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Abstract: As the fourth basic electronic component, the application fields of the memristive devices
are diverse. The digital resistive switching with sudden resistance change is suitable for the
applications of information storage, while the analog memristive devices with gradual resistance
change are required in the neural system simulation. In this paper, a transparent device of ZnO films
deposited by the magnetron sputtering on indium tin oxides (ITO) glass was firstly prepared and
found to show typical analog memristive switching behaviors, including an I-V curve that exhibits
a ‘pinched hysteresis loops’ fingerprint. The conductive mechanism of the device was discussed,
and the LTspice model was built to emulate the pinched hysteresis loops of the I-V curve. Based on the
LTspice model and the Pavlov training circuit, a conditioned reflex experiment has been successfully
completed both in the computer simulation and the physical analog circuits. The prepared device
also displayed synapses-like characteristics, in which resistance decreased and gradually stabilized
with time under the excitation of a series of voltage pulse signals.

Keywords: memristive device; ZnO films; conditioned reflex

1. Introduction

Since the laboratory of Hewlett-Packard (HP) Development Company (Palo Alto, CA, USA)
announced that the ‘missing’ circuit elements were found in 2008, memristive devices have attracted
a great deal of attention worldwide as a potential element for future device applications, such as
nonvolatile information storage and artificial neural network. Nonvolatile storage, characterized by
abrupt resistance change and high ON/OFF ratio resistance states, is the basic feature of the digital
memristor or resistive switching devices. However, the artificial neural network invariably needs
analog memristive devices to implement synapses [1]. Smooth current-voltage curves with gradual
change of the device resistance are the fingerprints of analog memristive devices, which are always
known as analog resistive switching or analog memristor. There are considerable studies of analog
memristor-based neural networks, because the gradual resistance provides a way to mimic synaptic
strength and synaptic plasticity [2], and the advantages of a simple structure can be compared with
pure software implementations [3,4]. Some studies have experimentally demonstrated memristor
devices and showed that the hybrid system composed of complementary metal oxide semiconductor
(CMOS) neurons and analog memristor synapses can support important synaptic functions, such
as spike-timing-dependent plasticity [4,5]. Moreover, with the deepening of the memristor on the
application of the integrated circuit, various mathematic and physical models related to memristors also
have been a research hotspot in electronic engineering application. The first simulation program with
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integrated circuit emphasis (SPICE) model of memristor was put forward and built by Szmanda [6],
and later on, McCreery successfully [7] modeled and simulated the characteristic curves of the HP
memristor according to the data and modeling equation provided by the HP laboratory in 2004.
Batas et al. [8] first introduced a behavior model of a memristive solid-state device for simulation with
a SPICE compatible circuit. An original SPICE macro-model of the physically implemented memristor
was presented by Rak [9], whose model offered a tool for electrical engineers to design and conduct
new circuits with a memristor. Hu [10] recently presented a novel mathematical model for the TiO,
thin-film memristor device discovered by the HP laboratory, and the proposed model could be well
applied to neural networks.

Although memristors have been widely studied in two aspects of material physics and modeling,
the two researching fields were mostly in the state of independent development, and relatively
little attention has been devoted to systematic research. Consequently, there are few reports that
investigate the material characteristics and circuit model in a same work. In this paper, zinc oxide
(ZnO) was chosen to fabricate the memeristive device because ZnO is an attractive memristive
material [11,12] and semiconductor material with excellent magnetic, optical, and radiation-resisting
advantages. Concretely, transparent substrate indium tin oxides (ITO) were used to construct an
invisible ZnO/ITO/glass device, and the material properties were studied. Then a linear technology
simulation program with integrated circuit emphasis (LTspice) model was built for the prepared device,
and a Pavlov training circuit for neural network learning application was setup to verify the validity
in the conditioned reflex.

2. Materials and Methods

ZnO thin films were prepared by magnetron sputtering on commercially available ITO glass,
and the sputtering target was made of ZnO ceramic target with 99.99% purity. The films were
deposited in a mixing atmosphere (argon:oxygen = 40:10, 0.5 Pa) and subsequently annealed in an
oxygen atmosphere at 400 °C for 30 min. The gold (Au) top electrode layers were subsequently
deposited on the ZnO thin film patterned by a shadow mask via Direct Current sputtering at room
temperature. A source meter (Keithley 2400, Cleveland, OH, USA) was applied to the I-V measurement,
and an oscilloscope (Tektronix, RSA306B, Beaverton, OR, USA) was used to record the physical
waveform. The microstructure of the ZnO/ITO/glass structure was analyzed by a transmission
electron microscope (TEM, FEI Tecnai G2F20, Hillsboro, OR, USA). The plan-view and cross-sectional
TEM images are shown in Figure 1a and 1b, respectively. An interplanar distance of 0.263 nm was
determined from Figure 1a, and this value matches the standard crystal face (002) of ZnO. An X-ray
diffraction (XRD, Rigaku, Toyko, Japan) was also performed, and the resulting patterns shown in
Figure S1 of the Supplementary Materials further prove the presence of wurtzite ZnO-related peaks
corresponding to reflection (002) planes. About 120-nm-thick ZnO layers, which are clearly seen in
Figure 1b, were believed to be well crystallized.
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Figure 1. Transmission electron microscope (TEM) images of the zinc oxide (ZnO)/indium tin oxide
(ITO)/ glass structure (a) plan-view and (b) cross-sectional image.
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3. Results and Discussion

3.1. Confirmation of Memristor and I-V Characteristics

The I-V characteristics were examined by applying the output voltage of the source meter on
ZnO/ITO, and positive bias was defined as the current flow from ZnO to ITO (the Au top electrode is
positively biased, while the ITO bottom electrode was negatively biased). As shown in Figure 2a, the
ZnO/ITO structure exhibited rectifying characteristics, and the reason behind it will be discussed below.
In the positive bias region, a reproducible pinched hysteresis loop was recorded in Figure 2a for a
single cycle at room temperature, as voltage was swept in the ‘1—2’ sequence with a rate of 0.1 V/step,
and the time interval was 50 ms. In the reported literature about memristors, the Au/ZnO [11],
SrTiO3:Nb/LaMnOs; /Pt [13], and Ti/TiO, /Pt structures [14] also had the similar hysteresis loop I-V
characteristic curve as that appeared in this work.
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Figure 2. I-V characteristic curve (a) I-V curve at room temperature; (b) frequency-independent I-V
curve; and (c) logl-logV characteristics curve.

For a device to be a memristor, it should exhibit three characteristic fingerprints as follows: (1) the
signature of pinched hysteresis loop in the voltage—current plane, (2) the hysteresis lobe area should
decrease monotonically as the excitation frequency increases, and (3) the pinched hysteresis loop
should shrink to a single-valued function when the frequency tends to infinity [15]. The prepared
ZnO/ITO/glass, whose I-V curves are shown in Figure 2a, presents a pinched hysteresis loop similar
to a Lissajous Figure as discussed in the literature [15]. To prove the frequency characteristic as the
second fingerprint mentioned, we measured the I-V curves with different excitation frequencies,
and the results in Figure 2b clearly demonstrate a shrinking loop as the frequency increases.
This effect is consistent with fingerprints (2) and (3). In addition, the hysteresis direction of the
first quadrant (the first half) is counterclockwise, which also coincides with the features of a typical
memristor as proposed by Chua [16]. Hence, the experimental evidence suggests that the as-prepared
ZnO/ITO/glass is a representative memristor device. As also clearly shown by the semilogarithmic
current scale in the inset of Figure 2a, a set process was observed at about 1.3 V, while a reset process
occurred at a voltage of about 2.3 V. This I-V curve can still be repeated after 100 cycles, indicating that
the device has good reproducibility. We can find that the ratio of the highest resistance state (HRS)
to the lowest resistance stage (LRS) is about 10°. The current is only a few microamperes, which is
two orders of magnitude smaller than most recently reported results [17]. In addition, no significant
degradation of the device was observed when 6-month-old devices were tested, indicating good
stability. The best reported structures of ZnO-based memristors having a good combination of low
power, endurance, and retention performance so far is Ag/ZnO/Pt for electrochemical metallization
memory devices [18]. To make a comparison, the major ZnO-based device parameters as a function of
different metal electrodes are summarized in Table 1 [17].
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Table 1. ZnO-based resistive random access memory fabricated with various metal electrodes.

No Structure Current Endurance Roff/Ron Retention
1 Pt/ZnO/Pt 30 mA 100 103-10* not available
2 Ru/ZnO/Pt 10 mA 200 61 10*

3 Ag/ZnO/Pt 10 mA 40 100 not available
4 Cu/ZnO/ITO not available 300 >20 not available

In general, conducting mechanisms of memristive devices can be categorized into filamentary and
homogeneous switching [19]. I-V curve of continuous resistance decreasing/increasing with gradual
voltage sweep shown in Figure 2a, suggesting a homogeneous resistive switching or typical analog
property instead of filamentary resistive switching or so-called digital resistive memristor. The main
modes of carrier transport in memristive devices are ohmic and space charge limited (SCL) conduction
and the I-V characteristics of SCL were defined by modified Child’s law [20] as shown in Equation (1):

Osepertn

I=(=p

)oV? (1)
wheres, €, i,, and d are area, the dielectric constant, electron mobility, and the thickness of the device’s
thin films, respectively. 0 is the ratio of free carriers to trapped carriers. Figure 2c shows the log I-V
curve for the positive sweep region. In the ‘0 V—3 V' region, the curve is obviously divided into three
stages (1, 2, and 3). It can be seen from the inset of Figure 2c that the I-V relation is linear under the
application of a low electric field (0-1.2 V) as shown in stage 1. When the applied voltage reaches Vggr
(i.e.,, 1.3 V), the I-V curve is quadratic. When the voltage is increased to about 2.6 V, then the current
rises rapidly, and the slope is six times that of stage 1. The low electric field should be defined as the
Ohm zone, where the thermal electric conduction is dominated by an intrinsic carrier. When applied
voltage reaches Vggr, the I-V curve changes from Ohmic to SCL conduction, and the carrier transit
time is equal to the Ohmic relaxation time [20]. In stage 3, because the injected excess carriers dominate
the thermally generated carriers, it leads to a greater ratio of free carriers to trapped carriers, and the
current behavior switches to the trap-free SCL conduction. In the ‘3 V—0 V’ region, the reason for the
hysteresis is because the trapped carriers are not released completely with the reducing voltage [20].

The typical rectifying characteristics shown in the I-V curve of Figure 2a are due to the
contact formed at the Au/ZnO/ITO structure interface. As we know, the work function of ITO
is about Wiro = 4.4 eV [21], the electron affinity of ZnO is Ezn,o ~ 4.45 eV (ZnO is usually an N-type
semiconductor) [22], and the work function of Au is Wy, = 5.1 eV. Thus, ITO shows low barrier height
when contacting ZnO, and ohmic contact of the ZnO/ITO interface can form easily. However, because
Way > Ezno and Au was considered to be the shared material to construct the Schottky contact with
the N-type ZnO, a rectifying effect could be formed between the interface of Au and ZnO. Once a
rectifying contact is formed, the electrons in the ZnO films enter Au through the interface where the
space-charge zone was constituted, and a built-in potential barrier that points from the ZnO surface
to the top-electrode Au was constructed to stop the electrons from diffusing into the Au. Owing
to impurity and defects caused in the process, the actual values of built-in potential are different,
and the difference is reflected in the value of Vgrr. When the voltage applied on the top Au electrode
is negatively biased, the built-in potential was enhanced with an external electric field, and the current
value was almost zero.

3.2. Memorizing Characteristics

To explore memorizing properties of the device in a physical circuit system, the same measurement
configuration as described in Section 3.1 was used, and continuous voltage pulses (duty cycle is 1)
with different amplitudes were applied to study the memristive characteristics of the device. Figure 3a
shows the current-time (I-t) curve of the device undergoing 50 continuous voltage pulses with an
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amplitude of 1 V. Because the applied voltage did not exceed Vgt voltage (1.3 V), the corresponding
current was at 10710 A order, and this result exhibited an excellent endurance of HRS. Figure 3b shows
the I-t curve under the application of 50 voltage pulses with an amplitude of 2 V. Because the voltage
amplitude has exceeded the Vggr value, the current value was larger than that under the application
of 1 V pulse, and the resistance shows a decreasing trend with the continuous pulse application.
Figure 3c shows the I-t curve under the application of 50 voltage pulses with an amplitude of 3 V. It is
obvious that, in the applying process of the first several pulses, the device presents high impedance.
However, with the further increasing of the number of pulses, the current rises to 10~% A order rapidly,
and the resistance dropped sharply. Figure 3d shows the I-t curve of the device under the continuous
application of 100 voltage pulses with an amplitude of 4 V. The experimental results showed that, after
the sample changed to LRS from HRS, the resistance did not keep in a stable LRS. Instead of dropping
with the continuous application of pulses, this indicated that the device probably broke down.
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Figure 3. I-t curve of the device undergoing 50 voltage pulses with (a) an amplitude of 1 V; (b) an
amplitude of 2 V; (c) an amplitude of 3 V; and (d) an amplitude of 4 V (100 pulses).

As mentioned in the introduction, the analog memristive device was always considered to be the
electronic component that is most similar to cerebral synapses [23]. In Figure 3c, when Vax of the
circular voltage exceeds the set voltage, the conductance of the device shows progressive increasing
with the numbers of pulse and exhibits a saturation feature. This characteristic is similar to the function
of synapses in neuromorphic engineering which means that the reinforcement and inhibition functions
of synapses can be simulated through the device [24]. If voltage pulses imposed on the top electrode
and bottom electrode of the device were regarded as pre-stimulus and post-stimulus of synapses,
spike-timing-dependent-plasticity (STDP), as a crucial form of Hebbian learning, could be simulated
through the device by programmable voltage pulse. A resistive switching of Ti/ZnO/Pt memristive
devices was prepared and based on which STDP learning rule was implemented [25].
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3.3. LTspice Models and Simulation

Common mathematical models of memristors include the HP model [26], the threshold model [27],
and the matching model [28]. In particular, the matching model, proposed by Chris Yakopcic, has
the characteristics of other two models and could accurately simulate multiple memristors (such as
TiO,, GeySes, etc.) by adjusting parameters. Moreover, the model has outstanding advantages in the
memristor-based neural network simulation. Lai [29] further proposed the general thin-film memristor
model based on the matching model. The above two matching models have a similar understructure,
whose basic formula [30] is as follows in Equation (2):

{ mw(H)sinh(byV(4) If V() >0
I(t) = : 2
mw(t)sinh(bV(t)) If V() <0

where I(t) is the current through the memristor. V(t) is the voltage crossing the memristor. a; and b;
are constants that are larger than zero, are respectively used to control the direction of current I(¢),
and indicate the effect of voltage V(f). w is a variable that represents the internal states of the memristor
as shown in Equation (3):
do _ { cisinh(d1V(H)  If V(£) >0 )
dt cpsinh(d V()  IfV(H) <0

where dw/dt are directly proportional to the drifting velocity of charged particles (such as oxygen
vacancies) in the memristor. ¢; and d; are constants that are larger than zero and are set according to
the conductance of samples. In the actual physical process of the memristor, the drifting velocity of
the particle and the applied electric field show a nonlinear relationship. In order to describe such a
nonlinear relationship in mathematics, usually, a nonlinear window function [31,32] was appended
on Equation (3). Among those proposed window functions, Prodromakis et al. presented a fine
window function, as follows in Equation (4), which kept the continuity of the function and showed
commendable ability in regulation:

f(x) = j(1 =[x~ 052 +0.75] ) 4)

where j and x are the scalar parameter and current, respectively. p acts as any positive-real number
and is employed to characterize the nonlinearities of the function. The nonlinearity is inversely
proportional to the value of p: the smaller the p, higher the nonlinearity of the window function. Hence,
Equation (3) can be transformed as Equation (5):

- ©)

dw [ esinh(d V(D) f(x(t)) I V() >0
dt cosinh(d V(1) f(x(8))  If V(£) <0

According to the above mathematical model and the -V experimental data, the optimized
parameters were obtained by carefully adjusting, and the LTspice code for the memristor is shown in
Section S1 of the Supplementary Materials. With the LTspice code, a simulation I-V curve, which in
line with the experimental results, is shown in Figure 4a, and we can find that Vsgr, VresgT, and the
current order show good agreement with the experimental results. The simulation schematic is shown
in the inset of Figure 4a, where M1 is the memristor and V1 is a step-wave voltage source with 0.05 V
voltage-step and 50 ms time interval.
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Figure 4. Simulation and experimental results (a) Simulation results of the device using the LTspice
model; (b) Pavlov training circuit; (c) Resulting simulation of Pavlov training circuit; (d) Physical
experiment results. M1 is the memristor and V1 is a step-wave voltage source with 0.05 V voltage-step
and 50 ms time interval.

3.4. Conditioned Reflex Simulation and Circuit Experiments

In order to verify the potential significance of the memristor on the conditioned reflex, we
employed the prepared ZnO/ITO/glass device to design a Pavlov training circuit [33,34] as shown in
Figure 4b and then conducted a simulation and real physical experiments. In Pavlov’s experiments,
food for the dog was used to activate an unconditioned stimulus (UCS) and the ring of a bell represents
the neutral stimulus (NS). Once the food signal was received, Pavlov’s dog started to salivate. However,
at first, the ring alone did not lead to any salivation by Pavlov’s dog. By feeding and ringing at the
same time, Pavlov’s dog learned to associate the NS with the UCS. As a result, Pavlov’s dog salivated
by even hearing the bell ring alone [34]. In the circuit of Figure 4b, V1 and V2 were used to generate
voltage pulses for simulating food and bell signals, respectively. A comparator was used for signal
shaping. The ‘OUT1” and ‘OUT2’ in the circuit of Figure 4b represent ‘salivation’ before and after
signal shaping.

Based on the LTspice mode and the designed Pavlov training circuit, a simulation results with
five distinct stages, were shown in Figure 4c. In stage 1 (i.e., the no-input stage), there is no outputting
signal, because the adder outputs a low level that induces the memristor M to stay in HRS, which
limits OUT1 and OUT2, holding them in the low level. As shown in stage 2 (the UCS stage), when the
voltage pulse, which represents the ‘food” signal, holds for several periods (the amplitude is higher
than Vggr), the adder will output high-level pulses, which leads the M to change from HRS to LRS,
as demonstrated in Figure 3c. As a result, a pulse signal that represents the ‘salivation” appears on
both OUT1 and OUT2 of the Pavlov training circuit. If there is only one input of the ‘bell” signal
(the amplitude is lower than Vggr), as shown in stage 3, OUT2 also could not output a pulse signal,
because the ‘bell’ voltage amplitude is too low to cause the M to go into LRS, resulting in OUT1 and
OUT2 staying in the low-level state. After the 3-stage experiments stated above, in the event that
both the ‘food” and ‘bell’ signals are imputed at the same time, the adder performs a superposition
operation on the two signals and outputs the resulting pulse, which leads the M to change from HRS
to a retaining LRS. OUT1 and OUT2 hold in the high level as a consequence of the LRS of M. This can
be called the matching and learning stage, as shown in stage 4 of Figure 4c. Afterwards, even if there
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is ‘no food’ input, the ‘dog’ can also secrete ‘salivation” as the CS stage (stage 5) described, because the
M is kept in LRS.

A set of input-output characteristics in Figure 4d were recorded for the Pavlov training circuit
at room temperature for a ZnO/ITO/glass memristor as a synapse. Both the ‘bell” and “food” input
signals were represented by voltage pulse signals with a frequency of 100 Hz and amplitude of
1.5 V. The commercial operational amplifiers LM358 (Motorola, Chicago, IL, USA) and TL072 (Texas
Instruments Incorporated, Dallas, TX, USA) were used as adder and comparator, respectively. Observe
that the output is exactly the same as the result of the simulation, which confirms that the application
of the memristive device in a conditioned reflex has been achieved.

4. Conclusions

In this paper, we employed the magnetron sputtering deposition method to successfully fabricate
a memristor with ITO/ZnO/glass structure. Our results show that such devices possess the typical
analog memristive device characteristics. Based on a mathematical model, a LTspice circuit model
was simulated successfully for the device, and a Pavlov training circuit using a memristor as synapses
was designed to accomplish the physical process of matching and learning. In addition, because the
current in the devices under 3 V turns out to be in the order of pA, the proposed ZnO-based memristor
has great potential for commercial applications of artificial intelligence.

Supplementary Materials: The following are available at the following link: http://www.mdpi.com/2079-
9292/7/8/141/s1, Figure S1: XRD pattern of ZnO/ITO/glass structure; Section S1: LTspice code of as
prepared memristor.
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