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As an emerging technology, nanoscale non-volatile memory technology can be used for in-memory com-
puting and neuromorphic computing. However, the deeper understanding of the charge transport and
resistive switching mechanism in memristor devices are still needed to improve the device properties for
practical application. Herein, we first synthesized the MoO3 nanorods and studied the structural properties
by XRD, SEM and TEM. The elemental compositions were confirmed through EDX and XPS analysis. The
resistive switching operation of Au/ MoOs/p-Si ReRAM device was examined and its conductive mechanism
was analyzed by space-charge limited conduction theory. The changes of high resistive state to low resistive
state and vice-versa in ReRAM device is owing to the movement of oxygen vacancies in MoOs structure. For
comparison, silver atoms were intercalated into MoOs; Nanostructures and device performance was also
analyzed. The improved switching behavior of Ag doped Au/ MoO3/p-Si device is due to Ag doping effect in
the formation of conducting paths in the MoOs active material. The obtained results indicate the con-
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tribution of Ag atoms in conduction filament enhance the bipolar resistive switching performance.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Recently, a large amount of data is generated because of rapid
development in the information technologies. In this big data era, a
revolution is required in the development of new materials and
devices for future industries, as current manufacturing unit is
reaching their physical limits [1,2]. Emerging nanoscale non-volatile
memory technology is one of the key solutions for next generation
technologies. Since the first proposal of memristor concept [3] and
implementation of memristor device (4], enormous research works
have been reported in the field of nanoscale memristor devices as
perceived in many review articles [5-9]. Such attention has been
given due to its potential properties like excellent endurance, re-
tention, and non-volatility [10,11] to replace conventional memory
devices [12]. In addition, nanoscale memristor devices are also
highly demanded for applications in bio-inspired neuromorphic

Abbreviations: MoOs, Molybdenum trioxide; Ag, Silver; Au, Gold; p-Si, P-type
Silicon; ReRAM, Resistive random-access memory; SCLC, space charge limited current
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computing [13,14]. Such devices play a key role in manipulating
advanced technologies beyond Moor’s law and von Neumann bot-
tleneck [15,16]. At present, one of the foremost hindrances for re-
sistive switching memory development and application is the
indetermination of physical conductive charge transport property
and tunability resistive switching in nanoscale devices. Conse-
quently, memristors are still need to be studied in depth.

In order to comprehend and improve the consistency of mem-
ristor devices, a good number of resistive active materials including
oxide-based nanomaterials like WO3 [17], TiOx [ 18], ZnO [19], HfO,
[20] and etc., has been studied in recent years. As such, molybdenum
trioxide (M00s), is a potential transition metal oxide, promise for use
as active nanomaterial for resistive switching devices because of
thermodynamic stability, high reactivity and wider band gap [21,
22]. In addition, the property of low carrier concentration in MoO3
nanomaterials could find potential applications as active material to
avoid extra current and energy consumption in memristor devices.
Recently, Dai et al., proposed a MoO5_4 based memristor device to
realize the consistent resistive switching parameters [23]. The
movement of positively charged oxygen vacancies makes this layer
more conductive and enable typical bipolar resistive switching
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property. It has been extensively accepted the migration of oxygen
vacancies form conductive path for charge transport in resistive
switching devices [24]. Arita et al, investigated the resistive
switching properties of MoO3 thin films [25,26].

The typical concern about uniformity and tunability of resistive
switching in nanoscale devices could be resolved by effective doping
method. The electrical uniformity has been achieved by doping
method in previously reported work [27,28]. The role of oxygen va-
cancies in forming conduction path plays a major role in most of the
scientific works on memristor devices. Nonetheless, the effect of
dopant has been given less emphasize in resistive switching. Some of
works disclose the doped system could be possible solution for
achieving efficient device performance. The performance of the de-
vice has been improved with introduction of metal nanoparticles in
active layer by Goswami et al, [29]. Likewise, Lei Wu et al. in-
troduced the Al metal in active dielectric layer to demonstrate the
multilevel resistance state in the nanoscale memristor device [30].
The bio-synapse based on Ca2+ or Nat+ ions can be emulated by
diffusion of doped Ag atom in oxide based active materials [31].
Hence, the electrochemically active materials can be conveniently
doped with MoOs nano materials to manipulate ion intercalation in
the structure.

In this work, the significance of the electrochemically active
metal silver (Ag) atom doped in MoOs nanostructure has been
analyzed for memristor applications. The carrier concentration in
the ReRAM device is tuned by adding silver atom with MoOs na-
nostructure. The solution processed pure and Ag doped MoOs;
ReRAM devices have been fabricated and analyzed its resistive
switching parameters for better understanding of conduction me-
chanism in device. The fabricated Au/ MoOs/p-Si and Au/Ag: MoOs/
p-si memory devices showed typical bipolar switching property. In
addition, the performance of the MoO3 device enhanced by Ag do-
pant is also reported in this letter.

2. Experimental section
2.1. Preparation of pure and Ag doped MoOsz nanoparticles

The synthesis of pure MoOs and Ag-doped MoOs nanoparticles is
done by a wet chemical route. Analytical grade chemicals of am-
monium heptamolybdate tetrahydrate (AHMT), sodium dodecyl
sulfate (SDS), ethanol and silver nitrate (AgNOs) are used as pur-
chased without any further purification in this preparation process.
The synthesis process furnished in following steps.

Step I: AHMT is taken according to the required amount and
dissolved in distilled water to result a concentration of 0.2 M with
the support of magnetic stirrer for 30 min. The pale white color
precipitate is formed after adding the concentrated solution of SDS,
generally used as surfactant. The mixture is constantly stirred for
approximately 30 min until a white precipitate is formed.
Subsequently, the ethanol solution is added drop wise in the mixture
to get a pure white precipitate which later turns into colloidal phase.
This colloidal solution is dried on a hot plate for 24 h until the solid
sample is formed.

After the reaction hour, the solid yields are obtained by filtering.
Further, the yields are purified by the centrifugation (2000 rpm/
15 min) several times with distilled water and ethanol separately.
The purified yields are dried in an oven at 150 °C for 5 h. Afterwards,
the dried sample is calcinated at 400 °C for 3 h. Then, the system is
allowed to cool down to room temperature at rate of 5 °C/min.
Finally, the prepared white sample turned into pale blue MoO3 na-
noparticles. The obtained MoO3; nanoparticles are used for further
studies.

Step II: For the synthesis of Ag-doped MoOs, silver nitrate is used
as dopant precursor solution. An estimated amount of silver nitrate
is mixed with aqueous Ammonium heptamolybdate tetrahydrate
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B2912A

Fig. 1. Schematic representation of device structure.

solution for preparation of various concentration of silver atom (5 wt
% and 10 wt%) in MoO3 nanoparticles. In addition, a required amount
of SDS is also added into the homogenous mixture in drop wise. The
same Step I procedure is followed to obtain the Ag (5 wt% and 10 wt
%) doped MoOs nanoparticles. The prepared Ag doped MoOs nano-
particles are used for fabrication for devices.

2.2. Device fabrication

The synthesized pure and Ag doped MoOs; nanomaterials are
used to fabricate the ReRAM devices. The synthesized nanomaterials
are dispersed in xylene and the solution is used in spin coating
technique to deposit MoOs. The n-type Si (100) with size of 1 cm; is
used as bottom electrode for fabricating devices. The three-step spin
coating procedure has been followed to deposit pure and Ag doped
MoOs on n-Si substrate. The thermal evaporation method was used
to deposit Au top electrode at base pressure of 2.0 x 10-6 Torr. The
circular pattern of top electrode is formed by a shadow mask. The
patterned Au top electrode is obtained with size of 100 pm diameter
and 50 nm thickness. Thus, ReRAM devices has been developed with
a total of 100 memory cells of Au top electrode pattern. In this way,
pure MoOs (Device A), Ag (5 wt%) doped MoOs (Device B), and Ag
(10 wt%) doped MoOs3 (Device C) have been fabricated as shown in
Fig. 1 and examined their resistance switching behavior for mem-
ristor applications.

2.3. Characterization technique

The electrical characterization of the fabricated devices is per-
formed in ambient atmosphere by Keysight B2912A Precision Source
and Measure Unit. The electrical measurements were calculated by
applying voltage bias on the Au top electrodes as well the bottom
electrode was grounded. JEOL JSM-7800F Prime Schottky Field
Emission Scanning Electron Microscope was used to analysis the
morphology of the synthesized nanostructured of MoOs. The High-
resolution transmission electron microscopy images and selected
area electron diffraction patterns of the MoOsz nanostructures were
obtained by JEOL JEM-2100F HRTEM. The crystalline nature and
structure of the active layer were characterized using a PANalytical
X'Pert Pro MRD X-ray diffractometer. The crystallite size of the pure
and Ag doped MoOs; nanostructures were calculated by Debye-
Scherrer formula with the help of measured XRD peak data.

2.4. Memristor theory

Memristor is considered as one of the basic circuit elements
along with resistor, capacitor and inductor. The missing relationship
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between the charge and the flux was compensated by the discovery
of the memristor [3], which is expressed in equation below,

do = M(q)dq (1)

Where, M(q) represents the memristor function. Dividing both sides
by dt, we get

V=M(q)i (2)

The Eq. (2) represents the ohms linear equation for resistor, when
M(q) is constant. However, M(q) is nonlinear element rather than
constant in the memristor device equation. Though the Eq. (2) is
similar to resistor equation, memristor element M(q) remembers the
previous resistance state. HP scientist have realized the memristor
device in 2008 [4]. The HP memristor is realized by sandwich tita-
nium dioxide layer between two platinum electrodes. The oxygen
vacancies available in the active layer alter the conductance of the
device. When electric filed is applied, the oxygen breakdown from
the metal oxide and make space charge region which rise the con-
ductivity. This is due to drifting the charge carriers in the active
layer. The space charge region is not altered by without applying
external electric field. The conductance modulation can be expressed
by the following memresistance equation.

M(x) = RigsX + Rygs(1 — x), where0 < x > 1, 3)

The x represents the space charge region in device, RLRS re-
presents resistance of high conductance state and RHRS re-
presents resistance of low conductance state of device. The
variable space charge region x depends on the mobility of the
charge carrier (oxygen vacancies), current flowing through de-
vice and thickness of the active layer. Hence, the state equation
can be expressed as,

dx _ PR
a“-p'® (4)

Thus, the device holds both resistor and memory property. As the
memresistance of device is function of space charge carrier (oxygen
vacancies), the inserted additional charge carrier might have in-
creased the conductance of the memristor device. Hence, the dopant
Ag atoms have been inserted in the MoOs active layer of the device
and the performance of the device has been improved by increased
space charge carriers.

2.5. Description of the oxygen exchange mechanism

As any other metal oxides, MoOs; exhibits nonstoichiometric
structure and a lattice disorder at ambient temperature. In addition,
the bonds between oxygen and Molybdenum metal breaks under
applied electric field, and thus oxygen anions and metal cations are
formed. When oxygen ion leaves the lattice site, the oxygen va-
cancies are created in the MoOs resistance switching material.
oxygen vacancies are positively charged, and hence act as donor
centers. These oxygen vacancies are much more mobile and may
lead to an ionic conductivity even at room temperature. According to
Kroger and Vink notation [32], the oxygen ion and vacancy creation
is taking place by following reaction equation.

Oa©%02(g)+\/o+2e 5)
where oxygen ions in the lattice sites and oxygen vacancies are re-
presented as 00 and VO, respectively. The transition metal (Mo) ions
in the oxide is reduced to a lower valence state, and subsequently
oxidized back to stable stoichiometric MoO3; molecular composite.
Both redox process and oxygen migration causes the creation and
destruction of conductive path inside active oxide materials between
two electrodes. The proposed chemical reaction between Mo ions
and oxygen ions are represented in the following equation.
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MoOs < Mofy, (MoOs) + V, + O; (6)

The MoOs crystal lattice possesses significant point defects
which include the vacancies in all sublattices of electrons, holes, and
substitutional impurities. Further, the defects in the crystal structure
can substantially modified by doping other metal atoms. If the doped
impurities have lesser charge than the Mo cation, they act as ac-
ceptors A. They act as donors D in case of higher charges.

AsA +h (7)
DeD* +e (8)
poe+ h (9)

Where h represents hole and e represents electron and @ represents
ground state of any bands in electronic structure. These equations
highlight the Impurities ionization process in the crystal structure.
These defects create a short circuit in the insulating active MoO3
nanostructures between electrodes. And thus, the resistance of the
switching layer is modified by drifting the defects in the nanos-
tructures. This kind of nanowires created inside the dielectric ma-
terial will play a significant role in designing ReRAM devices. The
rate of concentration changes in oxygen vacancies is very less to
significantly alter the conductivity at low voltage. But when voltage
reaches a particular high value, the ions creation and migration will
not obey the linear transportation theory. Hence, the space charge
limited current theory has been proposed in our device to under-
stand more about switching mechanism.

3. Result and discussion
3.1. XRD

The synthesized pure and Ag doped MoOs nanostructures are
subjected to XRD analysis to determine the phase and crystallinity of
the material. The obtained XRD patterns for pure and Ag (5 wt% and
10 wt%) doped MoOs are depicted in Fig. 2. The observed diffraction
peaks are obviously corresponding the peaks of pure MoOs3 in pre-
viously reported nanoparticle work [33]. The peaks at 20 values of
12.65°, 23.16°, 25.52°, 27.15°, 33.53°, 39.01°, 44.64° and 49.18° are
assigned to the monoclinic MoOs (JCPDF - no.47-1320). The highest
peak observed at 27.15° is attributed to the diffraction from (011)
plane of MoOs. the high crystallinity of the synthesized nanos-
tructures is identified by the occurrence of sharp diffraction peaks in
the spectrum. The absence of any other diffraction peaks indicates
the purity of the MoOs. For the XRD of Ag-doped MoOs (Fig. 2),
the intensity peak at 38.13° is agree with (111) of silver XRD data

H A T h Ag (10 wt % MoO,)
A < h Ag (5 wt % MoO,)
£}
s
> Ag JCPDS No 87-0597
< \
E g =
= < (Pure MoO,)
‘ ‘ MoO, JCPDS No 47-1320
‘ | ‘ L bl “|||| Il |||
T T T T T
10 20 30 40 50 60 70

20

Fig. 2. XRD comparison spectra of pure and Ag doped MoO5 nanorods.
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(JCPDF - n0.87-0597). The purity of the Ag doped MoOs is appraised
with detection of no other peaks. Correspondingly, this is also at-
tributed to the even spreading of doped silver atoms in the MoO3
nanostructures. It was also noticed from the Fig. 2 that the increase
of Ag content in the MoO3 nanostructure amplified the peak in-
tensity corresponding to Ag (111) plan. The observed changes in XRD
spectrum confirms the presence of doped Ag atoms in MoOs na-
nostructure. In addition, the incorporation of higher radius Ag atom
in the MoOs crystal lattice shows lattice distortion in the crystal
structure. Usually, the Debye-Scherrer formula has been used to
calculate the crystallite size.

ka

Debye — Scherer formula, crystallite size D =
BiCosd

(10)

where k represents shape factor (0.9), A represents wavelength of the
radiation, Bny integral breadth of the reflection, and 6 represents
angle of reflection. The calculated crystallite size of the pure and
doped MoOs nanostructures are 48.31 nm and 68.14 nm, respec-
tively. The calculated results confirm the dopant Ag atom modified
the crystallite size of the MoO3 nanostructure. Thus, the XRD spec-
trum suggested the dopant Ag atom influenced the structural
properties of the MoOs; nanomaterial and accordingly alter the
electrical property for memristor application.

3.2. Surface morphology

The surface morphology of the pure MoO3 and Ag doped MoOs
nanomaterials was analyzed by SEM and shown in Fig. 3. For pure
MoO3; material, a unique nanorod shaped morphology with smooth
surface was observed. The nanorods morphology changes into small
nanosheets by doping Ag (5wt%) atoms with MoOs (Fig. 3c). The
inclusion of higher atomic radius Ag atoms in the MoO3 lattice to
replace Mo ions leads to the distortion of the lattice. As a result, the
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higher concentration of Ag facilitated the growth of primary grains
during nucleation and thus contributed to the development of a
sheet structure [34]. The morphology of the material become less
smooth surface as doped Ag atoms increased to 10 wt percentage.
The morphology of Ag (10 wt%) doped MoOs is depicted in Fig. 3d.
The morphology of the MoOs nanorods is also studied examined by
TEM analysis. The TEM images of the nanorods are depicted in the
Fig. 4(a and d). The HRTEM image of pure and Ag (10 wt%) doped
MoOs nanorods are shown in Fig. 4b and 4e. The HRTEM image of
(4b) shows the presence of mono-crystalline MoOs; nanorods. It
confirms the synthesis of monocrystalline MoOs and corroborated
with the results of corresponding XRD and SAED patterns. The
HRTEM image of (4e) also shows monocrystalline structure but with
little distortion in the crystal structure. Correspondingly, the se-
lected area electron diffraction pattern of the synthesized nanoma-
terials has also been reported in the Fig. 4c and 4f.

3.3. Elemental composition analysis

The quantitative and qualitative analysis of the pure and Ag-
doped MoO3 was carried out on the basis of EDS spectra and the
elemental composition. The EDAX spectra of pure and Ag-doped
MoOs with different concentrations are shown in Fig. 5. The ele-
mental composition of pure and Ag-doped MoO3 samples are listed
in the Table 1. The Mo and O peaks can be obviously found in the
spectra but lack of any other peaks in Fig. 5a indicates that the
sample is composed of pure MoO3 nanoparticles. Fig. 5b and 5¢ show
the different ratio of silver doped MoO3 nanostructure. It was found
that the intensity of Ag peak increased with the increase in silver
atom concentration. XPS is used to analyze changes in component
chemical state (Fig. 6(a-d)). Fig. 6(a) shows the spectrum of survey
scans, which consists of peaks of Mo 3d and O1 at their identified
positions. The XPS peak of Ag 3d and change in the O1s spectrum
proves the existence of Ag in the MoOs. Also, the EDAX analysis

Fig. 3. (a-d) SEM morphology (a-b) pure MoOs (c) 5 wt% of Ag doped MoOs; (d) 10 wt% of Ag doped MoO3; nanorods.
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Fig. 4. TEM images of pure and Ag doped MoO5 nanorods: (a) morphology of pure MoOs5 (b) high resolution image of pure MoOs (c) lattice diffraction of pure MoOs (d)
morphology of Ag: MoOs (e) high resolution image of Ag: MoOs (f) lattice diffraction of Ag: MoOs.
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Fig. 5. EDAX spectra of pure and Ag doped MoO3 nanorods: (a) pure MoOs (b) 5 wt% of Ag doped MoOs (c) 10 wt% of Ag doped MoOs.
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Table 1
Elemental composition in the nanostructure.
Element Pure 5wt% 10 wt%
Weight%  Atomic% Weight% Atomic% Weight% Atomic%
(o] 41.49 80.96 29.05 71.22 29.15 71.49
Mo 58.51 19.04 66.05 27.00 60.50 24.74
Ag - - 4,90 1.78 10.35 3.77

supports the XPS peaks of materials in the samples. In MoO3 the Mo
3dsj; and Mo 5ds), core level range is dominated by double spin
orbit peaks, with binding energies of 232.35 and 235.73 eV. The
peaks at Ag 368 and 374 eV were attributed to the Ag 3ds; and Ag
5dsp, [35].

3.4. ReRAM

To investigate the memory device switching behaviors of the
pure MoO3 and Ag doped MoO3; ReRAM units, the direct current
electrical bias was applied on the Au top electrode (TE), while p-Si
bottom electrode (BE) was grounded. The typical current voltage (IV)
characteristic of fabricated Au/ MoO3/p-Si and Au/Ag: MoOs/p-si
devices is depicted in Fig. 7. The initial forming process of switching
from high resistance phase into low resistance phase was observed
in device A, when a large positive voltage is applied about 2V. In
order to prevent the permanent dielectric breakdown of the device,
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Fig. 7. Resistive switching performance of MoOs devices.

the low resistive state current is limited by a compliance current of
1 mA during repeatable voltage sweeping (0V - +2V - 0V - -2V
— 0V). Afterwards, when a positive voltage bias is applied, the re-
lative amount of current increases suddenly at 1.1 V. It is because the
device resistance changes from high resistance state (HRS) to low
resistance state (LRS), which is defined as SET process. The oxygen
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Fig. 6. XPS spectra obtained for pure and Ag doped MoOs samples (a) Survey scan spectra, (b) Mo 3d core scan spectra (c) Ag 3d core scan spectra and (d) O1s core scan spectra.
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Fig. 8. (a-c) I-V curve analysis for SCLC mechanism of devices: (a) pure MoOs; (b) 5 wt% of Ag doped MoOs; (c) 10 wt% of Ag doped MoO3 nanorods.

vacancies in the device is redistributed when the applied electric
field strength reaches the threshold value (1.1V). It causes the
formation of localized metal paths bridging the top and bottom
electrodes, thereby increasing current is observed in the device [36].
The device remained in the LRS for subsequently descending voltage,
and the LRS was progressively changed to the HRS only by a voltage
sweep in the negative voltage region (0V — -2V). Thus, RESET
process was observed in the device at ~-1.3 V. these SET and RESET
processes are repeated for consecutive cycles under positive and
negative voltage sweeps. Therefore, the Au/MoOs/p-Si device ex-
hibits bipolar resistive switching behavior.

The bipolar resistive switching behavior of Ag doped MoOs de-
vices are also studied. Both 5wt% and 10 wt% Ag doped MoOs de-
vices discloses the same kind of bipolar resistive switching processes
under consecutive voltage cycles. The Fig. 7 shows the bipolar re-
sistive switching behavior of Au/Pure MoOs/p-Si and Au/Ag (5 wt%
and 10 wt%) doped MoOs/p-Si RRAM devices. The SET process was
observed at ~ +0.8 V for Ag doped devices while pure MoOs device
shows the SET process at ~ +1.1V. Correspondingly, the switching
ratio is also increased by adding the Ag in the device. In 0.05% Ag
doped MoOs device, The switching current changes from 56 micro A
at HRS to 241 pA at LRS. similarly, 0.1% Ag doped MoOs device shows
the switching current from 6 pA to 187 pA during positive voltage
sweep. This device has a better switching performance than the
previous report [37]. The voltage of the previously reported work is
approximately 3.2V, three times the voltage of our device [38]. The
MoOs; device switching performance has improved almost 2.5 times

by doping 5 wt% Ag and 16 times by doping 10 wt% Ag in the MoO3
device. These results suggest that the switching performance im-
provement of the device is only due to addition of Ag in the MoO3
nanomaterials. Further to understand more detailed performance of
the device, the electrical conducting mechanism of the device is
analyzed and is discussed in the following section.

3.5. Physical transport mechanism

So as to evaluate the suitability of the devices in neuromorphic
application, it is important to recognize the exact mechanism of
physical transportation and relationship of resistive switching phe-
nomena with transport mechanism in the system. It is generally
approved that the migration of oxygen vacancies because of elec-
trochemical reduction and oxidation plays an essential part in for-
mation and breakup process of conducting filament. Besides, the
nanomaterials used as insulating dielectric layer and metals as
electrodes would also regulate the conductive mechanism of ReRAM
devices substantially. Amongst the commonly observed physical
transport mechanism, the Poole-Frenkel emission, Schottky emis-
sion, space-charge-limited conduction (SCLC), trap-assisted tun-
neling (TAT) and hopping conduction are identified in the most of
the memory resistive switching devices [39].

To investigate the carrier conductance mechanism, the double
logarithmic IV curve was analyzed. In low voltage region, the slope
of IV curve is ~1, and slope increases to more than 2 for high voltage
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Fig. 9. schematic illustration of the resistive switching mechanism of devices.

region. This confirms the space charge limited conduction current is
dominated in the device. The SCLC conduction is expressed as [40],

21+1)’” lee, ) Vi+!
I+1 I+1 N2+ (11)

]sclc = q“’pN(

Where ] represents current density, q represents charge of the ele-
ment, | represents ratio of temperature difference between char-
acteristics and operation, p represents the mobility of the charge
carriers, N represents density of states, e, represents permittivity of
the active material, ¢, represents free space permittivity, N; re-
presents trap density, V represents voltage and d represents thick-
ness. When electric field is applied, injected charge carriers fill the
defect traps and create more space charge carriers. And thus, the
device function under trap filled space charge conduction state.

In the direction of clear understanding the resistive switching
mechanism and the charge transport property in the MoO3; memory
clearly, IV characteristics curves are analyzed with double loga-
rithmic scale plot. Fig. 8a-c show the I-V curves of pure MoO3 and
5wt% and 10 wt% Ag doped MoOs devices for positive bias voltage.
For all type of devices, a linear ohmic behavior (slope ~1), i.e., linear
changes in conductivity with corresponding to applied voltage, is
observed in the low-resistance curve of the device. However, the
observed curves in high resistive state of all devices are dissimilar to
low resistive state curve, which is attributed to the formation of the
conducting path in the active material [41,42]. Three distinguished
regions are simply recognized in high resistive state of device with
various applied voltage. These three-stage variations of conductivity
may be contributed to the trap-controlled space charge limited
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current (SCLC) mechanism [39]. Accordingly, the SCLC mechanism
consists of ohmic region, the Child’s law region (slope >2), and the
steep region. In the low bias voltage region, the injected charge
carriers, which is greater than thermally induced carriers, will put
device in ohmic region of SCLC mechanism. Thus, the density of the
free charge carriers is dominated injected ions in the active layer
[42,43]. Subsequently, the device will switch to SCLC child law re-
gion which applied bias voltage reaches the critical voltage transi-
tion region.

The same transition from ohmic to child law region is observed in
the all MoOs devices. This transition is experimentally detected
about 0.5V in all devices. The slope of child law region of device A,
device B and device C are approximately equal to 2.7, 2.3 and 2.5,
respectively. In this region, the induced charge carriers will interact
with traps available in the nanomaterials and thus conductance
mechanism enters into trap filled limited region. Sequentially, space
charge appears in the device and sharp increasing current is ob-
served as soon as the applied voltage reaches the trap filled limit.
The trap filled limit is observed about ~0.8 V for the MoO3 devices.
The similar SCLC characteristic are reported in previous published
work for various devices [44,45].

3.6. Conduction switching scheme

The redistribution of native oxygen ions and oxygen vacancies in
MoOs nanostructure play a critical role in conduction mechanism.
Under the electric field, oxygen ions leave their lattice sites and
created oxygen vacancies in the switching layer. These results of
oxygen ion migration and accumulation in MoOs active material is
depicted in the figure. When positive voltage is applied on top
electrode, the oxygen vacancies accumulate on bottom electrode and
oxygen ions migrate to the top electrode. Once the fore most oxygen
vacancy filament comes into close vicinity of top electrode, the
current rises significantly due to the tunneling process. For instance,
the oxygen vacancies are accumulated into vacancy chains. And
subsequently, the oxygen deficient nano conducting filament is
formed. When negative voltage is applied on top electrode, the
oxygen ions move way and accumulate on bottom electrode. Thus,
the destruction of conducting path occurs in the structure. Thus, the
applied voltage controls the resistance of the active layer in the
MoO3; ReRAM devices. Further, the Ag atoms have been doped in
MoOs structure to support the ion migration and conductive fila-
ment formation. The dopant influenced resistive switching me-
chanism is also discussed in detail below.

The resistive switching mechanism of fabricated devices is pro-
posed and developed a scheme based on the space charge limited
current theory. The schematic representation of device switching
mechanism is shown in Fig. 9. The scheme explains the migration of
oxygen vacancies and doped silver atoms for the formation of con-
ductive path in the active medium. For undoped device, the con-
ducting path formation is dominated by oxygen vacancies in MoO3
film. The randomly distributed oxygen vacancies are accumulated
and oriented as the positive applied voltage direction. Thus, con-
duction path by oxygen vacancies modifies the HRS of the device to
LRS during SET process. The discontinuity of the conducting path
alters the LRS of the device to HRS during negative bias voltage. The
conductance change is attributed to the redistribution of oxygen
vacancies within the MoOs; nanomaterial by creating or removing
conductive regions between the two electrodes. In Ag doped devices,
the Ag atoms also assists the formation of conducting filament along
with oxygen vacancies.

When the applied voltage sweeps from 0V to +1V, Ag atoms
were oxidized to Ag+ cations. But, the oxidization from Ag+ to
Ag2 +is not possible in this voltage range as it takes place in higher
potential range. Once the applied voltage on top electrode reaches
appropriate point, Ag+ cations drift across the MoOs thin film and
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travel toward the BE. Additionally, Ag+ions are reduced to nonionic
Ag atoms and deposited on the BE by electrodeposition process [46]
as shown in figure. Subsequently, a conductive path between top and
bottom electrodes is created by already deposited silver atoms on
the bottom electrode. An adequate negative voltage is applied to top
electrode to create disruption in the conducting filament, thus the
device switch back again into high resistance state. The Ag+ cations
move toward the top electrode in negative applied voltage and get
reduced to Ag atoms. Thus, the HRS state is achieved by annihilating
conducting filament by negative voltage. The increased switching
resistance ratio in Ag doped MoOs device also proposes that Ag
doped atoms supports the conducting filament formation in the
devices. The reproducibility of such conductive filament is also in-
vestigated for Au/Pure MoOs/p-Si and Au/Ag (5wt% and 10 wt%)
doped MoOs/p-Si RRAM devices.

3.7. Operational reliability

The memory performance characteristics like cumulative prob-
ability and endurance cycles of the devices were examined to esti-
mate operational reliability. If a memristor loses plasticity after
several operations, it is obviously not suitable for neuromorphic
application. The cumulative probability will be the suitable analysis
to understand the operational uniformity of fabricated memory
devices. The cumulative probability distribution of the Au/Pure
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MoOs/p-Si and Au/Ag (5wt% and 10 wt%) doped MoO3/p-Si RRAM
device resistance is shown in the figure. The memory units of all
devices showed a narrow distribution in both ON and OFF resistive
states. The resistive values of the device in HRS and LRS states were
statistically examined by applying 50 sweeping cycles. The en-
durance cycle of all devices is shown in Fig. 10. The good endurance
properties of memory devices are experimentally observed in re-
peated voltage cycles. The undoped MoOs device shows small fluc-
tuation in repeated cycles, while more stable repetitive resistance
states are observed in silver atom doped MoOs devices. The en-
durance study confirms the reliable switching property of the de-
vices as very less variation of the resistance is observed in the study.
The retention characteristics of Au/MoOs/p-Si and Au/Ag: MoOs/p-Si
ReRAM device resistance is depicted in the Fig. 10. The undoped
device has less stable retention property while the Ag added device
shows improved stable retention properties.

The fluctuation in resistive switching values of undoped device
may be due to random nature of formation and annihilation of
conducting filaments in the active nanomaterial. The fluctuation in
conducting filament formation is resolved by doped silver atoms in
the MoO3; nanomaterials. The addition silver atom suppresses the
random nature and stabilize the conductive filaments in active
region. The presence of silver ions in the MoOs; nanostructure
create the preferential conductive path dominated by Ag ions and
increases the uniformity in conductive path. Thus, doped Ag atom
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Fig. 11. (a) Energy band diagram of prepared memristor device (b-c) SET and (b) RESET state of Au/ MoOs/p-Si ReRAM devices.

effectively reduces the randomness in resistive switching me-
chanism of the devices. Furthermore, increasing the dopant level,
the formation and annihilation of the conductive path is more
stabilized in additionally silver atoms doped MoOs device. It is
found that Vset, Vreset, HRS, and LRS are more uniform when MoO;
is doped with Ag. Hence, the device added with Ag atom will be
more suitable for resistance switching applications than undoped
MoO; device.

3.8. Energy band analysis

The energy band diagram of the proposed memory device before
applying the external bias is presented in Fig. 11a-c. The MoOs has
high work function value of ~6.7 eV with a high carrier concentra-
tion. However, MoO3 tends to rapidly reduce to MoOs-, during the
device fabrication process [46]. Hence, work function is degraded to
approximately 5 eV. The reduced MoOs- gives rise to separated d-d
and d-d* gap and thus a smaller density of carriers is available for
transport in the material. A disparity in working function value of
metal and a semi-conductive nanomaterial is thought to explain the
charge injection from the metal through the interface of nanoma-
terials. The extent of their electron affinity would have contributed
to a band alignment between the nanomaterials of MoOs and the
substrate. Electrons in the interior of the P-Si may flow over the
interfacial states, causing the drive belt and the valence belt to bend

10

upwards. This then forms a lower depletion layer near the device's
interface. Consequently, this possible barrier prohibits charge car-
riers from traveling freely, without any external bias. In addition, the
Au electrode and the MoOs active layer are formed by ohmic contact.

The direction of diffused electrons is the same as the direction of
the ambient electric field applied in the reverse. Only a few load
carriers can cross the interface in a small amount of externally ap-
plied electric field, and thus the device works in the HRS because the
amount of freely moving electrons is smaller. As the applied bias
increases, most carriers continue to flow from the electrode into the
interface where they are trapped by MoOs and due to this sudden
increase in electronic drift with increasing voltage, the thickness of
the depletion layer decreases. As a result, the effective potential
barrier height for charge carriers to cross the interface decreases and
hence, the energy band moves downwards. The downward shift in
conduction and valence bands has resulted in an increase in the
availability of trap sites for charge carriers. Once the effective height
of the potential barrier is lowered for free flow carriers, it will be
very easy for them to tunnel through the reduced potential barrier.
By further increasing the voltage, the potential barrier is finally
demolished and the electron injected from the metal electrode can
flow freely through the conduction band of the active layer until all
the traps are filled. The Ag doped atoms further reduce the potential
barrier and promote the formation of the conduction band in the
device [47].
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These changes of the potential barrier bring the device to the LRS
where thhethheee data can be stored or written easily. When the
bias of the applied voltage is reversed, the trapped electrons from
the inside of the MoO3 and the p-Si gain enough energy to return to
the Au electrode. This effective removal of carrier sites results in the
device being returned to its original HRS resistance. This trapping
and detachment of the charging carriers is well supported by the
double I - V logarithmic curves as shown in Fig. 6. The I - V curves
indicate that the conduction mechanism is due to space charge
limited current (SCLC) model. As a result, the width of the potential
barrier will again begin to increase. This makes clear that it is easy to
remove the stored data by reverting the polarity of the applied
voltage to a rewrite data in the device.

4. Conclusion

The MoOs; and Ag doped MoOs nanoparticles have been suc-
cessfully synthesized via a wet chemical route. The XRD analysis
confirms the formation of pure and Ag doped MoO3 nanostructures.
The morphology of the synthesized nanorods was analyzed by SEM
and TEM. HRTEM images revealed that monocrystalline nature of the
MoOs3 nanoparticles. The presence of Ag atom in MoOs nanos-
tructures was confirmed by these structural studies. In addition,
pure MoOs (Device A), Ag (5wt%) doped MoOs (Device B), and Ag
(10 wt%) doped MoOs (Device C) have been fabricated and examined
their resistance switching behavior for memristor applications. The
ReRAM device results suggest that the resistance ON/OFF perfor-
mance improvement of the device is only due to addition of Ag in
the MoOs; nanomaterials. The proposed device conduction me-
chanism was discussed with the help of space charge limited con-
duction theory. The performance characteristics like cumulative
probability and endurance cycles of Au/MoOs/p-Si and Au/Ag:MoOs/
p-Si RRAM devices was analyzed and compared for understanding
the device mechanism. The results confirmed that the enhanced
resistance switching property of Ag doped Au/MoOs3/p-Si device was
contributed to Ag doping effect in the formation of conducting fi-
lament in the device. Besides, this work anticipated significant in-
formation to understand the conducting mechanism to optimize
ReRAM devices. Considering the enhanced device characteristics, the
silver atoms doped MoOs devices may be suitable for nonvolatile
random-access memory applications.
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