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Memristor has presented great application prospects in terabit nonvolatile storage devices, memory-in-logic algorithmic

chips and bio-inspired artificial neural network systems. However, “what is the origin state of the memristor?” is still

the basic question for a half of century, especially, while people operate these applications using the memristor, the

origin term becomes the fundamental issue. We reveal a new state, pure capacitance state (PCS), which occurs before

the memristor triggered, as the origin state of the memristor is verifed in the memory cells through controlling the

ambience parameter. Discovery of the PCS, a missing earlier stage in the memristor, finishes the whole evolution map

of the memristor from the very beginning to the final developed state.

Introduction

Capacitive device has shown its great potential
advantage in the electronic devices. ! For instance, touch
sensor, 23 energy storage # > and high performance transistor &
7 could be developed using a capacitive behavior. Therefore,
the behavior has been particularly focused once it is
discovered in any electronic devices.

Memristor envisages making inroads into a wide array of
Boolean and non-Boolean applications, ranging from terabit
nonvolatile storage devices, memory-in-logic algorithmic chips,
and bio-inspired artificial neural network systems. 817 Very
important, the hardware implementation of neuromorphic
computing has been developed using the capacitive behavior
observed in the memristor. 1820 The capacitive feature
presented today has been believed to be a unique stage of the
memristor. 2122

and

However, “what is the origin state of the memristor?” is a
fundamental question while operating applications. Memristor
is normally believed being evolved from a physical
reconfiguration (either ions or/and electrons) of the switching
function material step by step. 2327 A redox capacitance state
(RCS) as an initial state of the memristor possibly appears
before the physical reconfiguration triggered. 28-31

However, our previous work has demonstrated that the
RCS is easily submerged by a high current density due to the
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formation of conduction paths. 31 In other words, the RCS is
easily submerged by the RS state. I. Valov and J. L. M. Rupp
groups have emphasized that the moisture-induced redox
reactions at interfaces/surfaces play a dominated role in the
RCS observation. 3234 If we want to grasp the evolving process
of the memrristor, these reactions have to be well controlled.

Nanobelts, nanorods and nanowires as promising function
blocks have been extensively investigated in a large number of
electronic devices due to their bottom-up growth. 3> For
instance, the MoOs; nanobelt with the high concentration
active surface is sensitive to an external environment (i.e.,
moisture). 3¢ Therefore, the MoO; nanobelt with a large
concentration of exposed active surfaces possibly makes the
redox reaction control feasible.

In this work, the MoO; nanobelt-based lateral device is
deliberately designed to study the evolution process of the
memristor. Based on theoretical calculations, a physical model
is proposed to understand the evolving processes.

Results and discussion

Current

.
Forming

Voltage

Fig. 1 (a) Schematic of single crystal a-MoO3; nanobelt-based lateral device
under dry ambient. HR-TEM image of (b) the nanobelt structure and (c) the
lattice plane of [001]. (d) The pure capacitance state (PCS) observation
under dry ambient with the RH of 0%.
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Fig. 2 (a) PCS is observed in an ultralong MoOs; nanobelt-based device under the RH of 0%. (b) An enhanced PCS under air ambient with the RH of 40%+5%.
(c) RCS under the RH of 65%+5%. (d) RS state under the RH of 95%%5%. (e)~(h) The PCS, enhanced-PCS, RCS and RS state are re-observed when reversing

the RH level from 0% to 40%%5%, 65%+5% and 95%+5%, respectively.

Figure 1a is a schematic diagram of Ag|a-MoOs|Ag device
with a lateral structure, in which the H,O adsorption and
reaction are throughly restricted. The nanobelt structure of
the MoO; has been verified by the high resolution
transmission electron microscopy (HR-TEM) image, as shown
in Figure 1b. The interplanar distance of 0.36 nm, which is
originated from the lattice plane of [100], has been also
illustrated by an enlarged HR-TEM image, as shown in Figure
1c. It should be pointed out that a single crystal structure of
the MoO; nanobelt can be also verified by its corresponding
selected-area diffraction patterns (data not shown here).

F. M. Messerschmitt and E. Sediva have stressed that the
H,0-based redox reactions at the interfaces and surfaces are
possible the reason for the RCS behaviors. 37 38 To be noted
that a pure capacitance state (PCS) has been impressively
discovered in the Ag|a-MoO; nanobelt|Ag device when the
H,0-based reaction is throughly removed (Figure 1d).

Compliance current (CC) dependent of the PCS has been
investigated. One can see that the PCS can be maintained
under the CC level of 100 and 10 nA, but it is seriously limited
when the CC decreases to 0.1 nA, as shown in Figure Sla.
Therefore, to obeserve the PCS, a suitable CC level is needed.
In addition, bias voltage magnitude dependency of the PCS
illustrates that the PCS has a satuation current value at 3V, as
shown in Figure S1b. Namely, the PCS will reach its maxmum
charge storage capability when the bias voltage overs 3 V. The
PCS are well maintained after operating consecutive /-V
hystersis for 500 cycles at room temperature, as shown in
Figure Slc. It implys that the PCS has good cycling endurance.

2| J. Name., 2012, 00, 1-3

To be noted that a constant bias voltage sweep rate of 1.0
V/s is employed during the PCS measurements. The PCS has
also shown good endurance for the bias volatge sweep rate
(data not shown here). In fact, our previous works had
demonstrated that the film-based device was sensitive to the
bias voltage sweep rate, but the ultralong nanobelt or
nanorod-based device shown good endurance for the high bias
scan rate. 3% 40 In other words, Interface-induced /-V hysteresis
is efficiently modulated by the bias voltage sweep rate.

Since the RCS appearance is strongly depended on the
moisture level, a series of influences from the H,O have to be
further investigated. It is worth noting that the Ag|MoOs|Ag
device is exposed from the RH of 0% into the high RH of 95%,
the PCS disappears, but the RS state is observed, as shown in
Figure S1d. Therefore, we have deduced that the PCS, RCS and
RS state are the evolving stages of the memristor.

By further investigation the influence of the H,O on the PCS,
various RH levels (0%, 40%+5%, 65%+5% and 95%+5%) are
artificially synthesized in laboratory. The cyclic
voltammetry measurements operated on the Ag|MoOs|Ag
device in dry air with RH of 0% exhibit the PCS behavior (Figure
2a). When the device is exposed to the air atmosphere with
the RH of 40%+5% for 30 minutes, the PCS behavior is well
maintained, but it has a high current value (Figure 2b). It
indicates that an enhanced PCS can be induced by appropriate
H,O concentration. Here, the strong PCS is defined to be an
enhanced-PCS. The RH levels are elevated from the 40%+5% to
65%+5%, the H,0-based redox reaction expectedly occurs,
which leads to the RCS emerging (Figure 2c).

our

This journal is © The Royal Society of Chemistry 20xx
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Fig.3 First principle calculation on formation energy of oxygen vacancy

(V,) and H,0 molecule splitting on the surface of the MoO; nanobelt.
(a) Single crystal MoO; nanobelt extended in the lattice direction of
[001]. (b) The formation energy for the possible surface V, sites V,.1,V,.
5, Vo3 are 1.07, 1.58 and 0.70 eV, respectively. (c) H,O molecule
adsorption process is described when the MoO; nanobelt is exposed
into a moisture ambient. (d) The OH- ions are generated by H,0-based

redox reaction.

When the device is exposed to the RH of 95%+5%, the RS
state characterized by a bipolar resistive switching memory is
observed (Figure 2d). It is worth noting that the observed RS
state does not cross at the zero bias voltage, but crossing at
negative bias voltage, indicating there are negative polarized
charges in the host MoO; or interfaces. To study the PCS
reversibility, the RH level is sharply decreased from nearly
100% to 0%, and the PCS appears again. Subsequently, as RH
gradually increases from 0% to 40%+5%, 65%+5% and
95%+5%, the enhanced PCS, RCS and the RS state are re-
observed (Figures 2e-2h).

Above experiments can be sumarized as six points:

i) PCS only can be detected under dry ambient (RH=0%);

ii)Enhanced-PCS appears after exposing the device from dry
ambient to moisture ambient (RH= 40%+5%);

iii)RCS characterized by the redox peaks is observed after
increasing the moisture level from the RH of 40%+5% to
65%+5%.

iv)RS as the final state is observed when the RH of 65%+5%
consecutively elevates to the 95%+5%.

v) Current density shows a consecutive increase tendency from

PCS, enhanced-PCS, RCS and RS state, respectively.

vi)H,0 adsorption and redox reaction at the surfaces outwigh
the adsorption and reaction at the intefaces.

Y. Li and Y. Gao have reported that the H,O-based redox
reactions take place at the active surface/subsurface oxygen
vacancy (V,).** Therefore, the active surface V, sites should be
considered for the MoO; nanobelt. Since the surface V, in
MoO;s; nanobelt plays the dominant role in H,O-related
reactions, the active V, with the lowest forming energy is
needed to figure out.

This journal is © The Royal Society of Chemistry 20xx
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Based on the constructed MoOs; super-cell along the [001]
direction (Figure 3a), the V, can be classified into three groups:
Vo1, Vo and V.3 site, as shown in Figure 3b. Our DFT
calculation results demonstrate that the formation energy for
Vo.1, Vo2 and Vg3 site is 1.07, 1.58 and 0.70 eV. Therefore, the
H,0 adsorbed at the surface of the MoO; nanobelt firstly
reacts with the surface V,.; due to its lowest formation energy.
Figure 3c denotes the H,Omolecules adsorption on the surface
of MoO; nanobelt. After that, the OH- ions are generated due
to the H,0 molecules react with the surface V,.3, as shown in
Figure 3d.

It is worth noting that the electric conductivity, which is
dominated by the energy band structure of the materias, is
gradually enhanced from the PCS to RS state. Thus, the
influence from the H,0O adsorption, redox reaction and ion
migraton on the energy band structure has to be verified.

Projected density of states (PDOS) versus energy
demonstrate the bulk MoO3; with an energy gap (Eg)1.75 eV of
1.75 eV (Figure 4a), which is consistent with previous results.
42, 43 Thus, physical model in this work is reasonable. When
MoO; nanobelt has not adsorbed the H,O molecules, the DOS
versus energy result shows a 3.16 eV of the E,, which is larger
than the bulk MoOs, as shown in Figure 4b. Fermi energy level
approaches to the valence band for both the MoO; bulk and
nanobelt under the dry ambient (RH=0%), showing a p-type
feature. The Fermi energy level has shifted its position from
the valence band to the conduction band when H,0 is
absorbed on the surface of MoOs; nanobelt, leading to both p-
and n-type characterics, as shown in Figure 4c. After OH- ion,
which is originated from H,0O-based redox reactions, hangs on
the surface of the MoOj3 nanobelt resulting in the E; decreasing
from 3.32 to 3.02 eV and Fermi energy level shifting

a 12 — Tl Spiey 60
1 T Spladern b o Nano-Belt|
2 2
7 4 » 20
£ S
X 0
] f % ‘
8-4 i o -20
= : g
-8 m40
o 'zEnergy(ea) ) h Energy(ee)
¢ Nano-Belg de R et
a0 H:0 . o
c] Er ] :
% 20t i P
£ [ 2 f
2 of g oh
7 B
&
8_10 S -20
2 g
0 -40
60 LI 2t ol TR TR ;
T Sl = 2 0 2 4 6 8
i’,nergy(e‘}) Energy(eV)

Fig. 4 (a) Projected density of states (PDOS) of Mo and O atoms of
MoO; bulk materials, where the band gap energy (E;) is 1.75 eV. (b)
PDOS of Mo and O atoms of the MoO; nanobelt, where the E; is 3.16
eV. The Fermi energy level is close to the valence band, which implies
that MoOj is p-type. The band structure of the MoO; nanobelt (c) after
adsorbing H,0 molecule and (d) suspending OH- ions due to the H,O-
based redox reactions.
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Fig. 5 Energy band structure model for the PCS, enhanced-PCS, RCS and RS state under different moisture level. Schematic of the Ag|a-MoOs|Ag device
under (a) the dry ambient (the PCS), (b) after adsorption H,0O molecules on the surface of MoO; nanobelt (enhanced PCS), (c) OH ion suspending on the

surface due to the H,0 redox reactions (RCS) and (d) Electron transfer and ion migration along the surface of MoO; nanobelt (RS state).

to the side of the valence band again, as shown in Figure 4d.

Conclusion on the theoretical calculations can be drawn as

following points:

i) Active surface V. is verified.

ii) H,O after adsorbing on the surface of MoOs; nanobelt and
firstly react with the surface V...

iii) Band gap of the E; and the Fermi energy level of the MoO;
nanobelt are efficiently modulated by the H,O adsorption and
redox reaction.

Based on the experimental observations and theoretical
calculations, the explanation for the PCS, enhanced-PCS, RCS
and RS state can be made. Before making the explanation for
the above states, there are three points need to elaborate.

Firstly, the Ag* ion-based conductive filament is seriously
restricted due to the ultralong scale of the MoOs nanobelt. To
further verify the effect of Ag*, the EDX spectra are operated
on the Ag|MoOs|Ag device during the different stages of bias
volatge sweep, as shown in Figure S2a. The length of the MoO3
nanobelt is ~ 65 um, as shown in Figure S2b. To be noted that
the Ag signal has shown a negilible variation during the bias
voltage sweep. This has been verified by our previous work as
well. 39,40, 44

Secondly, the Mo and O signals also show an negligible
variation. Therefore, the Mo** -base migration is not the main
factor considered during the evolving process.

Thirdly, the ions in the oxygen species deficient region
(Oxads) can field-driven migrate and contribute to the electric
conductivity, but it is negligible due to its low concentration on
the surface. 40 4> 46

Figures 5a-5d are the diagram for the
Ag|MoOs| Ag device under the dry ambient, adsorption of H,O
molecule, H,0O-related redox process and OH- ion-induced
conduction filament formation, respectively.

Due to the existence of the metal-oxide contact, there is a
1.8 eV potential between the Ag and the Fermi energy level of

schematic

4| J. Name., 2012, 00, 1-3

the MoOj3; nanobelt, which makes the hole transport becomes
much more difficult, as shown in Figure 5e. In addition, the
redox reactions at the surfaces and interfaces are restrained
under the RH of 0%. In this case, the interplay between ions
and electrons, electron transfer and ion migraton are seriously
limited. The field-driven electrons are accumulated on the
both ends of the MoOs; nanobelt. Therefore, the Ag|MoOs|Ag
device corresponds to a capacitor, that is why the device only
presents the PCS behaviors under dry ambient.

After exposing our device from the RH of 0% to 40%+5%,
the Fermi energy level shifts its position to the side of valence
band, simultaneously, the potential of the metal-oxide
decreases from 1.8 to 0.4 eV, as shown in Figure 5f. The
electrons surrounded the H,O will transfer to the surface of
the MoO3 nanobelt. In addition, the electrons at impurity
energy levels possibly transfer to the valence band due to the
low distance between Fermi energy level and bottom of the
valence band (decreasing from 3.12 to 1.99 eV). In this case, an
enhanced PCS would be observed.

As for the RCS, the H,O firstly adsorbs on the surface of
MoO; nanobelt and then reacts with the surface V,3. This
redox process results in the E; decreasing from 3.32 to 3.02 eV
and the potential of metal-oxide contact decreasing from 0.4
to 0.3 eV, as shown in Figure 5g.

The RCS is described by the Randles-Sevcik equation: 47

X 0D, ..V (€8]

redox

J, =2.99%x10° x 2** x C

redox

where the J,, Z, Credoxy @, Dredox, V denote the redox (oxidization
or reduction) peak current density, the number of electrons
transfer during redox reaction, the concentration of ions, the
charge transfer coefficient, the ion diffusion coefficient, and
the bias voltage sweep rate, respectively. By the Eq. (1), the
RCS is determined by bias sweep rate, ion concentration and
diffusion coefficient and the number of electrons transferred.
Namely, a large number of OH- ions, which are generated by

This journal is © The Royal Society of Chemistry 20xx
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the interaction of the H,0 molecule with the surface V,, are
suspended at the surface of the MoO; nanobelt.
The generated OH" ion can be described as following: 48->0

HO + Oy +V, 2200 (2)

where the 05, V, denote the oxygen atom in lattice and
intrinsic oxygen vacancies, respectively. According to half-cell
theory, the H,0-based chemical reactions possibly take place
at the interface of our device, which are described as
following: 5% 52

2H,020,T+4H' +4e™ 3

02+ 2H,0 + 4e ™ 240H ~ (4)

For a film-based device, the /-V hysteresis is dominated by
these reactions at the interface. Different from the film-based
device, the RCS is mainly dominated by the H,0O-based redox
reaction at the surface of the MoOs; nanobelt. Taking into
acount the high concentration of the surface V,, the OH- ions
are contributed by the Eqg. (2) more than the Eq. (3) and Eq.
(4). The generation of OH- ions suspending on the surface of
the MoOj3 nanobelt leads to a downscaling of E;. In this case,
the electrons generated from the Eq. (2) and the electrons
hopping from impurity energy level to conduction band will
directly contribute to the current density of our device.
Therefore, the RCS characterized by the redox peaks is
observed under the moisture level (RH=65%+5%).

To be noted that OH" ions are generated as the H,0O-based
redox reaction going, simultaneously, the surface V, is
gradually consumed.>3-63 Therefore, a large number of OH- ions
are suspending on the surface of MoOs; nanobelt. The OH- ions
can migrate along the surface to form a filament-like
conduction path and the strong interplay between the ions
and electrons simultaneously occurs. The two factors co-drive
the device into the RS state, as shown in Figure 5h. The OH-
filament-like path formed at the surface is easily disturbed by
external factors, thus, the induced RS state is very unstable.

Not only the RS state is not crossing at 0 V, but also shows
an asymmetry in positive and negative bias region. The
polarized charges redistribute at the interfaces and
nonuniform distribution of the surface V, are possibly
responsible for the asymmetry and nonzero bias crossing RS
behaviors. 646 Memristor presented today with lateral or
vertical structure has shown its great potential applications
ranged from natural language processing, object recognition,
humanoid robot and data storage.®”7* The PCS is easily
submerged by high current density, for that, the MoOs lateral
is deliberately designed. It should be pointed out that the PCS,
enhanced-PCS, RCS and RS can be aloso detected in the
vertical structure of Ag|MoO3(30nm)|Au memirstor arrays
(data not shown here). The evolution process and
corresponding physical mechanism are needed to further
investiagted in near future.

Conclusion

We reveal a novel charge storage state in the form of pure
capacitance state (PCS), a missing earlier phase of memristor,

This journal is © The Royal Society of Chemistry 20xx
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for that, the whole evolution map of memristor is completed.
Through controlling the ambience parameter, the PCS, which is
submerged by high current density, is found. The evolution
map construction provides an avenue for a smart electronic
device design such as algorithmic logic-in-memory and bio-
inspired neuromorphic computing system.

Experimental Section

Device Fabrication. The 0.005 mol Ni(NO3),-6H,0 and
0.005 mol (NH;)sMo5-4H,0 were mixed and dissolved in 30 mL
deionized water at room temperature. The mixed solution was
continuously stirred for 12 hours at room temperature. After
that, 0.03 g hexadecyl trimethyl ammonium bromide was
added into the mixed solution, followed by continuous stirring
for 3 hours at room temperature. The fabricated solution was
transferred into a Teflon-lined steel autoclave, and heated at
500 K for 24 hours. The composites contained the NiMoO,
debris and ultra-long MoO; nanobelts were obtained after
using the reaction solution centrifuged at 6000 rpm for 10
minutes at room temperature. The centrifuged composites
were annealed at 900 K in Argon gas ambient for 8 hours. The
precursor solution was obtained using the 0.001g thermal
processed composites added into 20 mL deionized water. The
precursor solution was spin-coated on the SiO, substrate at
8000 rpm for 60 seconds. The single ultra-long MoOs; was
horizontally placed between the two pre-deposited Ag
electrodes with 50 um gap on the SiO,/Si substrate, and then
the Ag paste was dropped on both ends of the ultralong
nanobelt. Therefore, the Ag|MoO;|Ag lateral structure device
is developed.

Current versus Voltage Hysteresis Measurement. Electrical
properties were measured at room temperature in the use of
an integrated electric test system including the
electrochemical workstation (CHI 660D) and multifunction
probe station (Lake Shore TTPX). The air ambient of laboratory
with RH of 35%~45% was employed in this work. Dry air (H,0 <
5 ppm) was synthesized by flowing air into three
interconnected heated-glass delivery tubes filled with dry CaO
powers. The dry air was slowly injected into a test-cavity of the
probe station, which was pumped to a high vacuum (5 X 10+
Pa) until the pressure reaching a balance with outside.
Moisture air was synthesized by flowing laboratory air into a
gas-washing bottle filled with deionized water. The RH level of
the test-cavity was relied on the injection time and rate of
moisture air. All of substrate used in this work was clean by Air
plasma cleaner (PDC-32G-2) for 30 seconds.

Computational details. The spin-polarized density-
functional theory (DFT ) calculations in our work were
performed using the Vienna abinitio simulation package
(VASP).#2 The projector augmented wave (PAW) methodwas
used to describe the electron-ion interaction, while the
Perdew-Burke-Ernzerh of (PBE) functional implementation of
the generalized gradient approximation was used to describe
the exchange-correlation interactions. Due to the highly
anisotropic crystal structure of a-MoOj3, it is more favorable to
grow along the [001] direction forming belt-like crystal
structures and with the largely exposed {010} surface.*?
Therefore, the nanobelt MoO; system used herein along [001]

J. Name., 2013, 00, 1-3 | 5
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direction was constructed from a 2 x 1 x3 a-MoOs supercell
with a vacuum layer of at least 15 A along the x and y axis to
minimize the undesired interactions between the Grimme
DFT-D2 van der Waals corrections are taken into account in
the bulk MoOs calculation. 43 The 4d electrons of Mo and 2p
electrons of O are considered as valence electrons. A Hubbard
U parameter of 6.3 eV is added to correct the self-interaction
for Mo 4d orbital in bulk and nanobelt MoO; systems. The k-
points meshes were sampled based on the I' centered
Monkhorst-Pack method[11] with a k-point mesh resolution of
271 X0.04 A1 and 2 © X 0.01 Al for geometric structure
optimization and densities of states (DOS) calculations,
respectively. The plane wave energy cutoff of 450 eV has
been employed in this work. Electronic energies are computed
by assuming the self-consistent field (SCF) tolerance of 10> eV
and the force exerted on an atom converges to less than 0.03
eV/A. To assess the formation of oxygen vacancy on MoO;
nanobelt, the oxygen vacancy formation energy (A Es) is given
by Eq. (5): 7°

AEf: Evac+%EOZ_Etotal

)

where Eg,, E .. and E, are eergy of gas phase of O,, and the
energy of MoOs; nanobelt with and without V,, respectively.
According to Eq. (5), the lower value of the AE; indicates the
more favorable formation for the V,.
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Graphical Abstract

Molsture-tnduced the Evolution of Memvristor

% Evolution map of the memristor from pure capacitive state to resistive
switching state is discovered.



