs rapidly at very low
homologous temperatures (T/Tm ¼ 0.19) due to the open crystalline structure (i.e., bixbyite).[35] This open bixbyite structure
allows rapid solid-state crystallization of amorphous In2O3 at a
temperature as low as 125 °C[28] and struggles to maintain its
amorphous phase structure. It has been also reported, however,
that the advancement amorphous oxide semiconductors (AOSs)
suggested a strategy to stabilize the amorphous phase in AOSs.
The inclusion of Zn (mostly 10 wt%) in In2O3 slows the crystallization kinetics due to the low-equilibrium solid solubility of Zn
in In2O3, where the supersaturated Zn needs to be tetrahedrally
incorporated in the octahedrally coordinated In2O3 structure.[36]
In addition, third-cation species doping such as Ga
(i.e., InGaZnO; known as IGZO) and Al (i.e., InAlZnO) into
amorphous InZnO further disturbs the crystalline structure
and further stabilizes the amorphous structure at temperatures
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higher than 500–600 °C.[37–39] The optical transmittance and
optoelectronic properties of ITO/IGZO/ITO memristor and its
sublayers (i.e., single ﬁlms of ITO and IGZO; and bilayer of
IGZO/ITO) were determined through UV–vis measurements.
To exclude the substrate information from the UV–vis spectra
results, a bare glass substrate was used for a baseline scan.
From the curves in Figure 1c, it is showcased that our ITO/
IGZO/ITO memristor is highly transparent in the visible regime
(300–900 nm measured in this study) with an average transmittance over 86% (e.g., 84% at 550 nm), which demonstrates a
promising potential for next-generation transparent optoelectronic applications. The optical bandgaps (Eg) of ITO and
IGZO for direct-bandgap transition were evaluated from Tauc
plots of (αhν)2 versus hν in the inset of Figure 1c, where hν is
the photon energy with Planck constant h and the light frequency
ν. In the Tauc plots, the linear region of the Tauc plots was extrapolated to the x-axis to determine the absorption edge energy (i.e.,
optical bandgap) of each sample. The direct Eg of the ITO and
IGZO is found to be 3.6 and 3.7 eV in this study, which are
well matched with the values reported in the literature.[39,40]
Figure 1d provides photographs of actual IGZO-based memristors with diverse TE metallizations over a Purdue logo IGZO
memristors which have been fabricated with various TE diameters ranging from 100 to 300 μm and all reported results in this
study were obtained from devices with an optimized TE diameter
of 100 μm. The devices with larger TE sizes (>100 μm)
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demonstrated poor reliability, compared with the devices with
100 μm TE. This size effect on the memristor performance
and reliability is similarly understood by the SL thickness effect,
as discussed earlier in Figure S1, Supporting Information. The
observed size effect is supported by a study on IGZO-based
memristors that reports that the resistance at HRS decreases
with increasing device size due to the formation of the more conductive path in the memristor, which is unfavorable for the
memristive behavior with respect to reliability and on/off
ratio.[41]
The RS performance of memristors is signiﬁcantly related to
the charge transport and conduction path formation behaviors
within the device. It is well known that the conduction/resistance
behavior of In2O3-based materials including IGZO is governed
by the oxygen vacancy density.[34] Oxygen vacancies work as
native doping agents that contribute two free carriers per vacancy
0
according to the defect equation, OxO ¼ 1=2O2 þ V ••O þ 2e .[36,42]
To investigate the effect of the oxygen vacancy concentration of
IGZO on the IGZO-based memristor performance, a series of
IGZO ﬁlms and devices were fabricated at various oxygen
volume potentials in the sputter gas during IGZO depositions.
To identify the modulation capability of oxygen vacancy
density in IGZO as well as other chemical environments of
the major elements of IGZO, X-Ray photoelectron spectroscopy
(XPS) analysis was conducted on the IGZO ﬁlms as a function of
oxygen potential. Survey scans in Figure 2a are similar to each
other, displaying all the major elements of In, Ga, Zn, and O.
Detailed valence states are further examined from core-level
HR XPS spectra. Figure 2b shows the core-level HR O 1s XPS
spectra. There were three different gas conditions for the
IGZOs, O2/Ar ¼ 20/80, 18/82, and 16/84, denoted 20% O2,

18% O2, and 16% O2, respectively, for further discussion. In
the highest O2 potential (i.e., 20% O2, upper), the spectrum
presents asymmetry in the peak that is deconvoluted into two
peaks, one at 530.68 eV (strong) due to the lattice oxygens
in a-IGZO (O 1s-lattice) and another at 532.28 eV (weak)
ascribed to the oxygen-related defects (i.e., oxygen vacancies)
(O 1s-vacancy).[34,43] The oxygen vacancy density is extracted
by the aerial ratio of the two peaks, by which the oxygen vacancy
density of the sample of 20% O2 is determined to be 24.3%. The
oxygen vacancy density increases with reducing O2 potential in
the sputter gas from 24.3% (20% O2), to 25.4% (18% O2), and to
27% (16% O2), respectively. These identiﬁed ratios verify that
higher oxygen partial pressure can suppress the formation of
oxygen vacancy in the a-IGZO ﬁlm, as described by the oxygen
defect equation above. This provides valuable guidance to
manipulate the property of a-IGZO SL to attain optimized oxygen
vacancy concentration and hence the switching behavior of
a-IGZO based memristors.
With the capability to tune the oxygen vacancy density in
IGZO, a set of IGZO-based memristors with ITO TE were then
fabricated with the optimized IGZO thickness of 95 nm. The
effect of the SL thickness on the switching behavior is further
detailed in Figure S1 in the Supporting Information.
Figure 3a shows a typical semilog-scale butterﬂy I–V characteristic of an ITO/IGZO/ITO memristor, where the a-IGZO layer
was sputtered under an optimized gas condition, 18% O2 (i.e.,
O2/Ar ¼ 18/82). The inset displays the same data on the linear
scale. The initial bias sweep was conducted from 0 V to 3 V, and
an abrupt current increase was observed. This abrupt current
increase indicates that the memristor was switched from a high
resistance state (HRS) to a low resistance state (LRS), that is, a set
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Figure 2. XPS chemical environment analysis of IGZO ﬁlms: a) XPS survey scans of IGZO ﬁlms and b) core-level HR O 1s XPS spectra as a function of
oxygen potential during IGZO depositions. The oxygen vacancy density increases with reducing O2 ratio in the sputter gas from 24.3% (at 20% O2), to
25.4% (at 18% O2), and to 27% (at 16% O2).
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Figure 3. Characterizations of ITO TE memristor: a) I–V characteristic in semilog scale for ITO TE memristor with gas condition 18% O2, inset is in the
linear scale. b) RHRS and RLRS (read at 0.1 V) versus cycles plot displaying the write endurance of ITO TE 18% O2. c) Comparison of I–V characteristics
between ITO TE memristors, using IGZO prepared at O2 potential of 20% O2, 18% O2, and 16% O2. d) Schematic of the switching mechanism.

process was accomplished. Next, the voltage was swept back from
3 to 0 V and then continued to 3 V. During sweeping, the I–V
characteristics evince that the memristor remains at the LRS, that
is, nonvolatile switching is achieved. The last sweep of the full
one cycle was from 3 to 0 V, where a sudden current drop happened during this section of voltage sweeping, which implies that
a reset process made the device back to the HRS. Thus, a whole
bipolar switching cycle was ﬁnished. The endurance characteristics of the memristor are provided in Figure 3b, where the resistances were read at 0.1 V over 50 cycles of DC sweeping. In
Figure 3b, the memory window (i.e., on/off ratio deﬁned as
the RHRS/RLRS ratio) was identiﬁed to be approximately 10, which
is comparable with those in the literature, reporting similar
device structures utilizing IGZO SL and ITO TE.[41] Table 1 summarizes the selected studies on a-IGZO-based memristors. The
use of ITO as the TE may limit the migrations of metal ions and
their involvement (i.e, no ECM behavior) in the switching behavior while the dominant mobile carriers are oxygen ions or equivalently oxygen vacancies. Consequently, it is reasonable to specify

that the VCM dominates the switching behavior of IGZO memristors with ITO TEs. The switching mechanism was schematically represented in Figure 3d. This governing VCM behavior in
IGZO memristors can be further validated by the relatively small
memory window observed.[44] The I–V characteristics of ITO TE
memristors with 20% O2, 18% O2, and 16% O2 IGZO layer are
plotted together in Figure 3c for comparison. The 20% O2 IGZO
device shows the lowest values for both on-current and off-current, which is explained by the oxygen vacancy density from the
XPS analysis in Figure 2. In the IGZO of 20% O2, the lowest
oxygen vacancy concentration is present so that the off-state
current of this device is least, in comparison with the other
two devices. It should be noted that the lowest oxygen vacancy
concentration also limits the on-state current. In this regard,
the off-state current is observed to increase with reducing
O2 potential during the IGZO sputter process due to the
increase of oxygen vacancies in the resulting IGZO
ﬁlms. The on-state current, however, is similar to each other
between the IGZO ﬁlms with 18% and 16% O2, which is

Table 1. Comparison of the performance of IGZO-based memristors in this work and others from the literature.
Structure (TE/SL/BE)

TE

BE

ITO/IGZO/ITO

ITO

ITO

Cu/IGZO/ITO

Cu

ITO

Thickness
[nm] of IGZO

Gas
composition

On/off ratio

Treatment

References

95

18% O2

10

Annealed at 400 °C

This work

95

18% O2

28

Annealed at 400 °C

This work

4

Annealed at 400 °C

This work

Ag/IGZO/ITO

Ag

ITO

95

18% O2

10

Pt/IGZO/IGZO:N/TiN

Pt

TiN

22

50% O2

80

Treated in N2 for ﬁrst 4 nm of IGZO.

[47]

Cu/IGZO/IGZO/p-Si

Cu

p-Si

40

Ar only | 15% O2

100

20 nm oxygen-deﬁcient IGZO þ 20 nm
oxygen-rich IGZO

[48]

Ag/IGZO Ru/Pt

Ag

Pt

40

%4 O2

105

Doped with Ru

[25]

Ag/IGZO/Pt

Ag

Pt

40

O2 0% to 17%

200

Ag/SiO2/IGZO/Pt

Ag

Pt

40

Ar only

30 | 2  104

5 nm SiO2 inserting

[27]

Ti/IGZO/Pt

[26]

Ti

Pt

70

N/A

49 | 116

Microwave irradiation (MWI)

[49]

TiN/Ti/IGZO/Pt

TiN

Pt

50

0%, 20%, 33%

2 448 161

10 nm Ti inserting layer

[50]

TiN/IGZO/ITO

TiN

ITO

40

8% O2

103

ITO/IGZO/ITO

ITO

ITO

36

50

50100

Ar only|O2 only

10 –10

Cu/IGZO/Cu

Cu
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2

[51]

3

[41]
Several nm IGZO with
Ar only þ 60 nm IGZO with O2 only

[52]
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understood by the fact that the carrier generation of the oxide
semiconductors with three or more cations such as IGZO,
InAlZnO, and InSiZnO is effectively suppressed.[38,45] Due to
the presence of third cations that bind oxygen stronger than
In or Zn, the generation of oxygen vacancies is limited and
the concentration may be saturated at a certain oxygen potential.
Among the set of IGZO devices, memristors with 18% O2 exhibit
the best cycling stability and survive more than 50 cycles of
sweeping. However, other devices with 20% and 16% O2 failed
after several cycles: the devices remained at the LRS and were not
able to be reset back to the high resistance (endurance results of
IGZO memristors with 20% and 16% O2 are available in the
Supporting Information, Figure S2). From this detailed comparison, it can be concluded that the switching behavior of a-IGZO is
sensitive to the sputter gas condition, O2/Ar ratio, and, in turn,
the oxygen vacancy concentration. Engineering oxygen vacancy
concentration is essential for accomplishing optimized switching
characteristics and avoiding a nonruptured conductive ﬁlament.
Recently, Jia et al. reported on the temporal evolution of microscopic structure and functionality during the crystallization of
amorphous indium-based oxides such as ITO and InGaO.[46]
According to their work, nanocrystalline phases may be transformed out of the amorphous matrix of such AOSs, of which
the process is facilitated by the support of oxygen vacancy
migration, also known as structural relaxation. These potential
instabilities of the amorphous phase and the associated change
in the conduction path may be, at least in part, related to the
demonstrated memristor performance issues regarding
stability and endurance.

To explore the effect of TE materials on the performance of
memristors, several metallization materials (Cu, Ag, and Ti) were
strategically selected and the performance was compared among
the devices. First, Cu metallization was used as TE, replacing the
ITO shown in Figure 3, but the ITO still served as BE to exclude
the additional complications due to the effect of changing BE on
the performance comparison. A cross-sectional HAADF TEM
image and its associated EDS elemental mapping of the Cu
TE device is provided in Figure S3, Supporting Information.
The optimized sputter gas composition of 18% O2 was used
to fabricate the IGZO memristors with Cu TE and a switching
performance distinct from the ITO TE memristors was obtained.
I–V curves in Figure 4a show superior stability of switching
behavior with no signiﬁcant current variations from cycles to
cycles. This excellent stability and reliability is further presented
in Figure 4b. The variations of on-resistance and off resistance
are minimal so that a clear memory window is identiﬁed to be
30, nearly three times as high as the ITO TE device. This on/off
ratio is slightly lower than that, found in the literature of Cu/
bilayer IGZO/p-Si memristor (on/off ratio 100) where the bilayer
consists of oxygen-rich IGZO and oxygen-deﬁcient IGZO.[48]
From the relatively small memory window shown in the I–V
characteristic, the VCM still may dominate the switching behavior of the Cu TE device.[44] However, in addition to the contribution from oxygen vacancies in IGZO (i.e., VCM), the active Cu TE
can be oxidized to Cu ions and migrate through IGZO and to the
BE under the electrical ﬁeld and are reduced there.[53,54] The Cu
ions and their reduction (i.e, ECM) may additionally contribute to
the switching behavior in the form of metallic ﬁlament. The

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4. I–V characteristics and schematics of the switching mechanisms for Cu and Ag TEs memristors: a,e) switching I–V curves of Cu TE and Ag TE
devices, respectively, where the IGZO SL was prepared with 18% O2. Insets show the linear-scale I–V plots; b,f ) associated plots of RHRS and RLRS (read at
0.1 V) versus cycles for Cu and Ag TE memristors, displaying the write endurance; c,g) comparison of I–V characteristics between devices fabricated at
various O2 conditions of 20% O2, 18% O2, and 16% O2 for Cu and Ag; and d,h) schematic illustrations of the switching mechanisms for Cu TE and Ag TE
devices, respectively.
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mechanism is schematically demonstrated in Figure 4d.
Therefore, Cu TE devices are considered VCM-dominated dual
ionic devices.[7,54,55] This is partly convinced by the relatively
small increase in the memory window because the metallic ﬁlament in the ECM theory is known to yield a larger on/off ratio
than the oxygen ﬁlament in VCM.[56] To gain deeper insight into
the nature of the conducting ﬁlaments in the Cu TE device, the
temperature coefﬁcients (α) of Cu TE and Ag TE devices were
investigated using the following equation and the results of linearly ﬁtted R(T )/R0 over temperature are shown in Figure S4,
Supporting Information
RðTÞ ¼ R0 ½1 þ αðT  T 0 Þ

(1)

where R(T) is the resistance at temperature T, R0 is the resistance at temperature T0, and α is the temperature coefﬁcient
of the resistance that represents a material’s variability of resistance with respect to the initial resistance due to the change in
temperature.[52] As all IGZO layers used in this study were
annealed at 400 °C in air for 2 h and the temperature for the coefﬁcient investigation was limited to 386 K, it is assumed that no
permanent changes in IGZO resistance were made during the
temperature-dependent measurements.[16,57] The temperature
coefﬁcient of the Cu TE device (Figure S4a, Supporting
Information) is extracted to be 1.10  103 K1, which falls
between that of the oxygen vacancy (5.8  104 K1) of IGZO
and Cu (2.98  103 K1).[52,58] This result further supports
our notion that the conducting ﬁlaments in the Cu TE device
were formed by oxygen vacancies and partially by Cu through
the diffusion of Cu ions, thereby implying a hybrid VCM/
ECM mechanism. Our experimental results infer that Cu metallization works as a switching behavior stabilizer since the only
substitution of TE was made with all other identical components.
Our result is supported by a previous study that reports that an
optimized Cu-ion concentration contributes to forming a reliable
conduction ﬁlament while a higher Cu2þ concentration than the
optimized density results in instability issues such as ﬁlament
distortion and inconsistent ﬁlament size during repeated
switching operations.[59] Notice should be taken that IGZO-based
memristors with Cu TE with 20% and 16% O2 IGZO layers
in Figure 4c behave similarly with those with ITO TEs.
Performance instabilities were also observed in the Cu TE
devices after several cycling: the devices with Cu TE failed, where
the devices were not reset to HRS. This similar failure mechanism further declares that the Cu TE device is dominated by
VCM, where the appropriate oxygen vacancy concentration still
plays a key role in achieving reliable switching performance.
Another common active metal, Ag, was also tested as the TE
for IGZO-based memristors to investigate the Ag effect on the
switching performance. The I–V sweeping properties were
examined on, ﬁrst, 18% O2 IGZO memristors, and the results
are displayed in Figure 4e. A unique switching behavior was
noticed that a huge current change occurs during the set and
reset process. From the endurance characteristics shown in
Figure 4f, a high on/off ratio of 104 was identiﬁed, which is
2–3 orders higher than those available in the literature of
IGZO memristors with Ag TE[26,27] and comparable to the highest ratio of 105 previously achieved in IGZO-based memristors
doped with Ru.[25] This huge on/off ratio indicates that the
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switching mechanism is clearly governed by ECM in the
IGZO memristors with Ag TE, rather than VCM, as is reported
that the EMC leads to a much higher memristor on/off ratio
due to the dominating contribution of metal ions than those
governed by the VCM.[60] Therefore, the Ag ions oxidized from
the TE are attributed to the governing switching characteristic of
the device.[61] As illustrated in Figure 4h, the Ag ions migrate
toward the BE under the electric ﬁeld applied, then are combined
with electrons supplied from BE and reduced to Ag, and are accumulated to form a metallic conductive ﬁlament. The temperature
coefﬁcient of the Ag TE device (Figure S4b, Supporting
Information) was determined as 3.52  103 K1, which is comparable with the reported value 4.1  103 K1.[62] This similar α
value indicates that the conducting ﬁlaments in the Ag TE device
are mainly composed of Ag through the diffusion of Ag ions;
thus, ECM dominates the switching behavior of the Ag TE
memristors.
Despite the huge on/off ratio demonstrated, two issues need
to be further mitigated: one is the relatively large variation
observed in switching behavior, and the other is the reliability
issue since the Ag TE device only survived about 23 cycles of
DC sweeping and then failed to turn off. Thus, for Ag TE devices,
there was a trade-off between the memory window and stability/
reliability. This trade-off behavior is supported by a general
notion available in the literature that a higher on/off ratio reduces
the number of achievable cycles.[63] The mechanism of the performance trade-off is elaborated in a recent computational study
that a higher memory window requires higher energy for a
charged switching medium to overcome (i.e, barrier energy,
Eb) per cycle. As described in the study, if a memristor system
can only endure certain deﬁnite lifetime energy (Emax), memristors with a higher on/off ratio with larger Eb consume the Emax
faster and entirely exhaust Emax in a shorter period of cycles.[64]
Back to our ECM/VCM point of view, the manifested trade-off on
the Ag TE’s performance is in line with the trend that ECM devices usually present a high on/off ratio and relatively low endurance, and vice versa.[54] It should be noted that Ag TE (i.e., ECM)
may not govern the switching mechanism by itself, either. As
shown in Figure 4g, Ag TE memristors with 20% and 16%
O2 IGZO do not represent ECM-dominant behaviors because
their memory windows are about 20. Hence, Ag TE memristors
are still considered as dual ionic devices in general; however, certain Ag TE devices with optimized oxygen vacancy density in the
SL of IGZO work as ECM-dominant devices apparently. It should
be noted that the set/reset voltage of 18% O2 IGZO device with
Ag TE is smaller than those of 20% and 16% O2 counterparts.
This lower voltage requirement for the ECM-governing devices
may be attributed to the lower activation energy needed for metal
ion diffusion/migration than that of oxygen ions for the VCM
devices due to the smaller ion size (radii of O2 and Agþ are
0.140 and 0.99 nm[65]). One interesting thought is as to why
the ECM of Ag TE won the competition against VCM rather than
Cu TE. A possible reason could be the higher mobility of
Ag (mobility of Agþ is 6.42  104 cm2 V1s1 and Cu2þ is
5.56  104 cm2 V1s1[66]). Another plausible scenario is based
on the effect of the redox potential of metallization on the memristor performance. According to the redox potential mechanism
reported by Lübben et al., the driving force of the reduction reaction (deﬁned as the Gibbs free energy, ΔG) of Agþ/Ag
© 2022 The Authors. physica status solidi (RRL) Rapid Research Letters
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(77 kJ mol1) is negatively higher than that of Cu2þ/Cu
(66 kJ mol1). The negatively higher ΔG indicates that the
formation of Ag ﬁlament, accumulated from the BE is further
favored, compared with that of Cu ﬁlament at the BE.[9]
Finally, Ti TE as a representative of oxygen afﬁnity metal was
chosen to investigate its effect on the IGZO memristor performance. It has been reported that Ti can readily form a thin layer
of TiOx in contact with many oxides, of which the electrical
behavior is highly resisting and known to demonstrate a dielectric performance, between the SL and TE.[67] Liu et al. reported
that this thin layer of TiOx can serve as a reservoir of oxygen ions,
leading to better stability.[68] However, our results in Figure 5a
show that the TE devices required very high biases to turn on,
at least 15 V, and subsequently, the device failed to be reset back
to the initial HRS. As a result, we consider this behavior as a hard
(i.e., irreversible) breakdown of SL IGZO, which may be attributed to the formation of a nonruptured ﬁlament immediately
after the ﬁrst on-state (schematically represented in
Figure 5f ). This high turn-on voltage is possibly due to that
the TiOx layer in this study is more resistive and regarded as
a conduction barrier (i.e., high resistance) rather than an oxygen
reservoir. This notion is further validated by thermodynamicsbased stability/instability estimation at the TE/IGZO interface.
(a)

(c)

The Gibbs free energy of reaction (ΔGrxn) to form TiO2 in contact
with Ti and major oxide components of IGZO (i.e., In2O3 of 44.3;
Ga2O3 of 29.9; ZnO of 25.8 wt%) according to the balanced
chemical reactions is
3Ti þ 2In2 O3 ¼ 4In þ 3TiO2

(2)

3Ti þ 2Ga2 O3 ¼ 4Ga þ 3TiO2

(3)

Ti þ 2ZnO ¼ 2Zn þ TiO2

(4)

With tabulated standard free energy of formation data,[69] the
ΔGrxn of the Ti/In2O3 interfacial reaction (Equation (2)) is
estimated to be -1,005 kJ at room temperature (298 K), of which
the negative ΔGrxn indicates that the forward direction reaction is
favored and interfacial TiO2 is formed in between Ti and IGZO
with the molar formation energy (ΔGrxn°) of 335 kJ mol1
(Figure 5b).[28] Our thermodynamic estimation is veriﬁed by
the TEM image in Figure 5c and its high-resolution TEM
(HRTEM) micrograph in Figure 5d: an interfacial layer of
TiOx is evidenced to be present between Ti TE and IGZO SL.
The interfacial TiOx is identiﬁed to be the rutile phase of
TiO2 with crystalline orientations of (110) and (220), obtained
from the fast Fourier transform (FFT) pattern in Figure 5e,

(b)

(d)

(f)

(e)

Figure 5. Ti TE-metallized IGZO memristors: a) I–V characteristics with varying O2 potential during the SL deposition. b) Comparison of ΔGrxn° between
TEs and oxides in IGZO. Ti has negative ΔGrxn° among the oxides considered in this study, indicating a highly resistive interfacial layer of TiO2 (or TiOx)
formed at the TE/IGZO contact. c) Cross-sectional TEM image showing the Ti/IGZO/ITO structure and d) associated HRTEM image, where a thin
interfacial TiOx is visible between Ti TE and IGZO SL, concurring with the thermodynamic estimation and supporting the hard-breakdown mechanism.
e) Associated FFT pattern taken from the selected yellow region of the HRTEM in (d), displaying diffraction patterns of the rutile phase of TiO2 with hcp Ti.
f ) Schematic illustration of the switching mechanism of Ti-metallized IGZO memristors where a nonruptured ﬁlament is represented by a large volume of
oxygen vacancies with a shade.
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where diffraction patterns of hexagonal close-packed (hcp) Ti are
also present. The formation of interfacial rutile TiO2 is matched
with a previous report on the formation of TiO2 at the interface
between In2O3-based binary cation oxide of InZnO and Ti.[70]
Similarly, ΔGrxn° of Ti/Ga2O3 and Ti/ZnO was similarly determined to be 223 and 247.8 kJ mol1, according to the balanced
reactions (3) and (4), respectively. An additional TE of Al, which is
also highly reactive with oxygen, was selected to fabricate IGZO
memristors. Similar failure behaviors (Figure S5 in the
Supporting Information) were evidenced, which further validates
the suggested thermodynamic-based prediction regarding the formation of a highly resistive interfacial oxide layer and its effect on
the memristor performance. These thermodynamic interfacial stability/instability estimations were repeated for other TE metallization materials of Cu and Ag. The SL of IGZO stays stable with
these selected Cu and Ag TE metallization (i.e., positive ΔGrxn°
for TE/all oxide components in IGZO). Detailed ΔGrxn° for Cu
and Ag together with Ti is displayed in Figure 5b and exact values
can be found in Table S1 in the Supporting Information. The positive ΔGrxn° for Cu and Ag metallization implies that such huge
bias required to turn on the Ti-metallized memristor is not necessary as no highly resistive interfacial oxide exists at the TE/IGZO
contact for Cu and Ag TE devices.

3. Conclusion
This work aims to identify the factors dominating the performance of amorphous InGaZnO (a-IGZO)-based memristors.
Particular focuses were made on the effect of oxygen vacancy
(VO··) concentration in the SL of a-IGZO and the TE metallization
selection on the memristor performance. The switching IGZO
layer was optimized with VO·· concentration (VO··/OOx ratio
24.3% in this study) and the highest on/off switching ratio of
104 was achieved with Ag TE, where the optimized VO·· density
is a key to achieving stable and reliable memristor behavior as
well as high on/off ratio. Through XPS and electrical evaluations,
we identiﬁed that both higher and lower VO·· density than the
optimized density led to IGZO memristors failure mode due
to the formation of chaotic stochastic conduction ﬁlament and
weak current path, respectively.
The role of metallization is another governing factor to determine the IGZO memristor performance as the participation of
the ions (i.e., by ECM) facilitates the construction of conduction
ﬁlament. Compared with ITO-metallized memristors, dominated byVCM, ECM-metallized devices with Cu and Ag exhibit
a higher on/off ratio of 10 (ITO) versus 30 (Cu, partial ECM) and
10 000 (Ag, predominant ECM). IGZO memristor with Ti
metallization leads to a failure mode due to the formation of
interfacial highly resistive TiOx between IGZO and Ti where
the interfacial TiOx limits the creation of a reversible current
path to switch the device. The interfacial stability/instability is
further validated by thermodynamic quantiﬁcation at the IGZO/
metallization interface by which Ti metallization is found to have
negative Gibbs free energy of the reaction with IGZO (i.e., form
the interfacial oxide, TiOx) while other metallization of Cu and
Ag has positive ΔGrxn°. These ﬁndings are of signiﬁcant
importance to oxide-based memristor studies that show a strong
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effect of doping concentration and metallization material on the
memristor performance and stability issues.

4. Experimental Section
The IGZO-based memristors were fabricated starting from glass
substrates. First, the 100 nm of ITO BEs were deposited on glass substrates using a DC/RF multitarget magnetron sputtering system.
During the sputtering process, the DC power of 20 W was applied in a
pure Ar (15 sccm) sputter gas condition at a working pressure of
1.2  103 Torr. Second, IGZO was sputtered from a sintered IGZO target
(In:Ga:Zn ¼ 1:1:1 in at%) on ITO BE with an RF power at 70 W. We used
pure Ar gas with a mixed gas (80% Ar 20% O2) to tune the gas conditions.
There were three different gas conditions for the IGZOs, O2/Ar ¼ 20/80,
18/82, and 16/84, denoted 20% O2, 18% O2, and 16% O2, respectively.
During the IGZO depositions with different oxygen potentials in the sputter gas, the working pressure was maintained the same, at 2.2  103 Torr.
The IGZO thickness of all the samples was optimized to have a similar
thickness of 95 nm. The resulting IGZO ﬁlms were then annealed at
400 °C for 2 h. For the ITO TE devices, the same sputtering process as
ITO BE was repeated, and Sn capping layer was additionally sputter
deposited at a DC power of 50 W to have reliable electrical evaluations
with lower contact resistance between the TE and probes. For the Cu
and Ag TE devices, the TEs were formed by a thermal evaporation system
equipped with a 6 MHz oscillating quartz crystal sensor to monitor the
growth rate/thickness. For the Ti TE devices, TE metallization was deposited following a similar process as the ITO TE, but with a 50 W DC power
and 30 sccm of pure Ar gas. All the sputter and evaporation depositions
were conducted at room temperature. Prior to depositions, the sputter
chamber was pumped down to a base pressure of <5  107 Torr and
the evaporation chamber was evacuated to obtain a base pressure of
5  106 or below.
The current–voltage (I–V ) characteristics of all devices were
consistently evaluated using a semiconductor parameter analyzer
(Agilent 4155B) connected to a probe station in a dark shield box. The
bias voltage was applied to TE and meanwhile, the BE was grounded.
Film thickness was measured via a multiwavelength ellipsometer
(FilmSense FS-1) using an incident and detection angle of 65°. Optical
transmission spectra were obtained in a UV–vis spectrometer (Varian
Cary 50) in the visible regime of the wavelengths ranging at
300–900 nm. XPS investigations were conducted on a-IGZO ﬁlms deposited on Si substrates to investigate the valence states of major elements of
a-IGZO and the effect of oxygen potential on the oxygen vacancy density
and resistivity of a-IGZO ﬁlms. XPS measurements were conducted in a
ThermoFisher Scientiﬁc NEXSA spectrometer under high vacuum
(<1  107 Torr) with focused monochromatic soft Al Kα X-Ray radiation
at 1486.6 eV. TEM and HRTEM images were obtained in an FEI Themis Z
TEM microscope to investigate micro- and interfacial structures of
multilayered IGZO memristors. Cross-sectional elemental mapping
analysis was conducted with an EDS equipped with the FEI Themis Z
TEM microscope. A Helios G4 UC (ThermoFisher Scientiﬁc) focused
ion beam (FIB)/SEM dual-beam system was used to prepare TEM
specimens.
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