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tance random access memory (RRAM) in the next generation of memory system. In this work, a sandwich
structure (ITO/WO3/AZO) was prepared by using W05 film (~300 nm) as the dielectric layer meanwhile
indium tin oxide (ITO) as the top electrode and aluminium-doped zinc oxide (AZO) as the bottom elec-
trode. An enhanced resistive switching memory behavior was observed in the sample processed by

Key f”o.rds" N light-illumination. Furthermore, the set voltage (V) and reset voltage (Vieser) are increased but the
Resistive switching . .. . " \ . . )

Tunneling HRS/LRS resistance ratio is decreased with the increasing of illumination time for 600 °C annealed sam-
Photon-generated carrier ple. Through further analysis, a physical model on the tunneling of photon-generated carrier in the
Schottky barrier Schottky barrier layer driven by electric pulse is proposed to explain the enhanced resistive switching
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memory behavior. The suggested mechanism is highly pivotal for the resistive switching phenomenon to
be properly applied in the nonvolatile RRAM device.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

With the continuous progress of material science and the rapid
development of semiconductor device fabrication technology, the
size of semiconductor electronic devices has been continuously
reduced to nanometer size [1,2]. In particular, the size of memory
devices is getting smaller and smaller, and the storage density is
constantly getting higher [3]. However, the traditional memory
devices, such as magnetic memory, flash and ferroelectric memory,
could gradually no longer meet the needs of new information tech-
nology because they have size constraints and cannot indefinitely
reduce the size of device [4]. Therefore, it is necessary to develop
new types of memory devices. Among the new concept memory
technology, the most promising one is the resistance random
access memory (RRAM) based on the resistive switching effect
[5-7]. The RRAM has many advantages [8], such as the ability to
be manufactured in to nano-scale, the high storage density, the
simple device structure, the fast reading and writing speed, the
low energy consumption, and the possibility to be extended to
neuromorphic applications [9,10]. Therefore, it is very significant
to promote the research of resistive switching memory [11].

At present, the research of resistive switching behaviour has
aroused the interest of many scientists [12]. The resistive switch-
ing phenomenon has been observed in many materials, such as
metal oxides, semiconductors, organic materials and biomaterials,
and so on [2,13-15]. However, up to now, the physical mechanism
of the resistive switching effect has not been fully revealed, which
limits the process of the RRAM commercialization to a certain
extent [16]. In addition, with the rapid development of information
technology, the research of multistate memory has been paid more
and more attention [17]. The light signal and electrical pulse are
the most suitable matching because of the light-electron double
controlled resistive switching memories has been widely reported
[18-20]. Indeed, the light is also a kind of electromagnetic wave,
and its transmission is not subject to distance [21]. Therefore, the
light-electron double controlled RRAM should have very important
potential application [22].

In previous reports, it was considered that tungsten trioxide
(WO03) is a unique n-type semiconductor material with a band
gap of about 2.7 eV and high solar absorption efficiency [23]. It
shows excellent properties in photocatalysis, electrochromism,
photochromism and gas chromism [24-27]. Therefore, WO; is
widely used in discoloration devices, solar energy devices, sensors,
photoelectrochemical devices, and so on.

In this work, the WOs film with thickness of ~300 nm was depos-
ited as the functional layer to construct the resistive switching mem-
ory device, in which the ITO and AZO were selected as the top and
bottom electrode, respectively. Furthermore, the enhanced resistive
switching memory behaviour is observed after the sample was
annealed at 600 °C and then illuminated by white-light. In addition,
the Vier and Vieser are increased but the HRS/LRS resistance ratio is
decreased with the increasing of illumination time for the 600 °C
annealed sample. Finally, a physical model on the tunnelling of
photon-generated carrier inside the Schottky barrier layer is sug-
gested to explain the resistive switching memory behaviour.

2. Materials and methods

In our experimental process, a magnetron sputtering system
was mainly used to prepare the resistive switching device. Firstly,

an AZO film (~500 nm) is deposited onto a glass substrate as the
bottom electrode by using a metal mask with a slit size of
~500 pm. Next, a WOs film with a thickness of approximately
300 nm was grown onto the bottom electrode AZO. Finally, the
top electrode ITO was deposited onto the WOs film by using same
mask perpendicular to the bottom electrode. The as-fabricated
device is shown in Fig. 1(a), and it is obvious that the device is
three-decker with a sandwich structure.

The cross-sectional morphology of the device is observed using
a scanning electron microscope (SEM), and the energy dispersive
X-ray spectroscopy (EDS) was used to confirm the element compo-
sition in the sample. The X-ray diffraction (XRD) was used to con-
firm the phase composition of the sample. The visible absorption
spectra were characterized by ultraviolet-visible spectrophotome-
ter. The sample was heat treated in a tubular furnace filled with
nitrogen (N,), and the light source used in the experiment is a solar
simulator. The electrical performance of the device is characterized
by an electrochemical workstation.

3. Results and discussions

The schematic chart of as-prepared device is shown in Fig. 1(a),
in which we can see the device has a crossbar structure. Fig. 1(b)
shows the cross-sectional SEM image of as-prepared device with
ITO/WO3/AZO structure, it can be observed that the thickness of
WOs film layer is ~300 nm, which is sandwiched in the between
the top electrode ITO and bottom electrode AZO. In order to con-
firm the purity of WOs3 active layer, the as-prepared WO film
was characterized by EDX. It indicated that the active layer only
contains O and W. And other impurity elements were not found.
The inset of Fig. 1(c) exhibits a photograph of device, in which each
junction of top and bottom electrodes is a resistive switching cell.
The XRD pattern of as-deposited WOs film is displayed in Fig. 1(d),
which is consistent with the reported result of the previous litera-
ture [28], and these diffraction peaks are obviously sharp, suggest-
ing good crystallinity.
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Fig. 1. (a) Schematic chart of as-prepared device with ITO/WO5/AZO sandwich
structure. (b) The cross-sectional SEM image of device. (c) The EDS of WO5 film; the
inset shows the photograph of as-prepared device. (d) The XRD spectra of WOs3 film.
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Fig. 2. The I-V curves were tested after the sample was light-illuminated for
different time.

The test circuit diagram is shown in the inset of Fig. 2(a). Here,
the resistive switching memory effect was tested after the sample
was illuminated for different time using white-light with the
power density ~50 mW/cm?. It can be found that the I-V hysteretic
loop is very unconspicuous for the as-prepared sample without
illumination from Fig. 2(a), in which these arrows in the figure rep-
resent the direction of the external voltage cycle scan. We can
observe the I-V hysteretic loop become obvious after the device
was exposed in illumination for 10 min in Fig. 2(b). Further, we
increased the light-illumination time to 30 min, the I-V curve with
a lager loop was observed in Fig. 2(c). Finally, the resistive switch-
ing memory window can be achieved to largest for the device with
the light-illumination time of 45 min, as shown in Fig. 2(d). The
above results indicate the resistive switching effect of WOs film
can be enhanced by increasing light-illumination time.

In order to understand the effect of light-illumination on resis-
tive switching memory behaviour, the change of HRS/LRS resis-
tance ratio with the light-illumination time is draw in Fig. 3
under the read voltage of 3.0 V, we can see that the HRS/LRS resis-
tance ratio is ~1.7 for the as-prepared sample without illumination
but it can be increased to ~2.2 after the device was irradiated for
10 min. If we continuously increase the light-illumination time to
30 min, the HRS/LRS resistance ratio can be increased to ~4.3. In
particular, the largest HRS/LRS resistance ratio of ~7.5 can be
reached after the sample was irradiated for 45 min. The above data
indicate the light-illumination time can enlarge the HRS/LRS resis-
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Fig. 3. The change of HRS/LRS resistance ratio with the light-illumination time.

tance ratio (memory window), which is very important for high
memory density RRAM applications [29].

Further, the resistive switching memory effect is tested after the
sample was firstly annealed at 600 °C and then illuminated for dif-
ferent time. It is still found that the I-V hysteretic loop is more and
more obvious with increasing of illumination time, as shown in
Fig. 4. These data similarly suggest the resistive switching effect
can be increased by increasing of light-illumination time.

The change of HRS/LRS resistance ratio with the light-
illumination time for these samples annealed at 600 °C is shown
in Fig. 5. It can be observed the HRS/LRS resistance ratio can be
enlarged after these samples were annealed at 600 °C. Obviously,
the largest HRS/LRS resistance ratio of ~9.5 can be realized after
the sample was irradiated for 45 min and annealed at 600 °C,
which suggests the light-illumination time and appropriate heat
treatment can collectively enlarge the HRS/LRS resistance ratio.
Larger HRS/LRS resistance ratio is very significant for RRAM appli-
cations [30].

Fig. 6(a) shows the I-V curves of continuous 50 cycles after the
sample was firstly annealed at 600 °C and then irradiated for
30 min, in which we can see that the loop is continuously increased
with the cycle times. The corresponding I-V curves in the logarith-
mic form are exhibited in Fig. 6(b). We can find the range of Ve,
voltage is from 4.85 V to 5.78 V from Fig. 7(a), and the Vi voltage
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Fig. 4. The I-V curves were tested after the sample was firstly annealed at 600 °C
and then illuminated for different time.
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Fig. 5. The change of HRS/LRS resistance ratio with the light-illumination time for
the sample annealed at 600 °C.
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Fig. 6. (a) The I-V curves of continuous 50 cycles after the sample was annealed at
600 °C and then irradiated for 30 min. (b) The corresponding I-V curves in the
logarithmic form. (c) The I-V curves of continuous 50 cycles after the sample
annealed at 600 °C and then irradiated for 45 min. (d) The corresponding I-V curves
in the logarithmic form.
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Fig. 7. The range of Vi and Vs voltages, and the fitting curve is satisfied the
Gaussian distribution. (a) The sample was firstly annealed at 600 °C and then
irradiated for 30 min. (b) The sample was firstly annealed at 600 °C and then
irradiated for 45 min.

is changed from —4.5 V to —3.5 V. Moreover, it is very obvious that
the fitting curve of Vs and V,eser Voltages is satisfied the Gaussian
distribution in Fig. 7(a).

Fig. 6(c) shows the I-V curves of continuous 50 cycles after the
sample was firstly annealed at 600 °C and then irradiated for
45 min, in which we can see that the loop is also continuously
increased with the cycle times. The corresponding I-V curves in
the logarithmic form are exhibited in Fig. 6(d), and we can find
the range of Vi voltage is from 5.77 V to 6.25V from Fig. 7(b),
and the V. voltage is changed from —5.2 V to —4.19 V. Moreover,
it is very obvious that the fitting curve of Vier and Vieser Voltages is
also satisfied the Gaussian distribution in Fig. 7(b).

The distribution of high resistance state (HRS) and low resis-
tance state (LRS) is shown in Fig. 8. It can be observed that the
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Fig. 8. The distribution of HRS and LRS. (a) After light-illumination for 30 min and
annealed at 600 °C; (b) after light-illumination for 45 min and annealed at 600 °C.

maximum probability value of LRS is ~10 KQ but it is ~200 KQ
at HRS for the device after illumination for 30 min under annealed
at 600 °C. In other word, the HRS/LRS resistance ratio can reach
~20. Fortunately, the HRS/LRS resistance ratio can be increased
to ~25 for the device after illumination for 45 min under annealed
at 600 °C. The larger memory window can provide a more high-
discriminate logical statement for storage information [31]. How-
ever, we can observe that the device shows obvious attenuation
when the cycle times exceeds 200 cycles or retention testing over
103 s for the 600 °C annealed device irradiated for 30 min (Fig. 9),
which may be due to the Joule heat generated in the material with
increasing of the testing time, resulting in the gradual degradation
of device performance.

Fig. 10(a) and (b) show the I-V curves on a log-log scale when
the sample was annealed at 600 °C and then irradiated for 30 min,
in which these scatters are experimental data and the straight lines
are the theoretically fitting curves. We can see that the slope is
~1.12 in the low voltage for positive voltage region and it is
~0.87 in the negative voltage region. With the increasing of
applied voltage, the slope is also increased to ~2.21. However, in
the Fig. 10(c) and (d), the I-V curves on a log-log scale for the sam-
ple irradiated for 45 min and annealed at 600 °C exhibit similar
electrical conductivity. The slope in the low voltage region is
around ~1.0, which indicates an Ohmic conductance in the low
voltage region [32]. With the increasing of applied voltage, the
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Fig. 9. The cycles testing and retention testing for 600 °C annealed sample under
light-illumination for 30 min.
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slope of I-V curve can reach ~2.13, ~2.21 and ~1.97, respectively,
indicating the relation of 1 V™, the corresponding conductive
mechanism depends on the classical trap-controlled space charge
limited conduction (SCLC) [33]. It seems that the charge transfer
happens between the top electrode ITO and the active layers of
WOs film in the charge limited region [34]. For this device, the
photo-generated carrier-regulated SCLC space should be responsi-
ble for the light-controlled resistive switching performances,
which can be appropriately described by the Eq. (1) [35]:

Vm+1
Jx dzm—ﬂ (1)

where the ] is the current density, the V is the applied voltage, the d
is the thickness of the functional layer, and the m is the fitting
index. When m=0, the I-V characteristic comply Ohmic law
(I« V), when m =1, which means Child’s square law (I « V?) hap-
pened, when m = 2, the current slope rise (I « V¥, x >2) with a high
field, which is described by Eq. (2) [36,37]:
2
I gt @)

Here theJ is the current density, the ¢; is the permittivity of the oxide,
the pu is the mobility, and the d is thickness of functional layer.

In order to clarify the physical mechanism of resistance switch-
ing effect in the ITO/WO3/AZO device, the WO; films were charac-
terized by ultraviolet-visible spectrophotometer, and the
corresponding ultraviolet-visible absorption spectra are shown in
Fig. 11(Q). It can be confirmed that WOs films have significant light
absorption in the visible region (400 nm ~ 760 nm). When the
photon energy absorbed by the electron is larger than the bandgap,
the excitation of the electron-hole pair will cause the movement of
the photogenerated carriers, that is, the carriers are directly excited
from the ground state of the bandgap to the conduction band. It is
well known that the Fermi levels of ITO, WO3; and AZO are differ-
ent, as shown in Fig. 11(b). When they are in contact with each
other, the interface will form a Schottky barrier [38,39]. When an
external voltage is applied to the top electrode ITO and bottom
electrode AZO, the movement of carriers will be limited near the
interface, and the Schottky barrier region is equivalent to a tunnel
gap [40], as shown in Fig. 11(c). In other words, a charge-limited
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Fig. 11. (a) The ultraviolet-visible absorption spectra of WOs; film. (b) Energy band
structure of ITO, WO3 and AZO, respectively. The schematic diagram of migration of
carriers and the formation of interface tunnel gap at dark (c) and under light-
illumination (d), respectively.

region will be formed at the two interfaces of ITO/WO3 and WO5/
AZO, leading to an internal electric field would be formed in a
charge-limited region, and its direction is opposite to that of the
external electric field. Therefore, to a certain extent, it prevents
the transmission of electric charge in these interfaces [41].

When the device is exposed in light-illumination, these elec-
trons at the valence band level would absorb photons and then
transit to its conduction band [42,43], as shown in Fig. 11(d), mak-
ing it become a free-moving charge which is called photogenerated
carriers [44]. Because a large number of photogenerated carriers
can be generated after the device is light-illuminated, more elec-
trons and holes are accumulated in the confined charge region
[45]. As a result, the height of Schottky barrier increases continu-
ously, which corresponds to the broadening of tunnel gap, and
more carriers are accumulated at the interface, leading to an
enhanced resistance switching effect [46,47]. Therefore, our
observed enhanced resistive switching memory behaviour in ITO/
WO3/AZO device originates from more photogenerated carriers
generated after the device was exposed to light-illumination.

4. Conclusions

To summary, a resistive switching memory device with ITO/
WO3/AZO structure was prepared by magnetron sputtering. An
enhanced memory behavior is observed when the sample was
firstly annealed 600 °C and then illuminated for 45 min, and the
Vser and Vieser Voltages are also increased, which is accompanied
by the HRS/LRS resistance ratio increased to ~25 for illumination
time of ~45 min for 600 °C annealed sample. Finally, a physical
model on the tunnelling of photon-generated carrier in the Schot-
tky barrier layer driven by electric pulse is suggested to explain the
enhanced resistive switching memory behavior. In particular, the
proposed mechanism is highly pivotal for the resistive switching
phenomenon to be properly applied in the nonvolatile RRAM
devices by adding photo-control as an additional control means
associated with the electrical pulse for multistate memory applica-
tion in future.
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