
 
Abstract—In this work, we introduce a new class of p-type 
transparent conductive oxide (TCO) CuCrO2 (150 nm) 
heterogeneously integrated onto FTO/glass for forming free 
memristor based neuromorphic applications. The fabricated 
Al/CuCrO2/FTO memristors demonstrate a reliable bipolar 
resistive switching with an ON/OFF ratio of 1000. The retention 
of the device was found to be steady even beyond 106 s, which 
demonstrates its non-volatility. The current-voltage (I-V) 
characteristics were fitted to evaluate its transport properties and 
a band-diagram was projected to have a better insight of the 
device operational principles. To validate the experimental 
observations, a new model has been developed, and the simulated 
I-V behavior was analogues to the experimental one. Efforts were 
then devoted to observe long-term potentiation (LTP) and long-
term depression (LTD) utilizing identical but opposite pulses to 
evaluate the device’s efficacy for synaptic applications. The 
synaptic behavior was well controlled by the pulse (pulse 
amplitude and width) variations. The conductance change was 
found to be symmetric and then saturated, which reflects the 
popular biological Hebbian rules. Finally, a long-term synaptic 
modulation has been implemented by establishing the spike rate 
dependent plasticity (SRDP) rule, which is a part of spiking 
neural networks and advantageous to mimic the brain’s 
capability at low power. All the obtained experimental results 
were systematically corroborated by neural network simulation. 
Overall, our approach provides a new road map towards the 
development of TCO based alternative memristors, which can be 
employed to mimic the synaptic plasticity for energy-efficient bio-
inspired neuromorphic systems and non-Von Neumann 
computer architectures.

Index Terms—Resistive Switching, CuCrO2 Memristors, 
Synapse, Spike Rate Dependent plasticity.

I. INTRODUCTION

EMRISTOR is a two-terminal circuit element which can 
store and process data in terms of its electronic 

resistance [1]. As compared to the complementary metal-
oxide-semiconductor (CMOS) devices, the most significant 
features responsible for popularity of the memristors are its 
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nanoscale dimensions, low power consumption, high memory 
density, faster write-read cycles, low-cost and simple 
fabrication methods [2]. Owing to the above-mentioned 
merits, efforts have been devoted to study the impact of 
incorporating memristors for important applications such as 
non-volatile memory (NVM), neuromorphic computing, 
digital electronics, and analog electronic system [1], [3], [4]. 
Recently, the ability of the memristor to perform in-memory 
computing was beneficial for neuromorphic applications, 
which received tremendous research interest since the 
conventional computations are in-efficient owing to the Von 
Neumann bottleneck [3], [5], [6]. To address neuromorphic 
systems, CMOS based Spiking Neural Networks (SNNs) have 
been widely studied. However, due to the problems associated 
with the scaling limit of CMOS technology, it will be difficult 
in achieving synapse density similar to that found in the 
human brain [7]. In this regard, the memristive features such 
as its analog behavior, plasticity, high packing density, non-
volatility, and low power consumption are valuable to mimic 
the synaptic functionality which performs the weight updates 
between interconnected neurons [5], [6].
   Several researchers have investigated numerous materials 
such as organic semiconductors [8], perovskite oxides [9], 
ferroelectrics [2], polymers [10], transition-metal oxides 
(TMO) [11], transparent-conductive-oxide (TCO) [12], etc. to 
realize memristive devices. Among these materials, the recent 
study of TCO thin films has led to the development of 
simplest geometry-based point contact resistive switching 
devices with advantages in terms of repeatability, robustness 
and stacking density [12]. Earlier, researchers have found 
different n-type TCOs such as indium tin oxide (ITO), doped 
zinc oxide (In:ZnO), metal doped strontium titanate (STO), 
amorphous indium gallium zinc oxide (IGZO), etc., which 
established a tremendous commercial success, but achieving 
p-type conductivity in those TCOs is very limited [13]-[16]. 
Interestingly, all the popular TCOs are made of In, which is 
not only quite brittle and often cracks on substrates under a 
low strain when deposited over large areas, but also added up 
cost due to the increasing In price [13], [14]. Therefore, 
despite their commercial success, significant efforts have been 
put to find alternative p-type TCO to replace In-rich TCOs, 
which could also offer p-n junction in the transparent 
electronics sector. Furthermore, the memristors based on n-
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type TCO materials have been widely celebrated, 
unfortunately, a very little attention has been paid to develop 
p-type TCO based devices and its neuromorphic systems. To 
meet the constant demand for developing a new class of TCO, 
some of the present authors successfully synthesized a novel 
p-type copper chromium oxides (CuCrO2) and reported its 
structural, conducting and transport properties [13], [14], [17]. 
Other researchers have also put their efforts to study only the 
structural or material properties in their synthesized CuCrO2 
[15], [18]. The CuCrO2 offers (i) high density of state of 3d M 
cations (Cr3+) near the valence band maximum, (ii) mixing of 
chromium and oxygen covalent ions, and (iii) better dopability 
[15], which make the material suitable for potential resistive 
switching (RS) device applications since oxygen vacancy 
plays a pivotal role in realizing the switching process. 
Moreover, the electrical conductivity of other TCOs is 
associated to their long range crystalline order, which required 
higher processing temperature in excess of 600 ºC. 
Fortunately, CuCrO2 does not require such high temperature 
processing and crystalline order above the nanoscale range to 
retain its electrical conductivity [14]. Furthermore, there was 
no attempt initiated yet to study the memristive or 
neuromorphic properties of the said material, and this 
knowledge gap motivates the present authors to perform 
further investigation to stimulate the diverse TCO electronic 
sectors. 
    When neuromorphic systems are concerned, the 
manipulation of memristive analog characteristics for the 
synaptic and neuromorphic systems are still underdeveloped 
[19]. Nevertheless, the important activities such as long-term 
potentiation (LTP) and long-term depression (LTD) have 
inspired the development of machine learning applications in 
different memristor-based neural networks [3]. In our brain, 
the neurons generate spikes at very low frequency, which 
ensures that the power consumption is minimal [20], [21]. 
Based on certain properties of the neuron spikes, the synaptic 
weight gets varied, and information is encoded. A learning 
rule defines how the synaptic weight gets varied in a synapse 
[21]. One such learning rule is called ‘spike-timing dependent 
plasticity’ (STDP), wherein the weight of the synapses gets 
changed depending on the difference in timing between pre- 
and post-synaptic spikes [3], [22]. Although STDP offers 
several advantages for use in memristive neural networks, this 
technique also became well matured and studied by many 
researchers (including us) without any significant 
improvement [3], [20], [23], [24]. On the other side, STDP 
requires spikes that have to be engineered to a particular 
shape. This increases complexity of the neuron circuit that 
produces the Pre- and Post-Synaptic spikes. In this context, the 
other learning rule ‘spike rate-dependent plasticity’ (SRDP) 
inspired by biology is rarely studied as a method to change the 
state of the devices in such memristive neural networks [25]. 
Chang et. al. simulated the SRDP mechanism by employing 
phase transition memristors [26]. Despite these foundational 
advancements, the role of SRDP to implement advanced 
neural networks is rarely explored on oxide systems [27], [28]. 
Another shortcoming of STDP is that a pulse delay circuit is 

required in addition to the pulse generator to yield STDP 
spikes of appropriate delay. On the other side, SRDP spikes 
can easily be reproduced as the pulse generator circuit itself 
generates pulses of the required frequency. Hence 
demonstrating such behavior in any new materials based 
memristor is paramount for their utility in efficient 
neuromorphic computing.

In this work, we propose a synaptic Al/CuCrO2/FTO/Glass 
memristors and systematically study its effectiveness for 
neuromorphic applications. To understand its current-voltage 
(I-V) behavior, a band-diagram has been projected and the 
obtained electrical results were correlated. To demonstrate the 
efficacy of the proposed memristor for neuromorphic 
applications, biological synaptic characteristics LTP and LTD 
were established. A careful study was initiated to tune the 
analog or synaptic behaviors through the pulse (amplitude and 
width) variations, which can be engaged to actualize the 
learning potentialities in synapse. An attempt has also been 
made to establish the SRDP learning mechanism for updating 
synaptic weights. To validate the experimental observations, 
attempts were consecrated to model the I-V characteristics and 
perform tests through circuit simulations. A generic 
methodology of Verilog-A template has been used to model 
the I-V by adjusting appropriate parameters [29]. The model 
was also considered to demonstrate the variation of 
conductance when voltage pulses having different amplitudes 
and pulse widths were considered.

II. DEVICES AND EXPERIMENTS

   To fabricate the Al/CuCrO2/FTO/glass memristor, firstly, 
the FTO coated glass of 1 x 1 cm2 was rinsed using acetone 
followed by ultra-sonicated in DI water for 5 minutes. The 
FTO (10 Ω/sq.) was also used as bottom electrode. Copper 
acetylacetonate and chromium acetylacetonate (acac) were 
utilized as precursors (owing to their stability in air, and low 
toxicity), whereas methanol was employed as a solvent for the 
preparation of CuCrO2 active layer. The precursors of copper 
acetylacetonate (acac)2 and chromium acac2 were dissolved in 
methanol (Cr/Cu: 70/30) with overall molarity of 0.03M in 
order to obtain CuCrO2 solution. The active layer (CuCrO2) 
was deposited onto the FTO substrate through a simple spray 
pyrolysis method. The solution of CuCrO2 was sprayed 
through an air blast nozzle (PNR, model MAD-0331) by 
utilizing a mixture of compressed air/nitrogen (95%/5%) with 
a gas flow rate of 1.70 ml/min over heated (360°C) FTO 
coated glass [13], [17]. Al electrodes with a thickness of 70 
nm and a diameter of 0.20 mm were served the purpose for top 
electrodes, which were patterned on the CuCrO2 layer through 
the E-beam evaporation unit (HHV, BC-600) in a class 100 
cleanroom. Field Emission Scanning Electron Microscopy 
(FESEM) (Apreo LoVac, Retractable STEM 3 Detector, 
resolution of 127 eV on Mn-kα) and X-ray Photo-electron 
Spectroscopy (XPS) (Thermo Scientific K-Alpha) were 
utilized to examine the surface and interfacial morphologies of 
the CuCrO2/FTO. Fittings of the obtained XPS spectra were 
accomplished using a nonlinear least-squares (Gaussian or 
Lorentzian fitting) technique. At room temperature, the 
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electrical properties of the fabricated devices were measured 
using Keysight B2912A source meter. The top electrode Al 
was biased with respect to the bottom FTO electrode during 
all the electrical measurements. The device simulation was 
carried out using the generic Verilog-A model developed by 
T. Wang and J. Roychowdhury [29]. This model was 
actualized using the Spectre® simulator under the Cadence® 
Virtuoso® 6.1.5 Analog Design Environment®. The voltage 
waveforms to perform the required simulation were obtained 
by programming scripts in MATLAB® R2015a.

III.RESULTS AND DISCUSSION

   For XPS analysis, all the binding energies were corrected 
with reference to the C1s line at 285.12 eV. Fig. 1(a) 
illustrates the survey spectra of CuCrO2 thin film. The peaks 
located at 932.19, 577.97, and 531.78 eV were assigned to Cu, 
Cr, and O, respectively. The core level Cu2p spectrum shown 
in Fig. 1(b) exhibits two main peaks placed at 932.20 and 
951.90 eV representing the Cu2p3/2 and Cu2p1/2, respectively. 
The Cu2p3/2 main peak was de-convoluted and the obtained 
two peaks were located at 931.8 and 932.50 eV. The peak 
found at 932.50 eV indicates the presence of Cu1+ and the 
existence of Cu2O in the samples. The spin-orbit splitting 
between binding energies of Cu2p3/2 = 932.20 and Cu2p1/2 = 
951.90 was found to be 19.70 eV, which supports the 
formation of CuCrO2 phase and its oxidation state of copper to 
be Cu1+ [15], [30]. Fig. 1(c) depicts the Cr2p spectrum where 
two intense peaks of Cr2p such as Cr2p3/2 = 576.40 and 
Cr2p1/2 = 586.20 were observed with the spin-orbit splitting of 
9.80 eV, which is in accordance with the Cr3+ oxidation state 
[15], [30].

Fig. 1. XPS of CuCrO2 thin film (a) Survey spectrum of CuCrO2, (b) The 
Cu2p spectra confirms that Cu exists in Cu0 and Cu1+states, (c) The binding 
energies of de-convoluted Cr2p3/2 show the existence of Cr-Cr and Cr-O bonds 
with a +3 oxidation state, and (d) The de-convoluted O1s spectra show the 
signature of oxygen defects and lattice oxygen.
   Surprisingly, the Cu Auger peak (Cu LMM) was also 
observed at 569.40 eV and two oxidation states such as Cu0 
and Cu1+ were believed to be the origin for this peak [15], 
[31]. Therefore, the Auger peak designates the signature of 

Cu1+ in our deposited thin-films. Fig. 1(d) shows the O1s 
spectra, where the two de-convoluted peaks (located at 529.9 
and 531.5 eV) confirm the presence of lattice oxygen and 
oxygen vacancies. It is noteworthy to mention that these 
oxygen vacancies can be beneficial for the realization of 
forming free memristive devices. 
    Fig. 2(a) displays the FESEM micrograph of the CuCrO2 
thin film deposited onto FTO/glass. From the micrograph, it 
was observed that the film has particles with a spherical shape, 
which was distributed uniformly throughout the surface. The 
deposited film was uniform, densely packed and continuous 
with no voids and pit holes, which eventually prevents charge 
leakage and may enhance the device performance. In addition, 
the cross-sectional FESEM image confirms the thickness of 
the deposited film CuCrO2 onto FTO/glass (shown in the inset 
of Fig. 2(a)), which was found to be 150 nm. One can also 
note that there was no cross diffusion from the glass substrate 
into the active layer, which further confirms the high chemical 
stability in CuCrO2. To observe the resistive switching in the 
proposed TCO, a positive voltage was probed on the Al top 
electrode, and negative voltage to the bottom FTO as shown in 
Fig. 2(b). In order to record the switching behaviour in the 
fabricated device, the I-V measurements were recorded by 
sweeping the voltage from negative to positive. Keysight I-V 
source measurement unit was used to obtain these 
characteristics through maintaining the voltage mode as a 
linear double sweep for the voltage range from – 3 V to + 3 V. 
As the voltages were swept from 0 to +3V, +3 to 0, 0 to – 3 V 
and – 3 to 0 V, a pinched hysteresis was observed, which is 
the expected feature of a memristor. The switching was 
observed both at positive and negative voltages, confirms the 
bipolar nature of the device. Fig. 2(c) represents the log (I) v/s 
V plots of the fabricated memristors for 100 cycles. From the 
I-V characteristics, one can notice that when the voltage was 
varied from 0 V, there was no significant current variation and 
it was in the order of ~nA. This indicated that the device was 
initially in the high resistive switching (HRS) state. However, 
when the voltage was varied gradually and reached about 2.60 
V, the current suddenly gets increased from its HRS state, it is 
termed as the SET process, in which the device switches from 
HRS to low resistive switching (LRS) state. Interestingly, 
when the voltage was swept back from 3 to 0 V, the device 
retained its LRS state, possesses its non-volatile property. 
Then the voltage was swept again from 0 towards – 3 V, and 
the device switches back to HRS from LRS at a voltage of 
about – 2.80 V, indicating a RESET process. Furthermore, in 
order to evaluate the repeatability of the fabricated device, the 
I-V characteristics were tested for 100 cycles. It was observed 
that there was negligible change in the I-V characteristics of 
the device with fixed SET and RESET voltages. The inset of 
Fig. 2(c) displays the endurance property, where the LRS and 
HRS currents were recorded for 100 cycles. The LRS and 
HRS exhibit uniform currents (negligible deviation) 
throughout the measurement. This indicates that the fabricated 
devices were highly reliable, thanks to the property of the 
novel CuCrO2 thin films and its stability. High ON/OFF 
current ratio ( 1000 at 0.10 V) obtained from the memristor~
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also establishes its effectiveness for high-performance NVM 

  
Fig. 2. (a) Surface morphology of deposited CuCrO2. Inset gives an X-
sectional SEM micrograph of CuCrO2, FTO, and Glass, (b) Schematic of the 
fabricated memristive device, (c) Recorded I-V characteristics and endurance 
(inset) of the fabricated device, (d) Charge retention characteristics of the 
devices. Band diagrams of CuCrO2/FTO interface (e) Under forward bias, and 
(f) Under reverse bias. 
operation. To further demonstrate its effectiveness for non-
volatile memory operation, it is essential to measure the 
charge retention over a large time period. The same has been 
performed for the fabricated memristor, which offers stable 
retention over 106 s. During the measurement, the device also 
maintained a stable ON/OFF ratio of 1000 as shown in Fig. ~
2(d), which possesses its robustness for reliable memory 
operation. To facilitate a better understanding of the resistive 
switching process, band diagrams with respect to LRS (under 
forward bias) and HRS (reverse bias) states were projected. 
The bottom electrode FTO offers its n-type nature due to the 
fact that fluorine-doped in tin oxide results in the generation of 
free electrons and oxygen vacancies [32], [33]. On the other 
hand, CuCrO2 was observed to have p-type nature (confirmed 
through Hall measurements and hot probe technique). Hence, 
a p-n junction is created and a depletion layer (WD) is formed, 
as shown in Fig. 2(e). Initially, the number of unfilled traps (in 
this case oxygen vacancies) will be higher than the total 
injected carriers.  Hence, no current can flow, resulting in the 
HRS or OFF state of the device. When a positive voltage was 
probed to the top Al electrode of the device as shown in Fig. 
2(e), the state changes from HRS to LRS as the voltage gets 
increased and arrive at SET voltage. In addition, unlike other 
filamentary based devices, electrons from the bottom electrode 
(FTO) start getting trapped into the defect states in CuCrO2 
and the available traps start to get filled due to band bending at 
the junction. This results in an increase of electrons at the 
interface and consequently a decrease in the depleted layer. 
Hence the device switches from HRS to LRS state [2], [34]. 
As the carrier concentration of n-type FTO is much higher 
than p-type CuCrO2, the barrier is found to be narrower in n-

type FTO compared to p-type CuCrO2. This is also evident 
from Fig. 2(e) and 2(f), where the depletion width WD of HRS 
is larger compared to LRS. Conversely, when a negative 
voltage was probed on Al, the electrons get de-trapped from 
the oxygen vacancies and moved back to FTO. At the 
junction, no further electrons movement is possible from FTO 
towards CuCrO2 since the band bends upward at the junction 
and the device moves back to the HRS state (Fig. 2(f)). It is 
evident that the trapping and de-trapping of electrons in 
oxygen vacancies occur at opposite voltage polarities, which 
confirms the bipolar nature of the CuCrO2 device. Thus, the 
presence of excess charge and oxygen vacancies play a 
decisive role in the modification of current states in our 
devices, which is forming free, as it relies on trap assisted 
SCLC model [34], [35] for operation. As a result, CuCrO2 
memristors offer excellent switching properties and can be 
considered for highly reliable neuromorphic applications. In 
order to study the switching processes in the proposed 
memristor, the charge transport phenomena were ascertained 
through fitting the I-V readings of HRS and LRS in the log-
log scale as shown in Fig. 3. This analysis was performed for 

Fig. 3. Study of the charge transport phenomena in the memristors for the 
cases of (a) –3 V to 0 V HRS, (b) 0 V to 3 V HRS, (c) 3 V to 0 V LRS, and 
(d) 0 V to –3 V LRS.
both positive and negative voltages. When the voltage was 
varied from –3 to 0 V (during HRS), the graph in Fig. 3(a) was 
mapped to space charge limited current (SCLC) and Ohmic 
conductions as the slope of the linear fit was  and 𝛼 >  2 𝛼 = 1
, respectively. Similar situation has also been observed when 
the voltage was increased from 0 to 3 V (shown in Fig. 3(b)) 
as  for SCLC and  for Ohmic conductions were 𝛼 ≈  2 𝛼 = 1
obtained. At SET voltage ( 2.60 V), it was observed that the ≈  
state of the device was changed from HRS to LRS. When the 
voltage was brought down from 3 to 0 V, one can notice that 
the obtained current was changed linearly to the applied 
voltage since , as shown in Fig. 3(c). Importantly, the  𝛼 ≈  1
device retained its LRS state, which was continued for the 
voltage ranging from 0 to – 3 V as depicted in Fig. 3(d). Thus, 
the Ohmic conduction was responsible for these cases as 
shown in Fig. 3(c) and 3(d). This study affirms that the SCLC 

Page 12 of 45

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



was the dominant factor for HRS, whereas the Ohmic charge 
transport mechanism was responsible during LRS.
    In order to realize the artificial synaptic behavior in 
Al/CuCrO2/FTO memristors, a model was used to mimic the 
electrical characteristics. As memristive devices have NVM 
property, there is a need to include a state variable  to 𝑠(𝑡)
govern the relation between current  and voltage . 𝑖(𝑡) 𝑣(𝑡)
Hence, the relation between and  is in the form: [29]𝑖(𝑡) 𝑣(𝑡)

𝑖(𝑡) = f(𝑣(𝑡), 𝑠(𝑡))                                          (1)
As the state of the memristor is also a dynamic entity, the 
change  is given by: [29]𝑠(𝑡)

𝑑
𝑑𝑡𝑠(𝑡) = 𝑔(𝑣(𝑡),𝑠(𝑡))                                 (2)

Functions  and  that satisfy  and  can be used to 𝑓 𝑔  (1) (2)
model the switching behavior in memristors. In this work, we 
consider the same functions as [29].

                  𝑓(𝑣(𝑡),𝑠(𝑡)) =
𝑣(𝑡)

𝑅 .(𝑡𝑎𝑛ℎ (𝑘.𝑠(𝑡)) + 1)          (3)

                    𝑔(𝑣(𝑡), 𝑠(𝑡)) =
1


.(𝑣(𝑡) ― 𝑠3(𝑡) + 𝑠(𝑡))           (4)

Fig. 4. Flow chart of the memristive state programming.
The parameters , , and  determine the nature of the 𝑅 𝑘 𝜏

hysteresis loop obtained through simulation routes. The value
of  is chosen such that the conductance varies from  𝑅 𝐺 =  0
when  = −1 (minimum) to  when 𝑡𝑎𝑛ℎ (𝑘.𝑠(𝑡)) 𝐺 =  2/𝑅

 = +1 (maximum). The parameter  determines 𝑡𝑎𝑛ℎ (𝑘.𝑠(𝑡)) 𝑘
how the conductance varies from the lowest to the highest 
value. A higher value of  implies steeper is the movement 𝑘
from HRS to LRS and vice versa. The dynamics of state 
change in (4) is governed by varying the parameter . It is 𝜏
important that the state variable  is modeled as an internal 𝑠(𝑡)
branch voltage to overcome certain restrictions in the Verilog-
A syntax [29]. 
     The methodology used to model the I-V characteristics of 
the device is presented in the form of a flowchart in Fig. 4. At 

every time instant, the model considers the value of input 
voltage and the current state of the memristor. The model 
parameters were set according to Table I depending on the 
sign of the voltage. The current through the device at the 
current time was calculated as per (3), and the incremental 
change in state value was expressed by (4). Finally, this value 
was added to the current state and the state for the next time 
instant is obtained. The same steps were repeated for every 
time instant to mimic the switching behavior in the device.

Fig. 5. (a) Experimental and simulated I-V characteristics of the 
Al/CuCrO2/FTO device, (b) Voltage inputs to demonstrate LTP and LTD 
behavior in the devices, (c) Modulation of conductance of the memristor 
analogous to LTP and LTD, (d) The conductance variations corresponding to 
the input pulse amplitudes, and (e) Variation of conductance with pulse 
duration.

Hence, by considering appropriate values for the parameters 
in the above-mentioned model, the experimental I-V 
characteristics of the Al/CuCrO2/FTO were repeated in 
simulation. For I-V characteristics, both the experimental and 
simulation results have been plotted and shown in Fig. 5(a). In 
order to obtain a good fit, the Verilog-A template [29] was 
modified and different parameters were considered for 
positive and negative voltages. The utilized parameters are 
presented in Table I. When a sine voltage input with amplitude 
of 3 V and a frequency of 50  was considered, it is 𝑀𝐻𝑧
evident from Fig. 5(a) that the results of the model match the 
experimental results. Hence, the developed model can be used 
to portray the behavior of actual CuCrO2 memristors in the 
simulation platform. It is noteworthy to mention that the state 
variable  is expected to be related to the number of oxygen 𝑠(𝑡)
vacancies in the device at any point, as the trapping and 
detrapping of electrons by these vacancies are responsible for 
the change of conductance in the device.    

Biological synapses are a very important part of information 
processing in the nervous system. In simple terms, the 
synaptic weight increases with a set of excitatory inputs, while 
it decreases when the inputs are inhibitory in nature [25]. This 
change does not immediately disappear after the inputs are 
deactivated. Hence, these are termed as LTP and LTD, 
respectively. It was evident from both the experimental and 

TABLE I
PARAMETERS FOR POSITIVE AND NEGATIVE VOLTAGES

Parameter                  𝑣(𝑡) > 0                  𝑣(𝑡) < 0

        𝑅             150                  60
        𝑘              6                  50
        𝜏              5𝑛                  2𝑛
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simulation results of the Al/CuCrO2/FTO device that the 
conductance of the device gets increased with the increase in 
positive voltage, while a negative voltage results in a decrease 
in its conductance. As the device retains the resistance when 
no voltage was applied, it can potentially behave like a 
synapse. To demonstrate this behavior, a set of input pulses 
having a pulse width of 0.10  were considered. Pulses 𝑛𝑠
having a positive amplitude of +1 V were considered as 
excitatory inputs, while the amplitude of negative inhibitory 
inputs was chosen as −1.80 V as shown in Fig. 5(b). Each of 
these pulses was followed by a read phase, where the current 
corresponding to 10  input voltage was noted to calculate 𝑚𝑉
the conductance. When 15 excitatory input pulses were 
provided, the conductance changed from the HRS state to the 
LRS state corresponding to LTP. When this was followed by 
15 inhibitory pulses, the device was brought back to HRS, 
which represents LTD. Two more such cycles, each with 15 
excitatory and 15 inhibitory pulses were given to verify the 
repeatability of this phenomenon. These results (shown in Fig. 
5(c)) demonstrate that CuCrO2 devices are capable of 
mimicking LTP and LTD phenomenon, which makes them 
suitable for bio-inspired computing applications [3]. 
Interestingly, both the simulation and experimental results 
were well matched, therefore it validates each other.

It is noteworthy to mention that the choice of amplitude and 
width of the excitatory and inhibitory pulses chosen are 
arbitrary. By varying these parameters, the obtained response 
can be varied [36]. To demonstrate this process, we observe 
the conductance change when 20 pulses were given as input. 
In the first case, the pulse width was fixed at 100  and the 𝑛𝑠
amplitude was varied from 0.25 V to 1 V, with increments of 
0.25 V. Fig. 5(d) shows the conductance change 
corresponding to these input pulses. As the pulse amplitude 
increases, the change in conductance value per pulse 
increases. Interestingly, this increase is not a linear one, as 
observed from the fact that the conductance values for a given 
pulse get closer as the voltage increases. This can be attributed 
to the non-linear I-V characteristics between 0 V to 1 V which 
was used to develop the simulation model (Fig. 5(a)). Another 
trend observed is that for all amplitudes, the conductance 
value saturates to about 13.30 . This value corresponds to 𝑚𝑆
the LRS with a maximum conductance value of  in the 2/𝑅
developed model (  = 150, Table I). This shows that 𝑅
irrespective of the amplitude value, a sufficient number of 
input pulses can take the device to the LRS state. To study the 
effect of pulse width variations, the conductance change for 20 
pulses having pulse widths of 10, 40, 70 and 100  was 𝑛𝑠
noted. For this study, the amplitude was fixed to 1 V. It is 
evident from Fig. 5(e) that the nature of conductance change is 
similar to the case of increasing amplitudes. For pulses having 
a smaller pulse width, more pulses were required to achieve 
the same conductance change as that corresponding to a pulse 
having a larger pulse width. Once again, the values saturate to 
the peak conductance value of 13.30  after a sufficient 𝑚𝑆
number of applied pulses. The same results were also 
mimicked through the simulation route, demonstrates its 

effectiveness for future neuromorphic computing. 
In order to determine the non-volatile nature of the 

electronic synapse, it is important to evaluate whether the 
potentiation and depression is long term or of short duration.

Fig. 6. (a) Schematic representation of a biological synapse and CuCrO2 
memristor emulating a synaptic role, (b) Synaptic conductance change with 
potentiation at 1000  and depression by 200 , and (c) SRDP 𝑘𝐻𝑧 𝑘𝐻𝑧
characteristics of CuCrO2 memristor.
A schematic of biological synapse and CuCrO2 memristor 
emulating biological synapse with pre and post frequencies are 
shown in Fig. 6(a). From Fig. 6(b), it is evident that a change 
in conductance of 120  and 75 , observed at 1000  𝑚𝑆 𝑚𝑆 𝑘𝐻𝑧
and 200 , respectively confirms the potentiation and 𝑘𝐻𝑧
depression of electronic synapses and this change was 
maintained over 1000 s confirming the change in the synaptic 
weight as long term [27]. Although LTP and LTD provide 
means to vary the conductance in CuCrO2 memristive devices, 
it does not define exactly how this conductance change must 
be incorporated. Any biological synapse has two types of 
neurons connected to it viz. pre-synaptic and post-synaptic 
neurons. The difference in some property in the inputs from 
the pre-synaptic and post-synaptic neurons was believed to be 
the reason for synaptic weight variation [27], [37]. In our 
earlier work, we have utilized the STDP learning rule for 
biologically inspired computing applications [3]. However, 
STDP requires spikes that have to be engineered to a 
particular shape, which is a complex procedure. Another 
innovative learning rule is the SRDP, where the difference in 
the rate (or frequency) between pre- and post-synaptic pulses 
decides the magnitude and direction of weight change [27], 
[37]. Contrary to STDP, one only requires simple rectangular 
pulses to implement SRDP. Since the excitatory and inhibitory 
pulses orchestrate the LTP and LTD, respectively in CuCrO2 
memristor, one can use these pulses to establish the SRDP 
learning rule. It is expected that if there exist numerous 
excitatory inputs than inhibitory ones, then the conductance of 
the CuCrO2 device gets increased, and vice versa. To verify 
this concept quantitatively, we consider post-synaptic pulses 
of width 0.10  and amplitude of +1.80 V. The frequency 𝑛𝑠
was fixed at 1000  for this study. The pre-synaptic pulses 𝑘𝐻𝑧
had the same width as the post-synaptic ones, with an 
amplitude of +1 V. However, the frequency was varied from 
100  to 2000 with small increments. For each 𝑘𝐻𝑧 𝑘𝐻𝑧 
frequency, the conductance was measured using a test voltage 
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of 10  before providing the inputs, and also after 10  of 𝑚𝑉 µ𝑠
the simulation to evaluate the change in conductance. The 
percentage change in conductance was calculated as

  ∆𝐺 (%) =
𝐺𝑓 ― 𝐺𝑖

𝐺𝑖
× 100                                 (5)

where  and  are the initial and final conductance values, 𝐺𝑖 𝐺𝑓
respectively.

The results obtained are plotted in Fig. 6(c). As expected, 
the conductance decreased as the pre-synaptic frequency was 
reduced below 1000 , which is the post-synaptic 𝑘𝐻𝑧
frequency. Nevertheless, for frequencies above 1000 , the 𝑘𝐻𝑧
conductance increased. In addition, the magnitude of 
increment or decrement was higher when the difference 
between the pre- and post-synaptic input frequencies were 
increased. These results are significant enough to make ready 
the CuCrO2 memristors for computing applications. By 
converting the input values into pulses having frequencies 
between 100  and 2000 , it was possible to vary the 𝑘𝐻𝑧 𝑘𝐻𝑧
device conductance. The ability to change the state of the 
memristor can be further used for more efficient 
implementation of various applications [6]. The obtained 
results can also be compared with other memristors [27]. The 
simulation route was also adopted to accomplish the SRDP 
characteristics. From Fig. 6(c), it can be seen that both the 
experimental and simulation results were well matched, which 
possesses the validity of the proposed model for future 
generation neuromorphic computational systems.

IV.CONCLUSION

In summary, we have fabricated Al/CuCrO2/FTO memristors 
and successfully demonstrated its impressive bipolar resistive 
switching behavior along with reliable retention (beyond 106 
s). The proposed device was found to be highly enduring and 
maintained a high ON/OFF ratio throughout the measurement. 
To understand the device operational mechanism, a band-
diagram was projected and it was found that a forming free 
process was responsible for HRS to LRS and LRS to HRS. 
Biological synaptic behavior was evidenced by engineering 
consecutive positive and negative pulses and the conductance 
change similar to LTP and LTD phenomenon were discovered 
in the proposed memristor. An attempt has been made to 
control the analog or synaptic behavior through pulse (pulse 
(amplitude and width) variations and the obtained results 
explicate its efficacy for bio-inspired neuromorphic systems. 
Since spiking neural network is beneficial to mimic the brain’s 
capability at low power, finally, an innovative SRDP learning 
mechanism was realized to demonstrate the synaptic plasticity. 
This SRDP not only overcomes the shortcomings of the STDP 
mechanism but also reduces the hardware complexity as 
STDP requires spikes that have to be engineered to a 
particular shape, which is a complex procedure. In order to 
have better insights into the experimental observations, a 
similar Al/CuCrO2/FTO memristor model has been developed 
through the simulation route, and both the experimental and 

simulation results were well matched, which opens up a new 
path for developing neuromorphic computing. One can further 
investigate the role of device area (by varying electrode 
diameters) and temperature (say from 300 to 450 K) on RS 
performances in CuCrO2 memristor [38].
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