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ABSTRACT

A redox reaction submerged by a high current magnitude is impressively observed in a Fe2O3 solid electrolyte-based resistive memory device
at room temperature. Oxygen vacancy migration, Ag atom redox, phase-induced grain boundary, and water molecule interplay with the oxy-
gen vacancy are responsible for the submerged redox behaviors. The observation of the submerged redox behavior in the Fe2O3 phase change
process gives an insight into the evolution of memristors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5089147

Memristors characterized by the resistive switching (RS) behavior
have shown great progress and breakthrough due to the continuous
material discovery, structure design, and theoretical calculations.1–3

Because of this, the better data storage, logical memory gate, and artifi-
cial intelligence are developing.4–6 The RS materials contain natural
organics (i.e., silk proteins and egg albumen),7,8 synthesized organics,9

oxides (i.e., FeOx, TiO2, HfO2, and TaOx),
10–13 and doped semicon-

ductors.14 It has been widely accepted that Ag or Cu as an active elec-
trode is oxidized to Agþ or Cu2þ and then is reduced to Ag or Cu
atoms in the side of the counter electrode to form a metallic conduc-
tion filament, which can trigger the RS behavior in organic-based
memory cells.15,16 For organic-inorganic based devices, the migration
and redistribution of active ions inside the hybrid function layer are
the primary factor for the RS behaviors.15,17

The electrons tunneling and transferring between the Schottky
potential and depletion layer are responsible for the RS behavior of the
doped semiconductor.6,18 In oxide-based devices, the variety of RS
behaviors are possibly dominated by the diffusion of oxygen vacancies
(Vo), migration of ions, or redox reaction.19,20 For that, Valov has
stressed that the physical model has to be extended to understand the
RS behaviors.21 Recently, Valov has stressed that the interfacial metal-
oxide interactions play a dominated role in the RS behavior.22

Tappertzhofen has reported that a redox-related initial state possibly
exists in various RS behaviors before it enters into the RS regime.23

The redox-related initial state before the RS triggered is possibly
reserved during the data storage process and evolves to be a RS regime.
However, the initial state is hardly detected because of a low current
density.

In this letter, the submerged redox behavior is observed in the
Fe2O3-based memory cells during the phase change process. The Vo

compensation, charge release, and ion migration are systemically dis-
cussed. Based on the experiment and calculation, a physical model has
been proposed for the redox-based initial stage.

10mg of c-Fe2O3 nanopowder is ultrasonically dispersed in 1ml
of N-Methyl-2-pyrrolidone solution and continuously stirred for 12 h.
The precursor solution was spin-coated on the F-doped SnO2 (FTO)
substrate at 4000 rpm for 20 s to form the c-Fe2O3 films. The c-
Fe2O3jFTO samples were dried at 85 �C for 24 h. The samples were
annealed at 200, 300, 400, 500, and 600 �C in air ambient for 3 h. Ag
electrodes with a diameter of 200lm were fabricated by sputtering.
Thus, the Agj Fe2O3jFTO device was developed.

FeOx has played an important role in the comprehension of the
RS behaviors. This could be attributed to the rich electrochemical
property of the FeOx film: (i) valance change between Fe2þ and Fe3þ;
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(ii) phase change between c and a; (iii) migration of Vo.
24–26 An obvi-

ous RS behavior is expectedly observed in the control device [Fig.
1(a)]. In the 1st stage, the high resistance state (HRS) is well kept in
the sweep voltage range of 0 to 1.85V (VSET). In the 2nd stage, in the
sweep voltage range (1.85 ! 2.0V), the current sharply increases
from 1.83� 10�4 A to 1.0� 10�2 A, namely, the device switches from
HRS to the low resistance state (LRS). In the 3rd and 4th stages, the
LRS is well maintained in the sweep voltage range (2.0! 0! �2.0
! �1.25V). In the 5th stage, the device switches from the LRS to the
HRS when the bias voltage exceeds�1.25V (VRESET).

No redox peaks are observed in the control device. A weak oxi-
dized peak located at 0.85V (Vox) is observed in the 200 �C device
[Fig. 1(b)]. When the annealed temperature is increased to 300 �C, the
device shows an abnormal RS behavior in the sweep voltage range (2
! 0V): (i) the RS shows a self-limited property; (ii) the current
slightly increases and then decreases, just likes an uncomplete SET
process; and (iii) then, the current presents uncomplete SET behaviors.
Therefore, these oxidized current peaks (Jox-1 and Jox-2) located at 1.62
(Vox-1) and 0.93V (Vox-2) are observed in the 300 �C device [Fig. 1(c)].
Similarly, two oxidized peaks located at 1.65 and 1.13V are observed
in the 300 �C device [Fig. 1(d)]. Obvious oxidized current peaks (Jox-1
and Jox-2) and the reductive current peak (Jred) located at 0.93, 0.53,
and�1.02V are observed in the 500 �C device [Fig. 1(e)], respectively.
However, these redox peaks become very weak for the 600 �C device
[Fig. 1(f)].

The initial stage exhibits a redox-based capacitance state, in which
the I-V curve is non-zero-crossing.20,21 At a voltage sweep rate of
0.5V/s, the redox current densities of Jp-ox.1 � 0.11 A/cm2, Jp-ox.2
� 0.29 A/cm2, and Jp-red � 0.15A/cm2 are observed in the 500 �C
device [Fig. 2(a)]. Based these redox current values, the concentra-
tion of the diffusion of ions is estimated by the discharge current.27

Figure 2(b) shows the time evolution vs discharge current (for
V¼ 0) for Jp-ox.1, and the inset shows the schematic of the discharge
current measurement. According to the time evolution vs the

discharge current curve, the integration area denotes the number of
charges (0.035 C) during the first oxidization reaction process.
Similarly, the charges of the second oxidization [Fig. 2(c)] and
reduced reaction [Fig. 2(d)] are 1.302 and 1.406 C, respectively.
These processes are estimated by the Randles-Sevcik equation27,28

Jp�redox ¼ 2:99� 105 � Z
3
2�Credox �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a#Dredox

p
: (1)

Here, Jp is the redox-based peak current density (A/cm2) and Z is
the number of electrons transferred during the redox reaction pro-
cess. Z is one because only one electron is transferred during the
redox processes (Ag � Agþ þ e, or Fe2þ � Fe3þ þ e). Credox is
the ion concentration in mole per cubic centimeter, Dredox the ion
diffusion coefficient in centimeter square per second, a � 0.5 the
charge transfer coefficient, and t ¼ 0.5 V/s the bias voltage sweep
rate. Credox is calculated using Qredox. It is noted that the magnitude
of fixed charge of Qf stored in the Fe2O3 film (�10�10 C) and the
cell geometry capacitance of Ccell (�102 pF) are insignificant com-
pared to the Qredox. Using Eq. (1), Dredox can be calculated by the
Nernst-Einstein relation20,28

l ¼ Dredox Ze
KBT

: (2)

At room temperature (RT), using Dredox, the number of trans-
ferred electrons and the ion mobility l (cm2/Vs) can be calculated. For
the first oxidization, Jp-ox.1 is 0.11A/cm

2, Qox.1 is 0.035C electrons for
integration, and Cox.1 is 0.15mol/cm3. Using Eq. (1), the diffusion
coefficient Dox.1 of 5.768� 10�12 cm2/s can be obtained. Using Eq.
(2), the ion mobility lox.1 of 2.21� 10�10 cm2/Vs can be obtained. For
the second oxidization, the Jp-ox.2, Qox.2, Cox.2, Dox.2, and lox.2 values
are 0.29A/cm2, 1.302C, 5.7mol/cm3, 2.24� 10�16 cm2/s, and
8.6� 10�15 cm2/Vs, respectively. Similarly, the Jp-red, Qred, Cred,
Dred, and lred values are 0.15A/cm2, 1.406C, 6.15mol/cm3, 7.07
� 10�16 cm2/s, and 2.71� 10�14 cm2/Vs for the reduced reaction

FIG. 1. I-V curves of the c-Fe2O3-based
device annealed at (a) room temperature,
(b) 200 �C, (c) 300 �C, (d) 400 �C, (e)
500 �C, and (f) 600 �C in air ambient.
Redox behaviors are observed during the
phase change process. The relative
humidity is 43%–60%.
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process, respectively [Fig. 2(e)]. It is found that the ion concentration
for the second oxidization is much higher than the first one.
Therefore, the oxidization process is mainly dominated by the second
process. Taking into account that the active Ag electrode oxidization
contributed more than the Fe2þ oxidization process, the Ag-based
redox process mainly dominates the oxidization process. The total
ions of the oxidization process (Cox.1 þ Cox.2 ¼ 5.85mol/cm3) nearly
approach the reduced ion concentration (Cred ¼ 6.15mol/cm3). The
gap illustrates the others (such as Sn4þ existing in bottom electrodes)
might also contribute to the reduced process. A conclusion is made:
the lower the ions concentration, the higher the diffusion coefficient
and mobility. Therefore, we have deduced that the active ions (Agþ)
have a low concentration and high diffusion/mobility in the Fe2O3

film in the low bias region, but the case is reversed in the high bias
region.

Based on the above analysis, it is found that a few Fe2þ ions oxi-
dized to Fe3þ might dominate the first oxidization process and the
Fe2þ ions might rapidly diffuse into the a-Fe2O3 matrix (2.0V–0.93V).
After that, the ion concentration is improved by the second oxidization
process, the Ag-based oxidization (0.93V–0.53V). In the reduced pro-
cess (�1.12V to �0.93 V), the Agþ ions are reduced to the Ag atom
and then form a metallic conductive filament, resulting in the device
that enters into the LRS state. The double-log I-V curves and the corre-
sponding fitting results are obtained [Fig. 2(f)]. In the low electric field
of the HRS, the slope is 1.07, but in a relative high electric field, the
slope is 2.03. The slopes of 1.07 and 2.03 imply that the memory device
of HRS is dominated by the Ohmic-like conduction in the low electric
field region and Child’s square law in the high electric region.29–32

Thus, both Vo migration and Ag redox-based filaments cocontribute to
the RS behaviors. For the a-Fe2O3-based devices, the I-V fitting illus-
trates that the electrons injected from electrodes are trapped by the trap
sites, such as Vo and grain boundary defects.

To further verify the defects, XRD and XPS measurements are
operated. Crystal planes of [211], [220], [310], [311], [222], [400],
[511], and [440] originate from c-Fe2O3 (JCPDS, No. 39–1346) as
shown in Fig. 3(a). One can see that all the crystal planes do not show

obvious changes after being annealed at 200–400 �C. Thus, the crystal
phase of c-Fe2O3 can be well maintained before 400 �C annealing.
However, the crystal planes of [012], [104], [110], [113], [202], [024],
[116], [018], and [214] characterized by a-Fe2O3 (JCPDS, No.
33-0664) are observed when annealing temperature exceeds 500 �C.

The binding energy peaks of Fe 2p3/2 and Fe 2p1/2 located at
710.35 eV and 724.0 eV lead to a spin-splitting energy of 13.65 eV for
the control sample [Fig. 3(b)]. It demonstrates that the valance of
Fe is mainly þ3 for the control sample. The spin-splitting energy
has a negligible shift for the 200, 300, and 400 �C samples but
becomes narrow for the 500 and 600 �C samples. At the O 1s core
level, two binding energy peaks located at 530.0 eV and 531.8 eV
are observed for the sample annealed at 300 �C [Fig. 3(c)].
Therefore, the crystalline structure may be well maintained, but
the decomposition of a nanoscale particle or generation of a new
iron oxide takes place in the Fe2O3 film. The O 1s binding energy
peaks gradually shift from 530.0 eV to 529.05 eV when the anneal-
ing temperature exceeds 500 �C. The above XPS measurements
illustrate that the oxygen atom stoichiometry of the 500 or 600 �C
sample is richer than others. Therefore, Vo is efficiently compen-
sated during the annealing process.

Figure 4(a) shows the HR-TEM (JSM-2100) image of the control
sample, and the lattice constants in the selected region are 2.50 Å and
2.95 Å, which originate from the lattice planes of [311] and [220],

FIG. 2. (a) Jp-ox.1, Jp-ox.2, and Jp-red of the
Fe2O3 device annealed at 500 �C.
Estimated charges of oxidized ions for (b)
Jp-ox.1, (c) Jp-ox.2, and (d) Jp-red are 0.035,
1.302, and 1.406 C, respectively, and the
inset shows the schematic of the charge
release measurement. (e) The ion diffu-
sion coefficient (Dox or Dred) and mobility
(l) vs the ion concentration (Cox or Cred)
for Jp-ox.1, Jp-ox.2, and Jp-red are given, and
the background shows a FE-SEM image
of a cross-section of the Fe2O3jFTO sam-
ple. (f) The double-log I-V curves and fit-
ting results for the 500 �C device.

FIG. 3. (a) XRD spectra of c-Fe2O3 thin films annealed at different temperatures in
air ambient; XPS spectra of core levels of (b) Fe 2p and (c) O 1s for the c-Fe2O3

films annealed at different temperatures.
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respectively. The lattice constants of 2.50 Å and 2.95 Å are well main-
tained, and a lattice plane of [400] with a lattice constant of 2.0 Å is
observed for the Fe2O3 sample annealed at 200 �C [Fig. 4(b)]. [311]
shows no change for the 300–450 �C samples [Figs. 4(c)–4(e)]. [110]
and [104] of a-Fe2O3 are detected for the 500 �C sample [Fig. 4(f)].
The lattice defects labeled by the white cycle in Fig. 4(f) are observed
for the 500 �C sample. Therefore, tremendous grain boundary defects
are generated during the phase change.

Vo is inevitably generated during film fabrication process, but Vo

is partially compensated during the annealing process.33 Therefore,
the Vo concentration of a-Fe2O3 is lower than that of c-Fe2O3. The
redox reaction process is not observed in the control device [Fig. 1(a)]
but can be observed in Agja-Fe2O3jFTO [Fig. 1(e)]. Ions and electrons
migrated along grain boundary defects have contributed to the redox
process.34,35 Therefore, boundary defects-based reactions are responsi-
ble for the enhanced redox behavior. In Agjc-Fe2O3jFTO, the grain
boundary defects are negligible because of a low concentration, while
the high concentrations of Vo and Agþ are the main factors. In the
Agja-Fe2O3jFTO, the Vo-based conductive path weakens due to the
compensation effect,34,36 while the interplay between water molecule

and interface Vo is enhanced for the rich-defect sample (Fig. 5).
Therefore, three redox reactions are possible: (i) water splitting (O2

þ 2H2Oþ 4e�� 4OH�; H2O þ O�O þ Vo� 2OH�),19,34,37 (ii) Ag
ionization (Ag � Agþ þ e�),8,35 and (iii) Electron hop (Fe3þ þ e�

� Fe2þ).29 In these reactions, water and Ag ionization are the domi-
nating factors and the electron hop effect is considered second.

In summary, a redox reaction submerged by a high current mag-
nitude in a Fe2O3 solid electrolyte-based memory device is impres-
sively observed during the Fe2O3 phase change process. The Vo

migration, iron ion redox, Ag atom redox, and water splitting facili-
tated by the grain boundary generated during the phase change are
responsible for the RS behaviors.

We thank the Support Plan for Postdoctoral Innovative Talents of
Chongqing (CQBX201806) for funding support.
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