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which make them viable contenders for the next genera-
tion of non-volatile memory technologies [5]. In a ReRAM 
device, when a suitable voltage is applied across the elec-
trodes, the device switches reversibly between the high 
resistance state (HRS) and the low resistance state (LRS) 
[6–8]. ReRAM device consists of a trilayered Metal-insula-
tor/Semiconductor-Metal (MIM) structure for the resistive 
switching phenomenon [9]. Resistive switching, an essential 
phenomenon for non-volatile memory applications, occurs 
in several materials such as oxide materials [10–12], organic 
polymer [13], and chalcogenides [14]. Resistive switching 
can be observed in oxide materials, namely transition metal 
oxides, when voltage is applied [10]. Organic polymers, 
due to their varied chemical structures, can display resis-
tive switching behaviour, which shows potential for use in 
flexible electronics and low-power memory applications 
[15, 16]. Chalcogenides, which consist of elements from the 
chalcogen group, exhibit resistive switching and are being 
investigated for their potential in non-volatile memory due 
to their unique electrical properties [17, 18]. The collabora-
tive examination of resistive switching in these material 
categories demonstrates the wide range of variations and 

1  Introduction

The crucial significance of data storage devices is essential 
to the operation of computer systems. More precisely, the 
memory devices used in these systems require high den-
sity and fast access time [1–3]. Resistive switching devices 
have emerged as a transformative class of electronic com-
ponents, offering a novel approach to non-volatile memory 
technology. As a result of the need for better nonvolatile 
memory solutions, researchers are now concentrating on 
resistive random access memory (ReRAM) devices [4]. 
These devices possess favorable characteristics, including 
a simple design, low power consumption, and high density, 
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Abstract
Resistive Random Access Memory (ReRAM) devices are being regarded as very promising choices for the future of 
non-volatile memory technology. The subject comprises crucial components like as material engineering, device architec-
tural optimization, switching mechanisms, and improvements in reliability. This study examines the resistive switching 
capabilities of a device made from a ZrO2-CNT nanocomposite. The device was constructed utilizing a trilayer structure 
consisting of FTO/ZrO2-CNT/Ag, with the ZrO2-CNT film being fabricated by the spray coating technique. Incorporat-
ing 1wt% CNT into the ZrO2 matrix reduces the bias voltage needed for resistive switching and approximately doubles 
the resistance ratio between HRS and LRS. The use of higher weight percentages of carbon nanotubes (CNT) negatively 
impacts the switching properties. The temperature dependence of resistance of ZrO2 and ZrO2-1wt% CNT devices reveals 
that in ZrO2, O2 vacancies align to create conducting filaments. On the other hand, in the ZrO2-CNT device, both vacan-
cies of O2 atoms and CNTs contribute to the production of conducting filaments. Inclusion of higher weight percentages 
of carbon nanotubes (CNT) leads to the formation of permanent conduction paths, which are electrical shorts and results 
in the loss of the switching capability.
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potential uses in the developing field of electronic materials 
and systems [19, 20].

Recently, memory devices utilising nanocomposite 
samples have emerged as very promising candidate for the 
next era of memory devices. Nanocomposite samples offer 
a promising opportunity for utilisation in resistive switch-
ing devices, showing enhanced performance characteristics 
[21]. By incorporating nanoparticles or nanowires into the 
resistive switching matrix, additional conducting paths are 
introduced. This enhancement leads to an increase in the 
switching speed, accompanied by a decrease in power con-
sumption [22]. Moreover, the durability of both the high 
resistance state (HRS) and low resistance state (LRS) is 
improved, highlighting the promise of nanocomposite com-
positions in maximising the efficiency and dependability 
of resistive switching devices. The properties of nanocom-
posite samples can be tailored by adjusting the composition 
size and distribution of nanoparticles or nanowires within 
the matrix of the material [21, 23–25].

In recent years, the integration of conducting graphitic 
materials enhances the resistive switching properties, con-
tributing to improved performance and functionality. Con-
ductive graphitic materials such as carbon nanotubes (CNT), 
graphene oxide (GO), and graphene (Gr) have made signifi-
cant strides in improving the controllability of the resistive 
switching characteristics of ReRAM devices. Carbon nano-
tubes (CNTs) are an excellent material to incorporate into 
advanced data storage devices because of their exceptional 
electrical, chemical, and mechanical properties. In addition, 
carbon nanotubes (CNTs) have a high modulus, remarkable 
mechanical strength, and large aspect ratio, making them 
an ideal reinforcing agent for polymers. Deepti et al [26]. 
reported the effect of CNT in P3HT polymer on the switch-
ing property of the device. There was a high ON/OFF ratio 
(> 102) and a set voltage of 1.8 V in the memory device con-
taining 4(wt%) CNT in P3HT. Mullani et al. [27]. reported 
that the TiO2-CNT composite has resistive switching char-
acteristics, which are dependent on the concentration of the 
CNT.

Currently, there has been a focus on combining carbon 
nanotubes (CNT) with oxides due to the coupling of oxides 
and CNT. This combination offers benefits such as easy pro-
cessing using solutions and the adaptability to adjust resis-
tive switching based on the material composition [28]. In 
the present work, the resistive switching behavior zirconium 
dioxide (ZrO2) composite structures is studied, which is syn-
thesized through the hydrothermal method. In addition to 
having a high dielectric constant, a big bandgap, and stable 
thermal characteristics, ZrO2 has the potential to be an excit-
ing material for the study of resistive switching [29, 30]. A 
memory device with a structure consisting of FTO/ ZrO2-
CNT/Ag has been constructed, utilising Ag as the upper 

electrode and fluorine doped tin oxide (FTO) as the lower 
electrode. The switching characteristics of the constructed 
devices with different CNT (wt%) have been investigated. 
Additionally, the resistance temperature dependency of the 
memory device at various resistance states was studied. The 
current voltage (I-V) characteristics of the storage device 
have been investigated in detail in order to understand the 
mechanism of resistive switching. Additionally, a potential 
model has been presented in order to provide an explana-
tion for the observed resistive switching behaviour in the 
FTO/CNT -ZrO2/Ag device.The addition of CNT in ZrO2 
is shown to influence the ON/OFF voltage of the nanocom-
posite resistive switching device.

2  Experimental details

2.1  ZrO2 synthesis process

Figure 1 shows the schematic of the hydrothermal approach 
which was utilised for the preparation of the nanostructured 
ZrO2 powder. In the beginning, a solution of zirconyl nitrate 
hydrate ZrO(NO3)2.xH2O having a concentration of 0.5 M 
was prepared in deionized water. 0.5 M NaOH solution that 
was prepared in deionized water was gradually added to the 
zirconyl nitrate solution while the mixture was continuously 
stirred which was followed by 30 min of sonication to cre-
ate a uniform solution. 70 ml of the prepared solution was 
loaded in an autoclave with a capacity of 100 ml fitted with 
a Teflon lining.

The autoclave was sealed tightly and kept at 180 °C for 
24 h before being allowed to cool naturally to room temper-
ature. The precipitate was then filtered, rinsed with distilled 
water to remove the soluble nitrates and ethanol to decrease 
agglomeration, and dried at 100  °C for 12  h. This ZrO2 
powder was utilised as a precursor in the spray deposition 
procedure to create a ZrO2 thin film on the FTO substrate.

2.2  Synthesis of carbon nano tubes (CNTs)

Carbon nanotubes (CNT) were synthesized by the thermal 
chemical vapour deposition method. Briefly, the precur-
sor solution of xylene and ferrocene (0.03 gm/mL) was 
filled in a quartz boat and kept inside a double-zone fur-
nace at the low-temperature zone. Deposition of the CNT 
was carried out at 800oC. Afterwards, the as-synthesized 
MWCNT(Multiwall Carbon Nanotube) were purified by 
acid treatment to remove the catalyst particles and amor-
phous carbon, present in the sample. For purification, CNT 
was firstly dispersed in 6 M HCl and then heated at 80 oC 
for 24 h. Subsequently, the resulting suspension of the CNT 
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was washed with deionized water and dried at 60 oC for 12 h 
in an oven.

2.3  Fabrication of device

The tri-layer device as shown in Fig. 2 was fabricated by 
depositing ZrO2 or ZrO2-CNT film using spray coating on 
the FTO substrate. Initially, the FTO substrate was cleaned 
using a conventional method [ultrasonication in deionized 
water acetone and isopropyl alcohol for 10 min each]. After 
cleaning, a side part of the FTO substrate was covered by 
kapton tape to have conducting bottom electrode. ZrO2 
powder or ZrO2-CNT powder was mixed with ethanol and 
stirred for 30 min. After 30 min of mixing, a diluted citric 
acid solution was added to the solution. The film of pure 
ZrO2 and ZrO2-CNT was deposited on FTO substrate by 
spray coating method. Spray coating provides a cost-effec-
tive, scalable, and flexible method for depositing ZrO2 and 
ZrO2-CNT films, offering good control over film proper-
ties. Integrating carbon nanotubes (CNTs) into ZrO2 films 
can improve electrical conductivity, mechanical strength, 

thermal conductivity, and switching performance [31, 32]. 
Additionally, it has the potential to reduce the threshold 
voltage, boost device stability, and improve overall effi-
ciency. The spray-coated ZrO2-CNT films possess a combi-
nation of features that make them extremely well-suited for 
use in sophisticated resistive switching applications within 
tri-layer systems.

The resultant solution was kept in a spray gun and was 
spray coated for 10 min on the FTO substrate. The deposited 
film was kept at 80oC for an hour. For the preparation of 
ZrO2 film, 1wt% CNT and 2wt% CNT were added to ZrO2 
powder. The thickness of the spray-coated film on the FTO 
substrate was ~ 250 nm. After the film fabrication, the top 
Silver (Ag) contact pad of 100 nm thickness was deposited 
by E-beam evaporation using a shadow mask.

3  Characterizations

3.1  XRD and SEM-EDAX spectra

The properties like electrical conductivity, switching speed, 
threshold voltage, stability and uniformity of thin film are 
afftected by nanostructure [33–35]. In order to improve the 
overall performance of the film, nanostructure crystallite 
size is optimized by achieving balance between the density 
of distribution of grain boundaries and defects [36, 37]. A 
well arranged nanostructure can end up with increased con-
ductivity, lower threshold voltages, and ehanced endurance, 
rendering the films more appropriate for practical applica-
tions. The X-ray diffraction pattern of ZrO2 and ZrO2-CNT 
composite film on FTO substrate is shown in Fig.  3(a) 
whereas Fig. 3(b) shows SEM pictures and EDAX spectra. 
The XRD pattern of ZrO2 film has its characteristic peaks 

Fig. 2  Schematic of trilayer device FTO/ZrO2-CNT/Ag

 

Fig. 1  Schematic of synthesis of ZrO2 powder
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Volts and compliance current (CC) was kept at 1  mA. In 
the first sweep (0→2) the device stays in HRS till 1.8 Volts 
and for the applied voltage higher than 1.8 Volts the device 
switches to LRS in sweep 2 (2→0), the device again stays 
in LRS during the whole sweep 3(0→-2) whereas for the 
sweep 4 (-2→0) the device switches from LRS to HRS at 
-0.8 Volts. Fig 0.5(a) shows, the resistance ratio was HRS 
and LRS (Roff/Ron) was ~ 21.15 at 0.45 Volts. The perfor-
mance of the device was very stable as it was tested for 100 
cycles and the resistance ratio of LRS and HRS remains 
the same. Figure 4(b) shows the I-V measurement of 1wt% 
CNT -ZrO2 composite film with the cycles starting from 
0→1→0→-1→0 with compliance current (CC) kept at 
10 mA. Initially, in sweep 1(0→1), the device stays in HRS 
till 0.48 Volts when the voltage is greater than 0.48 Volts the 
device is turned on and goes to LRS, stays in LRS during 
the whole sweep 2(1→0) and again it stays in LRS during 
the whole sweep 3(0→-1), whereas for the sweep 4 (-1→0) 
the device switches from LRS to HRS at -0.61 Volts.

The resistance ratio of HRS and LRS (Roff/Ron) was ~ 37 
at a voltage of 0.45 Volts as shown in the Fig. 5.(b). The per-
formance of the device was consistent during the 100 cycles 
of testing, demonstrating that the resistance ratio of the LRS 
and HRS remained unchanged. Figure 4(c) shows I-V char-
acteristics of 2wt% CNT-ZrO2 composite film with sweep-
ing voltage 0 →4→0→-4→0 with applied CC = 100 mA. 
In sweep 1 (0→4), the device stays in HRS (OFF State) and 
there is a gradual rise of current at 2.7 Volts when the device 
goes to LRS, whereas the device stays in LRS during sweep 
2 (4→0) and again the device stays in LRS (ON state) dur-
ing sweep 3(0→-4), a very slight change in current values 

at 24.20°, 28.40°, 30.46°, 31.71°, 34.12°, 35.52°, 38.57°, 
40.87°, 44.67°, 49.38° and 50.15° corresponding to (110), 
(− 111), (011), (111), (020), (002), (120), (− 112), (− 202), 
(220) and (022) planes, respectively (JCPDS card no. 
37–1484). No additional peaks are observed which confirms 
that single-phase ZrO2 is present. The XRD diffraction pat-
tern of composite as the small amount of CNT will not affect 
the ZrO2 crystal structure. The average crystallite size was 
equal to ~ 50 nm.

The shape and chemical content of ZrO2, ZrO2-1wt% 
CNT, and ZrO2-2wt% CNT nanostructures were analysed 
using SEM and EDAX. Figure 3(b, c,d) shows the surface 
morphology and EDAX spectra of ZrO2 and its composites 
with 1wt% and 2wt% CNT. The surface morphology appear 
heterogeneous and overlapping due to the aggregation of 
nanostructures. The EDAX analysis reveals that the ZrO2 
film contains the Zr, and O in appropriate ratio whereas 
EDAX spectra of ZrO2-1wt% CNT and ZrO2-2wt% CNT 
show the presence of C also along with Zr and O due to 
presence of CNT.

4  Electrical transport measurement

4.1  I-V and R-T measurements

I-V measurement of all these three devices FTO/ZrO2/
Ag, FTO/1wt% CNT-ZrO2/Ag, FTO/2wt% CNT-ZrO2/Ag, 
and FTO/1wt%CNT-ZrO2/Ag was performed. Figure 4(a), 
shows I-V characteristics FTO/ZrO2/Ag device by scanning 
the voltage from 0→2→0→-2→0 with step voltage of 0.01 

Fig. 3  (a) XRD spectra of ZrO2 and its composite with CNT, (b, c,d). SEM/EDAX spectra of ZrO2 film, ZrO2 -1wt% CNT and ZrO2 -2wt% CNT 
film respectively
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Fig. 5  (a) Roff/Ron ratio of Pure ZrO2 film, (b) 1wt% CNT-ZrO2 film, (c) 2 wt% CNT-ZrO2 film device

 

Fig. 4  (a) I-V measurement of pure ZrO2 film, (b) 1wt% CNT-ZrO2 film, (c) 2 wt% CNT-ZrO2 film, (d) 3wt% CNT-ZrO2 film based device
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from the above equation and was found as 3.1 × 10− 3 K− 1 
which indicates that the conduction behaviour is due to the 
presence of oxygen vacancies [38, 39]. Figure 7(c) shows 
the R-T measurement for FTO/ ZrO2-1wt% CNT/Ag device 
which confirms the semiconducting behaviour present in the 
device in the HRS with the thermal activation energy as ~ 42 
meV. Figure 7(d) shows the R-T measurement of the FTO/
ZrO2-1wt% CNT/Ag device. The value of α is estimated as 
1.6 × 10− 2 K− 1. Figure 7(e, f) shows the R-T measurement 
of FTO/ ZrO2-1wt% CNT /Ag in both HRS and LRS. In 
both cases, the device shows metallic behaviour as the resis-
tance increases with the increase in temperature.The value 
of α for both cases was estimated using an equation, and 
the values are found as 3.2 × 10− 2 K− 1, and 4.1 × 10− 2 K− 1 
respectively. Figure 8 shows the bar graph for variation of 
α and Ea values with CNT content in the ZrO2 matrix. The 
activation energy is decreased and the value of α is with 
increased percentage of CNT in ZrO2 matrix. The higher 
values of α in the case of LRS of ZrO2-1wt% CNT, HRS 
and LRS of ZrO2-2wt% CNT indicate that the conduction is 
not only through O2 vacancies but CNT metallic filaments 
are also involved.

Figure 9, depicts the schematic of possible mechanisms 
leading to the low resistance state of ZrO2 and ZrO2- CNT 
nanocomposite device. Figure  9(a) depicts the situation 
when the ZrO2 resistive switching device switches to a low 
resistance state. After the application of voltage, the oxygen 
vacancies get aligned and form a filamentary connecting 
path causing the device to switch to LRS.

Figure 9 (b, c,d) shows the effect of CNT in a CNT-ZrO2 
device. Figure  9(b) shows, the effect of CNT causes the 
growth of CNT filaments and due to this reason the switch-
ing voltage is decreased and switching performance is 
improved in ZrO2-1wt% CNT device. Figure 9(c, d) shows 
the increments of CNT conducting filaments as the percent-
age of CNT is increased. The increase of CNT filaments 
causes an increase in the conductivity and due to this effect, 
the switching window is minimized in ZrO2-2wt% CNT 
device and finally disappeared in ZrO2-3wt% CNT device.

in sweep 4(-4→0) which is very similar to sweep 3(0→-
4). Figure 5(c) shows, the resistance ratio of HRS to LRS 
(Roff/Ron) was 7 at a voltage of 0.45 Volts. The device stabil-
ity was confirmed by the fact that its performance did not 
degrade over the course of 100 cycles, indicating that the 
resistance ratio between the LRS and HRS did not change. 
From pure ZrO2 device I-V measurement, it is clear that the 
device exhibit forming free rewritable switching behaviour. 
There is a decrease in the switching voltage for 1wt% CNT-
ZrO2 nanocomposite device and the switching performance 
is also improved due to the presence of CNT in ZrO2. For 
2wt% CNT-ZrO2 device no abrupt switching from HRS to 
LRS was observed, and for 3wt% CNT -ZrO2 nanocom-
posite device no switching was observed due to presence 
of larger amount of CNT conducting filaments might gets 
formed between the top and bottom electrode.

Similarly Fig.  6 (a, b,c) shows the retention measure-
ment was done for 2  h on pure ZrO2, -ZrO2-1wt% CNT, 
ZrO2-2wt% CNT film device at 0.45 volts which shows the 
distinct HRS and LRS values. The distinct HRS and LRS 
values shows that all the devices are very stable with time 
and does not show any variation in resistance values with 
time.

In order to understand the conduction mechanism of the 
present device temperature dependence of resistance mea-
surement was performed on all the fabricated devices. The 
LRS and HRS show metallic and semi-conducting behav-
iour of the fabricated devices respectively. Figure 7(a, b), 
shows the R-T measurement of a pure ZrO2 device with an 
applied voltage of 0.35 volts in HRS (off state) and LRS 
(on state). The device in HRS shows the semiconducting 
behaviour with an increase in temperature. The curve was 
fitted with Arrhenius equation R = R0e

−∆E
KT gives the ther-

mal activation energy as ~ 50meV. Figure  7(b) shows the 
R-T curve in LRS(on state). The curves were fitted with the 
equation RT=R0[1 + α(T-T0)] where RT and R0 are the resis-
tances at the measurement temperature and temperature T0 
respectively, α is the temperature coefficient of resistance. 
The value of α for the pure ZrO2 device in LRS estimated 

Fig. 6  (a) Retentivity measurement of Pure ZrO2 film, (b) 1wt% CNT-ZrO2 film, (c) 2 wt% CNT-ZrO2 film device
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the ZrO2 film led to switching at lower applied voltages and 
approximately doubles the resistance ratio between HRS 
and LRS compared to pure ZrO2 device. This switching per-
formance is improved due to the presence of CNT in ZrO2 
which causes better conduction between top and bottom 
electrodes. Nevertheless, surpassing a CNT concentration of 
1wt% had a detrimental impact on the switching behaviour. 
This was attributed to more amount of CNT (2wt%, 3wt%) 
conducting filaments, resulting in increased conductivity 

5  Conclusions

ReRAM devices possess several benefits, such as small 
power consumption, rapid switching speed, exceptional 
scalability, and the capacity to retain data without power, 
which makes them extremely promising for future memory 
applications. FTO/ZrO2/Ag and FTO/ZrO2-CNT/Ag were 
fabricated using the spray coating method and resistive 
switching behaviour was studied. Adding 1wt% of CNT to 

Fig. 7  The temperature dependence of resistance for (a) FTO/ZrO2/Ag(HRS), (b) FTO/ZrO2/Ag(LRS), (c) FTO/1wt%CNT-ZrO2/Ag(HRS), (d) 
FTO/1wt%CNT-ZrO2/Ag(LRS), (e) FTO/2wt%CNT-ZrO2/Ag(HRS), (f) FTO/2wt%CNT-ZrO2/Ag (LRS)
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ZrO2-1wt% CNT, both oxygen vacancies and CNT filaments 
were found to be aligned between the electrodes. The results 
emphasize the capability of incorporating carbon nanotubes 

and a diminished switching window. The comparative R-T 
analysis revealed that in devices composed only of ZrO2, 
only oxygen vacancies were responsible for the formation 
of conducting filaments. However, in devices including 

Fig. 9  a Conduction mechanism of 
LRS of (a) pure ZrO2 device, (b) 
1wt% CNT- ZrO2 device, (c) 2wt% 
CNT- ZrO2 device, (d) 3wt% CNT- 
ZrO2 device

 

Fig. 8  Variation of α and Ea values with increased percentage of CNT in the host ZrO2 Matrix
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