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Abstract—This paper presents a wafer scalable synthesis
process for the efficient CuO/V20s based memristive devices for
broadband sensing applications. The memristive devices are
tested using three different sensing stimuli to analyze the trigger
selectivity and widen the real time sensing applications. The
electrical, broadband optical, and thermal stimuli are used to
stimulate the CuO/V20s heterostructure based memristive
devices. The tested devices have demonstrated the bipolar
resistive sweep with enhancement in the performance metrics like
current switching ratio, resistance switching ratio and set/reset
time for the thermal stimuli as compared to the other tested
stimuli. The demonstrated memristor has shown the current
switching ratio of ~0.8x103 for the thermal stimuli (90°C optimum
temperature) which is ~ 38 and 28 times higher than the electrical
and optical stimulation respectively. The testing results highlight
the potential of the proposed devices for scalable batch
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processing for mass production of multifunctional broadband sensing devices.
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I. Introduction

HE traditional complementary metal oxide semiconductor

(CMOS) devices have complex circuitry with more
capacitors to mimic the bioinspired synaptic operations. These
traditional technologies used the von Neumann architecture,
which has a distinct unit for memory and processing. Due to
these distinct units, traditional architectures are lagging in terms
of more transmission delay, space and area related constraints
[1, 2]. Therefore, it is important to develop a device which has
capability to perform parallel operations like sensing,
processing and storage just like biological neural systems. The
biological neural networks have the capability to perform
parallel operations such as sense, process and store
simultaneously [3]. In recent years, researchers have devoted
their efforts to mimic the biological synaptic behavior using
volatile memristor, nonvolatile memristor and different
synaptic transistor structures. The devices are inspired by the
biological sensory neural system that can sense, interpret and
store the processed information in a parallel manner. Similarly,
memristive devices have the potential to replicate the synaptic
behavior of the human brain functionality. Memristive devices
are considered as suitable replacement for the traditional silicon
based neuromorphic computing systems [4]. The storage and
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erasing of the memristor depends on the formation and rupture
of the conductive filament. This formation and rupture depend
on the applied polarity of the bias voltage (positive or negative).
This process depends on the material thickness, oxygen
vacancies, direction of the bias, device operating temperature,
etc. There are few researchers who have investigated the impact
of the bias voltage using various aspects. X. Ding et al. reported
the impact of film thickness on resistive switching behavior of
the TiOy/HfO, based resistive random-access memory
(RRAM). The 10 nm and 30 nm TiOy film thickness-based
RRAM devices were fabricated using radio frequency (RF)
sputtering process. It was concluded from the experiment that
the 30 nm TiOx film based RRAM device has improved
performance than the 10 nm TiOy film [5]. T. H. Park et al.
fabricated Ta,Os film with various thickness. The Ta,Os film
having a 0.5 nm has shown the gradual change in the resistance
switching behavior and high repetition rate. However, the film
having a thickness of 1-2nm showed an abruptness, less
reliability and degradation in the resistance rate [6]. K.
Rudrapal et al. reported the impact of the oxygen vacancy using
the WO;-x memristors on resistive switching properties. The
tested device exhibited the non-formable characteristics
depending on the stoichiometric form [7]. G. Tarsoly et al.
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demonstrated TiO,/a-IGZO bilayers memory devices. The
stoichiometry and performance of the device was controlled by
annealing temperature. The 350°C annealed device has shown
the widest memory window than other tested devices [8]. In
addition, there are few reports that describe the impact of the
device operating temperature on the resistive switching. C. Yu
Han et al. reported that the Pt/VO,/Pt memristor structure was
fabricated on a flexible kapton polyimide substrate. The
demonstrated device has shown the high endurance, low
operating current and good bending stability of >10* cycles,
<130 pA and >10° respectively. The tested device was
stimulated using 20 to 40 °C. The results concluded that the
tested devices have resemblance of biological warm receptor
characteristics during the elevated temperature [9]. Q. Duan et
al. reported the fusion of the haptic VO, volatile memristor
having serial connection with piezoresistive sensor to mimic the
biospired haptic-temperature fusion [10]. There are various
types of metal oxides and their heterostructure were reported
for the memristor device fabrication. In the family of metal
oxides, CuO and V»0s are well known for fabricating
memristor based applications due to their advanced electrical
and optical properties. CuO is p-type metal oxide which has an
advantage of low fabrication cost, ease of synthesis, band gap
tunability, high chemical/mechanical stability, etc. [11].
Similarly, V,0s is another important n-type metal oxide
material that has high optical/chemical stability, multiple
oxidation states, etc. [12]. There are different research works
that have been done using CuO, V»0s and their heterojunction
for memristor applications. The V,0s/CuO heterojunction
based memristor includes benefits of both V,0s and CuO for
various fields. There were several research articles stating that
the heterostructure based memristive architectures yield better
performance than the single materials. However, CuO/V,0s
heterostructure for memristive device fabrication and testing
the trigger selectivity for the memristive application is not
explored in detail. Therefore, this paper demonstrates the
CuO/V10s heterostructure based memristive devices tested
under the various stimulation conditions such as electrical,
broadband optical stimulation and thermal stimulation for
broadband sensing applications. In addition, in this paper we
have explored the impact of multiple stimuli which is one of the
gray domains yet to be explored.

This paper analyzes the impact of multi stimuli selectivity
resistive switching behavior of the CuO/V,0s based memristive
devices during electrical, optical and thermal stimulation. The
CuO/V,0s devices were fabricated and characterized using the
standard microfabrication process and
microstructural/morphological analysis respectively. The tested
device has shown bipolar resistive switching for applied
stimulation. The tested device has offered the current switching
ratio of 0.21x10%, 0.28x10%> and 0.8x103 for the electrical,
optical and thermal stimulation respectively. The device has
shown to be more responsive towards the thermal stimuli as
compared to the other tested stimuli (electrical and optical). In
addition, the tested device shows the ultrafast set/reset time of
40.4/40.3 ps for thermal stimulation.

II. EXPERIMENTAL SECTION

A. Device Fabrication

This section presents the steps involved during the
CuO/V,0s device fabrication and material synthesis
optimization (Fig. 1). In order to fabricate the devices, p-type
single side polished (SSP) <100> silicon wafers were used for
process. The wafers were cleaned using standard Radio
Corporation of America (RCA) cleaning techniques. As the
multiple devices are fabricated on the same substrate, the
isolation of individual devices has been considered as the
primary step. In this regard, the thermal oxidation layer was
grown using the standard dry wet dry thermal oxidation
technique at 1050 °C. Further, the thin layer of vanadium (V)
with the purity of 99.9% was deposited using the DC magnetron
sputtering followed by annealing at 550°C in air at 90 mins.
This process yields the formation of V,0s on SiO,/Si substrate.
In the next step copper (Cu-99.9% purity) was deposited on the
V,05/Si0,/Si substrate through a sputtering process. In the next
step Cu thin film was oxidized at 550°C for 90 mins. The final
step of device fabrication was related to the metal electrode
formation. The Au/Cr metal electrodes were fabricated using
lift-off process on top of the CuO/V,Os sensing layer.

B. Material Characterization and Multi-Stimuli
Selectivity Measurements

The surface morphology and CuO/V,0s nanostructure
formation details were obtained from the CARL Zeiss EVO
50’s scanning electron microscope (SEM). The Raman
spectrum was extracted using the LabRAM HR Evolution
RAMAN spectrometer (Horiba). The Raman spectrum was
performed by illuminating the CuO/V,0s sample using 514 nm
argon-ion laser with the grating of 1800 I/mm. Further, the
Phillips X’Pert, PRO-PW 3040 diffractometer was used to
analyze the crystalline structure of the fabricated sample.
Further, the trigger selectivity test was performed using the
source measurement unit (2614 B) associated with the probe
station and heater. Thorlabs light source (SLS 201) was used as
an optical stimulation which has variation in the wavelength
ranges such as 360 nm, 410 nm, 610 nm, 880 nm and 950 nm.

Fig. 1: Device fabrication flow of the CuO/V,0s device
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Fig. 2. Demonstration of the applied stimulation (not to scale)

The wide spectrum was chosen to demonstrate broadband
sensing applications. Fig. 2 depicts the sensing test steps in the
presence of various stimulation.

I1l. RESULTS AND DISCUSSION

This section presents the morphological and microstructural
analysis of the sample CuO/V,0s sample. In addition, this
section presents the results of the CuO/V,0s based memristor
structure under the various stimuli.

A. Morphological and Microstructural analysis

Fig. 3(a-b) demonstrates the SEM micrograph of the
fabricated CuO/V,0s sample. It was observed that the
CuO/V,0s has uniform formation over the substrate. Further
the sample was analyzed using SEM micrographs that
demonstrate CuO/V,0s in nanostructured form. From these
micrographs we can conclude that the nanostructures are
formed uniformly across the sample. Fig. 3(c) and Fig. 3(d)
shows the Raman spectrum and X-ray diffraction (XRD)
pattern of the fabricated sample at room temperature. The tested
sample has shown the Raman peaks at 79 cm™!, 102.8 cm™!, 388
cm!, 520 cm!, 856 cm! and 914 cm'. The peak at 102 cm’!
occurs due to the A, external bending vibration of V,0s [13,
14]. The Bz, LM(a) (Vb) mode was observed at 388 cm! [15].
Along with all peaks due the Si substrate the peak was observed
at 520 cm!. The crystallography details of the fabricated sample
were analyzed using XRD spectrum ranging from 10° to 80°.

Intensity (a.u.)
Intensity (a.u.)

20 30 40 50
20 (degree)

200 400 600 800 1000 1200 60 70 80

Wavelength(cm™)

Fig. 3. Morphological view of the sample (a) 5 um (b) 1 um (c) Raman
Spectroscopy (d) XRD

The XRD pattern was recorded at the glazing angle of 0.5. The
XRD peak occurred at 14°, 15.9°, 18.3°,26°, 29.6° and 68.8° at
room temperature. The peak at 26° is related to the (110) crystal
plane of V,0s [16]. The peak at 29.6° corresponds to the (110)
lattice plane of the copper oxide [17]. The peak at 15.9°
occurred due to the (200) plane of the V,0s [18]. Other peaks
at 18.3° and 68.8° represent the (020) and (220) plans of the
CuO respectively [19] [20]. Further, using the Debye—Scherrer
equation, the average crystallite size of the synthesized
CuO/V20s sample was calculated to be ~ 26 nm.

B. Multi-Stimuli Selectivity Test for Broadband Sensing

This section presents the impact of the various stimulation
like electrical, optical and thermal stimulation on memristive
behavior. Initially, DC electrical stimuli with voltage sweep of
-10 V to 10 V was used to stimulate the devices (Fig. 4(a)). The
voltage 0 V to 10 V has been applied to the device at ~1.8 V,
the device has switched from high resistance state (HRS) to low
resistance state (LRS). It was understood from Fig. 4(a) that the
current was low at HRS and high at LRS state. Further, negative
voltage stimuli were applied to the device. When the reset
voltage is less than the applied voltage. Then the device will
switch back to its original state. Similarly, the device was
stimulated using the optical stimuli which had various
wavelengths such as 360 nm, 410 nm, 610 nm, 880 nm and 950
nm. It was observed that the device has shown the minimum
variation for optical stimuli (Fig. 4(b)). The switching ratio of
the device was improved as compared to the electrical
stimulation. The performance metrics like responsivity and
detectivity are calculated using broadband spectrum. The
responsivity is the ability of the device to produce photocurrent
for the applied optical stimulation. Detectivity is the lowest
detection limit of the device. The tested device has shown the
highest sensitivity towards the 950 nm as compared to the other
tested wavelengths, with responsivity and detectivity of 232
mA/W and 3.27x10'° Jones respectively. Further, the device
was stimulated using thermal stimulation. In this regard, the
operating temperature of the device was increased from room
temperature. At each 10°C rise in temperature, the device has
shown enhancement in current order as well as the switching
ratio.
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(b) Optical stimuli (c) Thermal stimuli (d) Comparative plot

Authorized licensed use limited to: UNIVERSITY COLLEGE CORK. Downloaded on September 23,2026 at 13:01:04 UTC from |IEEE Xplore. Restrictions apply.
© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.


https://www.mdpi.com/2079-4991/14/2/211
https://sci-hub.se/https:/doi.org/10.1063/1.5011112
https://sci-hub.se/https:/doi.org/10.1002/jrs.4660
https://www.mdpi.com/1996-1944/14/2/359
https://pismin.com/10.1002/pssa.201700041
https://sci-hub.se/https:/link.springer.com/article/10.1007/s11581-019-03139-6
https://sci-hub.se/http:/dx.doi.org/10.1039/C4RA10397A
https://doi.org/10.1038/s41598-018-23174-z

This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2026.3725743

First Author et al.: Title

6| Dark . 410nm ( a) 10°
< 4 -6
% i <10
E -
ERE £
= o glO'7
> H H g
2 ¥ V] 10°
24 / | ¥
< 10
-6
Im __ 2m__ 3m__ 4m _ 5m 5 -4 -3-2-10 12 3 45

Time (sec) Bias Voltage (V)
Fig. 5. (a) Resistive switching properties of the fabricated device under
sine wave (b) Response of the device and repeatability test for >100
cycles

-8l
6-10H 10
2oul Electrical 10| —— Electrical
M —— Thermal —— Thermal
-30y] Optical 10™ Optical B @ 1 KHz
Om 02m 04m 0.6m 08m 1.0m 5 -4 -3-2-10 1 2 3 45
Time (sec) Bias Voltage (V)
30) e
T ™ Ty . =
a4 ~10 (d) T
Loyl ¢ < EY]
= p = 7 B
§ o ﬁ/\\, 510
3-104 31
2oul Electrical 10| —— Electrical
M ——Thermal —— Thermal d
-30y| Optical 10 Optical @ 500 Hz

Oom 0.5m 1.0

m 1.5m 20m -5 -4 -3
Time (sec)

2 10 1 2 3 4 5
Bias Voltage (V)

| —~— Electrical &

20u Electrical
4 —— Thermal —— Thermal
-30y Optical Optical @ 100 Hz,

0 2m am 6m 8m 10m 5 -4 -3-2-101 2 3 45
Time (sec) Bias Voltage (V)
10° (h) -
—~106
le
107
1
(S
20, —— Electrical 107 . Electrical
M —— Thermal i —— Thermal
-30u Optical @ 10Hz| 19 Optical | @10Hz
0 20m  40m 60m 80m 100m 5 -4-3-2-10 12 3 45
Time (sec) Bias Voltage (V)

Fig. 6. Resistive switching during the modulated frequency (a-b) 1 kHz
(c-d) 500 Hz (e-f) 100 Hz (g-h) 10 Hz

It was observed that the device performance was degraded at
100°C. Therefore, it has been concluded that 90°C is optimum
temperature for the device performance (Fig. 4(c)). Fig. 4(d)
depicts the comparative plot of the resistive switching
characteristics under the various stimulation. In addition, the
device was stimulated using AC sweep under the various
stimulation. In this experiment sine wave was used with peak-
to-peak voltage of £5 V. Fig. 5(a) and Fig. 5(b) depicts the
applied sine wave and the corresponding response of the device.
The stability and endurance of the fabricated devices. To
confirm the reproducibility, the device was tested for more than
100 cycles.
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Fig. 7. Impact of the various sensing stimuli on the device performance
parameters (a) Set and reset process (b) Response speed calculation
(c) HRS and LRS (d) Current with respect to the bias voltage (e)D2D
variability test (f) C2C variability test

TABLE |
COMPARATIVE STUDY OF THE PROPOSED DEVICE SENSING WITH STATE OF
ART WORK
Material Stimuli/Sensing | On/Off Repeatability | Ref.
ratio Cycles
V,0s/NiMnIn | Thermal [21]
Cu0O/Zn0O Electrical 108 100 cycles [22]
CuO NW Electrical - 1 [23]
Cuo Electrical 108 30 cycles [24]
nanowire
Si/CuO Electrical - - [25]
Optical
CuO Electrical - [26]
CuO/(AgO) Electrical 10 40 cycles [27]
CuO/V,0s Electrical 0.21x10% | >100 cycles [This
work]
Optical 0.28x10% | >100 cycles
Thermal 0.8x10° >100 cycles

The test results confirm that the device is highly repeatable for
all the tested cycles. Fig. 6(a-h) depicts the sinusoidal wave
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under the various stimulation conditions like electrical, optical
and thermal with modulated frequency. It was observed that the
device has shown variation in terms of current switching ratio,
set/reset voltage, etc. The device has shown the current
switching ratio of 0.21x10%, 0.28x10% and 0.8x103 for the
electrical, optical and thermal stimulation respectively. The
device has shown the symmetrical and asymmetrical resistive
characteristics during the electrical/optical and thermal
stimulation respectively. It was observed that the device offered
a set/reset voltage of 2.7/2 V (thermal stimuli) and 0.8/0.8 V
(electrical and optical). Further, the device was stimulated using
the £5 V to store and erase the data from the CuO/V,0s
memristive devices (Fig. 7(a)). Further, the data was stored
using + 5 V followed by the data erase using -5 V. The set and
reset time were calculated under the various stimulation. The
device has shown the set/reset time of 40.4/40.3 us, 40.3/40.4
pus and 40.3/40.3 ps for the thermal, electrical and optical
stimulation respectively (Fig. 7(b)). Fig. 7(c) shows the impact
of the resistance states: HRS/LRS during electrical, optical and
thermal stimuli. This HRS and LRS experiment was performed
for the presynaptic voltage stimuli of 10 V and 0 V respectively.
It was observed that the device has shown high resistance to
optical stimuli as compared to the other tested stimuli. The
device offered the HRS/LRS ratio of 0.68x102 (optical),
0.44x10% (electrical) and 0.27x10%> (thermal). Fig. 7(d)
represents the current with respect to the bias voltage under the
various stimulation conditions. The tested device has shown the
enhanced current corresponding to the increase in the bias
voltage. Table I represents the comparison of the proposed
device to the existing state of art works. In addition, we have
tested the device to device (D2D) variation to confirm the wafer
scalability of the fabricated devices. In this regard, twelve
devices were taken from each side of the fabricated 2” silicon
wafer. The devices were tested for the current and resistance at
room temperature. The tested devices have shown similar
results which further confirms the scalability of the developed
process (Fig. 7(e)). Therefore, the device fabrication process is
wafer scalable. Furthermore, the cycle to cycle (C2C) variation
was tested for 100 cycles under various stimulation. The device
shows stable output for tested 100 cycles (Fig. 7(f)).

C. Memristive Device Mechanism

The mechanism of the fabricated devices depended on the
photosensing and memristive behavior under electrical, optical
and thermal stimuli. First the device was stimulated by
electrical stimulation. At the ambient atmosphere, the device
observes the atmospheric oxygen; this oxygen reacts with the
free electrons of the sensing layer. This process results in the
generation of negatively charged oxygen molecules which leads
to the generation of low conductive depletion regions
(Equ.(1)). Due to this limited charge carrier generated under
applied electric stimuli. This current is called the dark current
of the device under test. Further, optical illumination was
applied on the device, which results in the generation of
electron and hole pairs (Equ. (2)). These holes reacted with the
negatively charged oxygen molecules. During this process,
there is excess generation of free electrons (Equ. (3)). These
free electrons move toward the electrode which results in the
enhancement of photocurrent. As the fabricated device has a
heterostructure, therefore recombination of holes and electrons

/\\

: Set process

(a)

Fig. 8. Mechanism of the fabricated device (a) set process (b) reset
process

is not possible at the interface [28]. On the other hand, the
memristive behavior formation and rupture will happen due to
the oxygen vacancies. The mechanism of the memristor was
divided into three types based on the applied stimuli such as
electrical, optical and thermal. During the electrical stimulation,
there will be movement of the charge carriers from the top
electrode to bottom electrode. During that time there will be the
formation of conductive filament between the electrodes (Fig.
8(a)). This is known as the set process. In the case of optical
and thermal stimuli the set process may occur due to the
photogenerated carriers and thermally generated charge carriers
respectively. Further, the negative electrical stimulation was
used to remove the data present in the memristor. It is known as
the reset process of the memristor (Fig. 8(b)) [29,30]. During
the electrical stimulation, the field could not sufficiently drive
the ions/defects from the top to bottom electrode. Whereas
thermal stimulation helps to modify the crystalline nature of the
material. The heating of the device enhances oxygen-vacancy
motion from the top to bottom electrode. Which results in
formation of the filament between the top and bottom electrodes
[31,32]. This way the fabricated device’s performance was
tested for the different stimuli.

0,(g) + e~ = 05 (adsorped) ... (D
hv=ht+e . 3]
h* + 05 (adsorped) = 0,(g) +e~ ... 3)

IV. CONCLUSION

This paper presented the successful demonstration of
CuO/V,0s based efficient memristive devices for broadband
sensing. Trigger selectivity of the device was tested using
electrical, optical and thermal stimulation. The tested devices
have shown enhanced performance for the thermal stimulation as
compared to the other tested stimuli. The demonstrated
memristor has shown the current switching ratio of 0.21x10?
(electrical), 0.28x10? (optical) and 0.8x10° (thermal). The device
offered low set/reset voltage 0.8/0.8 V during electrical/optical
stimulation as compared to the thermal stimulation (2.7/2 V). The
developed process can be used for a wide range of sensing
applications like photo sensing, memristive and temperature
sensor related field applications.
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