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a b s t r a c t

The composite MoS2/MoOx�3 nanobelts are synthesized by hydrothermal process at 500 K for 48 h. An
asymmetric, Schottky-Omhic contacted MoS2/MoOx�3 nanobelts can be served as a switching resistance
memory devices if the applied sweep voltage is high. The data storage effects can be clearly obtained
after performing a cycle sweep voltage. The data storage effects mediated by the magnitude voltage have
presented an excellent retention characteristics after stress 500 cycles sweep voltage at high voltage scan
rate of 40 V/s, and have been easily “read” by a small probing voltage of 0.5 V. The uncross IeV hysteresis
well maintained after performing high voltage scan rate of 500 V/s illustrates that the data can be
programmed and erased with a high speed. The uncross current-voltage (IeV) hysteresis phenomenon
should be attributed to the polar charges at the two ends and the space charges in the buck of the
composite MoS2/MoOx�3 nanobelts. The excessive magnitude voltage has driven the Agþ filament
penetrating into the MoS2/MoOx�3 nanobelts might be responsible for the IeV hysteresis transformation
from uncross to cross.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Ferroelectric random access memory (FRAM) devices have been
stimulated extensively interest both in the field scientific research
and electronic manufacturing due to its high storage density, fast
programming/erasing speed, low power consumption, and ultra-
long retention characteristics [1e10]. By contrast, other technolo-
gies, such as the traditional metal-oxide-semiconductor (MOS)
capacitance, the transistor-integrating on Si substrates have been
extremely limited due to the scaling down resulted in large leakage
current, high power consumption, and low storage density [11]. The
superiorities are depended upon the natural polar dipoles in the
cells of ferroelectric materials, which are sensitive to an external
electric field. However, as the limitation of the Si-based size scaling
down, the polarized effects are gradually losing in many ferro-
electric materials, resulting in the superiority reversed [12]. To date,
the random access memory (RAM) based upon the MOS structures
nology, Guizhou 550003, PR
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has been reached its limit due to the size scaling, therefore, the new
technologies, materials and devices are urgently needed to develop
to meet the application in next generation information storage. As
tremendous candidates, the resistance switching random memory
(RRAM), which exhibited high resistance station and low resistance
station after performing a cycle sweep voltage, as one of most
promising memory devices has been widely investigated [13e21].

Here, the RRAM devices with Pt/MoS2-MoOx�3/Ag structures,
which present uncross or cross IeV hysteresis after performing
different cycle and magnitude voltages, are fabricated using the
composite material of MoS2-MoOx�3 nanobelts at room
temperature.
2. Experimental

The composite materials of MoS2/MoOx�3 nanobelts are syn-
thesized by hydrothermal process. First step, 0.1 mol
(NH4)6Mo7O24$4H2O and 0.2 mol sublimed sulfur are dissolved in
50 ml deionized water with stirring for hours until completely
dissolved. Then, 0.05 g hexadecyl trimethyl ammonium bromide
(CTAB) is added into the mixture solution and continuously stirred
for 3 h. Thirdly, the fabricated mixed solution has been transferred
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into teflon-lined steel autoclave, which is heated at 500 K for 48 h.
The composite material of MoS2/MoOx�3 nanobelts are obtained
from the completely reacted solution.

Crystal structures, surface morphology and chemical compo-
nent of MoS2/MoOx�3 nanobelts are characterized by X-ray
diffraction (XRD,Shimadzu-700), scanning electron microscope
(SEM, JSM-6510) and X-ray photoelectron spectroscopy (XPS,
250Xi), respectively.

Current-voltage hysteresis characteristics are measured at room
temperature in the air ambient using the test system consisted by
the electrochemical analyzer (CHI, 660D) and Lake Shore probe
station (TTPX).

3. Results and discussion

The composite materials of MoS2/MoOx�3 nanobelts are syn-
thesized by hydrothermal method at 500 K for 48 h. Just as in
Fig. 1(a) shown, the (NH4)6Mo7O24$4H2O, S, H2O2, and CTAB as raw
material to prepare the composite nanobelts. First and foremost,
the mixed solution contained these raw substance has been
transferred into the steel autoclave and heated at 500 K for 48 h.
Furthermore, the composite nanobelts are obtained from the
reacted resolution. In order to guarantee the purity, finally, the
reacted resolution are repeatedly centrifuged at room temperature.
The morphology of the composite MoS2/MoOx�3 nanobelts is
characterized by SEM technology. The composite MoS2/MoOx�3
nanobelts with the length ~20 mm and width ~600 nm, as Fig. 1(b)
and (c) shown.

In order to further investigate the crystal structure and chemical
component of the synthesized MoS2/MoOx�3 nanobelts, the XRD
and XPS technologies are employed, respectively. The diffraction
peaks at 26.033�, 37.025� and 53.512� correspond respectively to
the [�111], [�211]and [�312] lattice planes of the monoclinic MoO2
Fig. 1. (a) The preparation process of the MoS2/MoOx�3 nanobelts. (b), (c) The SEM images
crystal in the space group P21/cwith lattice constant of a¼ 5.607 Å,
b ¼ 4.859 Å, c ¼ 5.537 Å and b ¼ 119.37� (JCPDS, NO.05-0428), as
shown in Fig. 2(a) [22]. In addition, diffraction peaks at 19.45�,
29.355� corresponded the [200], [300] lattice planes of the ortho-
rhombic MoO3 and the peaks at 14.378�, 32.676�, 39.538� corre-
sponded [002], [100], [003] lattice planes of homocline MoS2
[22e24]. The composite MoS2/MoOx�3 nanobelts, therefore,
composed by theMoO2, MoO3, andMoS2 can be simply synthesized
by hydrothermal process. The Mo 3d5/2 of binding energy peaks at
228.71 eV and 232.21 eV are attributed to MoeO bond of MoO2,
MoO3 and MoeS bond of MoS2, respectively, as shown in Fig. 2(b).
Fig. 2(c, d) present that the S 2p energy of 162.79 eV, 161.72 eV and
the O 1s energy of 530.56 eV, 532.0 eV are well agree with the
results of Fig. 2(b) [25,26].

Current-voltage (I vs V) characteristics of Pt/MoS2-MoOx�3/Ag
devices are recorded after employ a cycle sweep voltage at room
temperature, which exhibit an interesting hysteresis phenomenon.
In order to understand the data storage mechanism, herein, the
space trapped charges in the body of nanobelts, polar charges at the
end of nanobelts and the free charges flow are discussed. Feller
et al. had reported that the space trapped charges should dominate
the IeV hysteresis [27]. Z.L. Wang et al. recently believed that the
polar charges at the end of nanobelts played an important role in
the hysteresis behavior [28]. In Fig. 3(a), the stage 1, shown the
“forming” process, the intrinsic polar charges at the end of the
MoS2-MoOx�3 nanobelts has resulted in the non-zero current,
which is called as short circuit current (Isc) when performing zero
voltage. As the increasing voltage from 0 to positive, the polar
charges and space charges have been enhanced, which result in the
increasing current. However, when the voltage reversed from
positive to 0 V, as shown in Fig. 3 (stage 3), the current are effec-
tively restrained due to the screening of polar charges and the
opposed of the space charges. Therefore, a small voltage, which is
of the MoS2/MoOx�3 nanobelts, which with the length ~20 mm and width ~600 nm.



Fig. 2. (a) The XRD spectra of the composite MoS2-MoOx�3 nanorods, the monoclinic MoO2 crystal with [�111], [�211] and [�312] lattice planes, the orthorhombic MoO3 crystal
with [200], [300] lattice planes, and homocline MoS2 with [002], [100], [003] lattice planes are presented. The XPS spectra of Mo 3d, S 2p and O 1s are demonstrated in (b), (c) and
(d), respectively.
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called open-circuit voltage (Voc), is needed to balance the effects of
space charges and polar charges to maintain the zero current value
[29]. Just as Fig. 3 (stage 4) shown, the opposed effects are
strengthened resulting in the decreasing current when applied a
reversing sweep voltage from 0 V to negative. Vice versa, the
increasing current densities are obtained when given a reversed
sweep direction, as Fig. 3 (stage 6, 7) shown. The different value of
Isc and Voc in forward (positive to negative) and reversed sweep
direction might be presented by the asymmetric work function of
Pt and Ag electrode [27,28].

The magnitude of Isc and Voc under the different sweep voltage
has presented the density of stored charges density. Fig. 3(b) shows
the variation of Voc as function of the forward and reversed bias
sweep voltage. One can clearly see that the Voc in forward bias
sweep voltage is increasing as the enlargement of the initial volt-
ages, but in reverse bias sweep voltage reach a saturated value
when applied the initial voltage from 4 V to 6 V. Firstly, the holes of
polar charges and space charges are basically distributed in the
near of Ag electrodes when performing forward bias voltage, but
apply a reverse voltage, the holes distribution are also reversed and
opposed due to the stored charges. Therefore, the saturated voltage
value can be observed during the initial sweep voltage rang from
4 V to 6 V. The results illustrate that the higher of initial sweep
voltage, the more charges are stored in MoS2-MoOx�3 nanobelts
[30].

Since the polar charges and space charges can be maintained
after applied voltages withdraw, that mean the charges are
nonvolatile. The data storage characteristics of the fabricated
devices are further investigated at room temperature. Fig. 3(c)
shows that performing an across pulse voltage of 5 V for 30 s, a
pulse probing voltage of 0.5 V for 100 s is given to measure the
magnitude of current, which is defined as the “high state”
compared to the “low state” before performing the 5 V pulse
voltage. The probing voltage of 0.5 V can reading the high states for
hours. Take the endurance and retention properties into consid-
ered, the devices are performed a cycle voltage
(0 V/ 1 V/ 0 V/�1 V/ 0 V) with a voltage scan rate of 40 V/s
for 500 cycles, one can obviously see that the Isc and Voc are very
stable, which demonstrates that the fabricated devices with Pt/
MoS2-MoOx�3/Ag structures have a high endurance and retention
at room temperature.

The polar charges at the end of nanobelts induced of this type of
current-voltage hysteresis have been observed in ZnO nanorods
[28], and BiFeO3 nanoisland [31], and SrZrO3 nanoparticles [27], but
according from Z. L. Wang et al. work [28], the this uncrossing
current-voltage hysteresis does convert to be a crossing current-
voltage hysteresis, which is called as switching resistance mem-
ory, if the frequency of sweep voltage is enough high. Unlike the
ZnO nanorods, when performing different scan voltage from 10 V/s
to 500 V/s on the MoS2-MoOx�3 nanobelts, the un-cross current-
voltage hysteresis data storages are well retained and have pre-
sented an excellent immunity to the frequency of sweep voltage, as
shown in Fig. 4(aed), which demonstrate that variation of voltage
has negligible influence on devices. Fig. 4(d) highlights that the
data information can be programmed and erased at high speed at
room temperature. Therefore, the displacement current induced by



Fig. 3. (a) the uncross IeV hysteresis characteristics, and the obvious Isc and Voc after performing a cycle sweep voltage are obtained at room temperature. (b) the variation of
magnitude Voc as function of the initial sweep voltage for the forward and reverse bias voltage. (c) Time as function of the current at 0.5 V probing voltage after stress a pulse voltage
of 5 V for 30 s. (d) the IeV hysteresis after stress 6000 cycle voltage, the uncross properties are well maintained.

Fig. 4. The different sweep voltage frequency of 10 V/s (a), 40 V/s (b), 100 V/s (c) and 500 V/s (d) perform on devices at room temperature. The excellent stability illustrates the
devices based upon MoS2-MoOx�3 nanorods with high immunity to the frequency.
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the space charges distribution
�
V dðCÞ

dt

�
rather than variation of

voltage
�
C dðVÞ

dt

�
added to the conduction current, and the effects of

polar charges have resulted in the un-cross current-voltage
hysteresis.

Despite the little influence from variation of voltage on the data
storage, whereas, the magnitude voltage has obvious influence on
the uncrossing current-voltage hysteresis. The different magnitude
sweep cycle voltages are applied on the fabricated devices, espe-
cially, the sweep voltage of 0 V / 2 V / 0 V / �2 V / 0 and of
0 V / 3 V / 0 V / �3 V / 0, the uncrossing current-voltage
hysteresis characteristics has well kept, as Fig. 5(a, b) shown.
However, the uncrossing IeV hysteresis has turned into the
crossing IeV hysteresis after the applied magnitude voltage of 4 V,
as shown in Fig. 5(c) shown, which demonstrate that switching
resistance memory effects have been obtained. The effects have
been easily detected when the applied voltage reaching 5 V, as Fig.
5(d) shown. It is worth noting that the crossing IeV curves has
retained an asymmetric property, which illustrates that the quasi
Schottky potential due to the contact between the MoS2-MoOx�3
nanobelts and the two metal electrodes [32]. The high resistance
station (HRS or OFF) and low resistance station (LRS or ON) are very
Fig. 5. The different magnitude of cycle sweep voltages performed on the devices based up
after the voltage over 4 V, which demonstrates the fabricated devices can be served as sw
obvious after performing the cycle sweep voltage of
0 V/ 6 V/ 0 V/�6 V/ 0, as Fig. 5(e) shown. Fig. 5(f), which is
made from Fig. 5(e), presents that a high ratio of ON/OFF of ~103

@ �3 V reading voltage and the process of set, reset, HRS, and LRS.
The different mechanism of stored charges for the uncrossing

and crossing IeV hysteresis, which may be dominated and modu-
lated by the polar charges, space charges and Agþ filament for-
mation, will be further discussed. Fig. 6(a) presents the schematic
diagram of the Pt/MoS2-MoOx�3/Ag structures. The intrinsic
Schottky-Omhic potential is formed due to the contact between the
MoS2-MoOx�3 nanobelts and electrodes, therefore, less partial po-
lar charges at the end of the nanobelts and few flowing space
charges in the body of nanobelts result in the initial Isc before
applied bias voltage, as shown in Fig. 6(b). Nevertheless, the polar
charge of holes are naturally accumulated near the Ag electrode
and the more and more space charges are injected into the nano-
belts, which should be responsible for the enhanced Isc and Voc at
the forward sweep direction case, as Fig. 6(c) shown. Whereas,
when performing an negative voltage on the devices, the polar
charge of holes are will distributed on the near Pt electrode and the
charges continuous injection will be restricted due to the screen
on MoS2-MoOx�3 nanorods are exhibited. The cross IeV hysteresis has been observed
itching resistance memory devices.



Fig. 6. (a) The schematic diagram of the fabricated devices with the structures of Pt/MoS2-MoOx�3/Ag. The energy band diagram of the devices after performing zero voltage,
positive voltage, negative voltage on devices at room temperature exhibit in (b), (c) and (d), respectively.
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effects of polar charges, which result in decreasing Isc and Voc at the
reversal sweep direction case, as Fig. 6(d) shown. If the applied bias
voltage is enough high, the partial Agþmight surmounts the screen
effects of polar charges and restraint of stored charges [33e37],
which results in the Agþ filament establishing in the MoS2-MoOx�3
nanobelts. The Agþ filament induced by a high electric field might
be responsible for the switching resistance memory effects in
MoS2-MoOx�3 nanobelts.

4. Conclusion

The composite MoS2-MoOx�3 nanobelts are synthesized by hy-
drothermal process at 500 K for 48 h, and the devices with Pt/
MoS2-MoOx�3/Ag structures are fabricated by spin-coating at room
temperature. The uncross IeV hysteresis, which means an
nonvolatile data storage, has presented an excellent stability after
stress 500 cycles at a voltage scan rate of 40 V/s. The crossing IeV
hysteresis, which illustrates switching resistance memory effects,
has been observed after performing an enough high bias voltage.
The data storage density are improved as the increasing of
magnitude voltage, and the data storages can be easily “read” by a
small pulse voltage of 0.5 V at room temperature. The observed
switching resistance memory devices with high ON/OFF ratio of
~103 illustrate that the devices based upon the MoS2-MoOx�3
nanobelts can be served as memristor application in RRAM. The co-
works of space charges and polar charges are responsible for the
uncross IeV hysteresis type data storage, the establishment of Agþ
filament induced by an excessive bias voltage might dominate the
cross IeV hysteresis phenomena.
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