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This article reports a tin oxide (SnO,_,) based memristor. In the Ag/SnO,_,/ITO structured two-terminal
memristive device, the silver (Ag) serves as the top electrode (TE), while indium tin oxide (ITO) is used as
the bottom electrode (BE), whereas SnO, , acts as the resistive switching layer. The device
demonstrates non-volatile resistive switching (RS) characteristics, with resistance windows of the order
of 10° Q and 10* Q for electrical and pressure conditions, respectively, maintained up to 11 x 10°
switching cycles. The fabricated device's experimentally verified pressure-dependent resistive switching
property makes it a potential candidate for human-inspired next-generation artificial intelligence (Al)
systems with high power efficiency (0.38 mW in this study). This study reports an integrated digital

Received 26th April 2025, memory and analog sensor by the fabricated Ag/SnO,_,/ITO memristor in its operation, where utilizing

Accepted 22nd June 2025 external mechanical pressure and applied voltage as inputs, the output current change makes the device
DOI: 10.1039/d5tc01687h perform as a chip-enabler logic inverter and an active-low 2:1 multiplexer. This makes the device a

“memlogic device” which can be utilised in “in-memory computing” applications, simplifying the next-
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1. Introduction

Memristors have found their potential applications in non-
volatile memories’ and neuromorphic computing in recent
decades.” The simple MIM (metal-insulator-metal) structures,
power efficiency, CMOS compatibility, and the high scalability
of metal-oxide-based memristive devices make it promising to
shape the landscape of future electronics.®>* Transition metal
oxides (TMOs) such as HfO,, TiO,, TaO,, AlO,, and CuO, are a
few of the most studied materials for their resistive switching
behavior."”> These materials exhibit resistive switching beha-
vior due to the controlled transport of metal cations and/or
oxygen vacancies.’ Furthermore, by tuning the Schottky barrier
height between the metal and insulating layer, the device’s
conductivity can be tuned between the HRS (high resistance
state) and LRS (low resistance state) or vice versa, under the
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generation reconfigurable piezoelectric circuits for future Al technology.

influence of applied external biases.® The memristive device is
said to be in a ‘SET’ state when it switches from HRS to LRS,
while switching back to HRS from LRS, it is said to be in a
‘RESET’ state. Among metal oxides, tin oxide (SnO,) has gained
the attention of researchers due to its unique properties in
oxide electronics. It is a natively n-type wide band-gap (3.6 eV)
semiconductor that is abundant and low-cost.” These features
make SnO, desirable for optoelectronic devices such as solar
cells” and sensors.® It has also been successfully demonstrated
to behave as an artificial synapse® and RRAM (Resistive Ran-
dom Access Memory) device® based on its reversible resistive
switching ability. Hence, tin oxide material can be considered a
potential contender for future neuromorphic computing and
non-volatile memory based applications.

Among all the previously reported synthesis methods,’
hydrothermal synthesis is preferred, as it does not require
harsh synthesis conditions, consumes less energy, and pro-
duces a homogeneous synthesis of tin oxide using basic equip-
ment without requiring much specialised equipment.® A low-
temperature (160 °C) hydrothermally synthesised SnO, nanor-
ods was reported by Guo et al.,'® where this method requires
approximately 12 h. Anuchai et al. reported one-step hydro-
thermally synthesised tin oxide (SnO,_,) nanocrystals with

J. Mater. Chem. C, 2025, 13,18225-18238 | 18225


https://orcid.org/0009-0000-9925-899X
https://orcid.org/0000-0002-0202-9873
https://orcid.org/0000-0001-6021-4391
https://orcid.org/0000-0002-7379-8290
http://crossmark.crossref.org/dialog/?doi=10.1039/d5tc01687h&domain=pdf&date_stamp=2025-06-27
https://doi.org/10.1039/d5tc01687h
https://doi.org/10.1039/d5tc01687h
https://rsc.li/materials-c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc01687h
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC013035

Open Access Article. Published on 26 June 2025. Downloaded on 12/5/2025 7:23:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(a) =
-~
=
«
N’
£
[72}
=
W
N
=
o
~
o
g
10 20 30 40 50 60 70 80
20 (Degree)
R? ~ 0.9909 486.38 eV
(c) Sn4+
—
= e Data |
N. """" Background ¢ 4
N’ [ ?Sn3dj,2
% % Sn 3d,,,
‘@ [ Jrit
=
P
N
=
]
500 498 496 494 492 490 488 486 484 482
Binding Energy (eV)
Fig. 1

View Article Online

Journal of Materials Chemistry C

b P g
(b) § 3
gl &
=
. \
< =
N’ o o
> a &
% 39
=
g 2l z
E 2 9
s
1200 1000 800 600 400 200 0
Binding Energy (eV)
R’ ~ 0.9962 %
(d) S
~ E e Data
. I ©,
3 % B o,
j? - Oy,
2 & Fit
o
~— \
=
~ \
‘\\\:&\@‘ ‘zl
534 532 530 528 526
Binding energy (eV)

(a) XRD spectra of tin oxide (SnO,_,) film, synthesized by the hydrothermal method. (b) X-ray photoelectron spectroscopy (XPS) survey spectra of

SnO,_ spin-coated film, (c) and (d) deconvoluted XPS spectra of Sn 3d and O 1s peaks in SnO,_, film, respectively.

oxygen deficiency, which improved the material’s photocataly-
tic performance.’* Zhang et al. reported that the presence of
oxygen vacancies in the tin oxide nanocrystals has improved the
Ethanol gas sensing ability."> In the case of valence change
mechanism (VCM)-type memristive devices, the presence of
oxygen vacancies helps to achieve the forming-free and gradual
switching® memristive behaviours, which are desirable for
neuromorphic computing applications.'* Owing to its semi-
conducting properties, the SnO, material has been extensively
explored for its gas sensing,'>™"” optical light sensing,'*>° and
memristive applications.”® However, the pressure-sensing abil-
ity of SnO, material®! is much less explored or reported.
Hence, the present study is intended to employ tin oxide
material with similar characteristics related to sensing, mem-
ory and resistive switching®®>* along with the cost-effective and
low energy hydrothermal method for possible in-memory com-
puting applications. The crystallographic structure and oxida-
tion states of the grown tin oxide layer were investigated by the
XRD (X-ray diffraction) and XPS (X-ray photoelectron spectro-
scopy) methods, respectively. The UPS (ultraviolet photoelec-
tron spectroscopy) technique was utilized to obtain the work
function value of the tin oxide (SnO,_,) layer. The thickness
and the surface morphology of the SnO,_, layer were assessed

18226 | J. Mater. Chem. C, 2025, 13, 18225-18238

by the SEM (scanning electron microscopy) characterization.
Using the synthesised SnO,_, material, an Ag/SnO,_,/ITO
device with memristive properties has been fabricated. A phy-
sical explanation of the conduction mechanism and resistive
switching behavior exhibited by the device is also proposed.
Utilising the memristive characteristics of the fabricated device
and its response to externally applied mechanical pressure
dependent change in the resistance state where the reducing
LRS was examined under the application of pressure up to
1.928 kPa; leads to the implementation of logical ‘NOT’ and
active low 2:1 multiplexer (MUX), which finds its potential in-
memory computing applications for future peizoelectronics
and next-generation programmable logic circuits.

2. Result and discussion

2.1 Material characterization

The obtained XRD spectra of the synthesized SnO,_, film
(Fig. 1(a)) confirm the presence of SnO, peaks at 26.8° and
54.8° corresponding to (110) and (220) planes respectively.
Where the prominent peak is at 20 = 26.8°. Cassiterite crystals
with rutile-tetragonal structures (JCPDS 41-1445) dominate

This journal is © The Royal Society of Chemistry 2025
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Fig. 2
these peaks.”® The SnO,_, nanoparticle’s crystallite size (D) was

determined by the Debye-Scherrer relation (Eqn 1):

0.94) "
" PcosO

where 4 is the wavelength of the incident X-ray radiation
(Ka(Cu) = 0.154056 nm), f is the full width at half maximum
(FWHM) of diffraction peak, and 0 is the Bragg’s diffraction
angle. The estimated D value obtained for SnO,_, (110) plane
by the Scherrer equation is ~6 nm.

X-ray photoelectron spectroscopy (XPS) study of the fresh
surface of tin oxide film was utilized to examine the elements
and compositional identification of tin oxide material grown by
the hydrothermal method. Fig. 1(b) depicting the XPS survey
spectrum of the tin oxide film, confirms the existence of O and
Sn elements. Fig. 1(c) and (d) show the deconvoluted XPS
spectra of Sn 3d and O 1s peaks of SnO,_, film. As shown in
Fig. 1(c), the ascribed binding energies (BEs) associated with Sn
3d;;, and Sn 3ds, peaks are ~494.84 eV and ~486.38 eV,
respectively. The difference of about 8.46 eV between the two 3d
peaks confirms the presence of Sn in the form of Sn**.” Fig. 1(d)
shows the deconvoluted core level fitted O 1s spectra of the
SnO,_, layer having three prominent Gaussian subpeaks cen-
tered at ~530.27 eV, ~531.70 eV and ~532.44 eV BEs, which
corresponds to lattice oxygen (Op) bound to Sn**, oxygen
vacancy (O,), and adsorbed oxygen or -OH molecules (O,)
bound to the SnO,_, surface in the oxygen deficient sites,
respectively.'”?*® Based on the deconvoluted spectra, the
relative percentage of oxygen vacancy was calculated to be
12.31%. This indicates that the active layer comprises a large
concentration of oxygen vacancies, hence termed SnO,_,. The
significant presence of oxygen vacancies is likely to play a
crucial role in the device’s resistive switching behavior. Further,
the atomic percentages of Sn and O were measured using the
energy dispersive spectroscopy (EDS) technique, wherein the
values had a strong consistency with the XPS results. The
detailed schematic of the tin oxide material synthesis proce-
dure and Ag/SnO,_,/ITO structured device fabrication is illu-
strated in Fig. S1, ESI.{ Also, the EDS study has been discussed
under Fig. S2(a-c), ESL.}

This journal is © The Royal Society of Chemistry 2025
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(a) FESEM image of SnO,_, film spin-coated over ITO, (b) cross-sectional FESEM image of SnO,_, and ITO/PET interface at 90° tilt angle.

The surface morphology of the spin-coated SnO,_, film was
examined by the FESEM (field emission scanning electron
microscopy) method. Fig. 2(a) depicts the FESEM image of
the spin-coated SnO,_, film’s surface. Fig. 2(a) shows a homo-
geneous distribution of the SnO,_, crystallites even at 500 nm
scale, which supports the reliability of the fabricated device.
Also, using the cross-sectional SEM study at 90° tilt angle, the
estimated thickness of SnO,_, film was found to be ~13 um
(Fig. 2(b)).

The energy band gap (E,) and the work function (@) of the
SnO,_, film were extracted utilizing the UV-visible (Taucs plot)
and ultraviolet photoelectron spectroscopy (UPS) methods,
respectively. The measured value of the work function of the
SnO,_, layer was estimated to be ~4 eV, as shown in Fig. 3(a),
and the estimated value of the corresponding band gap, ~ 3.63
eV, shown in the inset of Fig. 3(a), is consistent with the
literature.® The values of the work functions of Ag and ITO
~47 and ~4.8 eV, respectively, were taken from the
literature.>® Based on the work function and band gap of the
fabricated Ag/SnO,_,/ITO memristive device, a schematic
energy band diagram of the device is shown in Fig. 3(b).

2.2. Electrical characterization

For the current-voltage (I-V) measurements of the fabricated
Ag/SnO,_,/ITO device under ambient conditions at room tem-
perature, Keithley 2450 source meter and a DC probe station
were utilized. The schematic of the electrical measurement
setup of the device is shown in Fig. 4(a), where a DC voltage
sweepcycle0V - +2V - 0V - —2V — 0V was applied to the
top Ag electrode with bottom ITO electrode grounded, where
the compliance current (I..) was set at 10 mA. Fig. 4(b) demon-
strates an asymmetric rectifying bipolar resistive switching
behaviour of a pristine Ag/SnO,_,/ITO memristive device. The
asymmetric and rectifying I-V characteristics behavior of Ag/
SnO,_,/ITO memristive device can be attributed to the presence
of asymmetric Schottky barriers (as work function of Ag,
SnO,_,, ITO are 4.7 eV, ~4 eV, and 4.8 eV respectively.) at both
Ag/SnO,_, and SnO,_,/ITO interfaces under equilibrium con-
dition, in addition, the oxygen vacancy led conductive path/s
formation and dissolution under the applied electric field
(details discussed in Fig. S3, ESI) might have played jointly

J. Mater. Chem. C, 2025, 13, 18225-18238 | 18227
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memristive device under equilibrium.

in achieving the observed I-V characteristics. The fabricated Ag/
SnO,_,/ITO is a forming-free memristive device, evident from
its DC I-V characteristics, as very less variation in the SET and
RESET voltages can be observed in subsequent cycles, as shown
in Fig. 4(c).>° The obtained characteristics of the device show
that the pristine device was initially at HRS. When the voltage
sweep from 0 V — +2 V is applied, the device gradually switches
to the LRS at around 1.85 V. The device maintains this LRS until
the voltage sweep of opposite polarity (0 V. — —2 V) is applied,
which is evident from its rectifying nature. Hence, the device
RESETs during the negative voltage sweep, exhibiting bipolar
resistive switching phenomena.*'

It is to be noted that the device shows a gradual increment
and decrement in current or analog switching with subsequent
voltage sweep cycles and polarities, respectively, as shown in
Fig. 4(c). This indicates that metal cation-based conductive-
bridge phenomena do not dominate the conduction mecha-
nism, but rather oxygen vacancies.** Due to the large concen-
tration of oxygen vacancies in the SnO,_, active layer, it may
dominate the conduction mechanism in the fabricated device.
Therefore, to investigate the nature of conduction and to
understand the analog resistive switching characteristics of
the fabricated device, a temperature-dependent electrical study
was carried out on ten different devices, where temperature-
dependent variation in device resistance under the HRS and
LRS was recorded at a read voltage of 0.2 V. As shown in
Fig. 4(d) the mean resistance of all tested devices under the
HRS was found to drop exponentially under the incremental
temperature change, ranging 313-373 K. This drop in resis-
tance as a function of increasing temperature attributes to the
semiconducting nature of the device under the HRS. On the
other hand, Fig. 4(e) shows a linear rise in the mean resistance
of all devices under the LRS for incremental temperature
change in the range of 313-373 K, which indicates ohmic
conduction under the LRS. The temperature-dependent varia-
tion in resistance under the LRS in the present case can be
expressed as R(T) = Ry [1 + (T — Ty)], where R(T) is the
resistance at the applied temperature T, R, is the resistance
at temperature T,, and 7t is the temperature coefficient of

18228 | J Mater. Chem. C, 2025, 13, 18225-18238
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(a) Work function and band gap estimation of SnO,_, film using UPS result and Taucs plot (inset) respectively, (b) band diagram of Ag/SnO,_,/ITO

resistance. The value of ‘ depends on the nature of the
conductive path (ionic or metallic) between the top and bottom
electrodes of the device. In case of oxygen vacancy-based
conductive path/s formed, the t’s value would range ~1 x
107 K ' to ~2 x 107® K, whereas, if the conductive path is
metallic in nature, then it will lead to a higher value of 7, which
lies in the range of ~3.3 x 107° K " to 4 x 10> K '.*** By
considering T, as 313 K, the extracted value of t through the
linear fitting of the temperature-dependent resistance plot
under the LRS is 1.61 x 107> K '. The extracted value of 7 is
consistent with the previously reported values of temperature
coefficient of resistance in the case of oxygen-vacancy-based
conductive path/s in memristive devices.***> Therefore, as per
the experimental results, it can be confirmed that the conduc-
tive path/s associated with the Ag/SnO,_,/ITO memristive devi-
ce’s conduction are composed of the oxygen vacancies and not
due to the Ag metal cations generated by the oxidation of the Ag
top electrode which eventually forms a metallic conductive
filament under the applied voltage signals. This experimental
analysis is also consistent with previously reported studies,
which report strongly restricted migration of Ag metal cations
by/through the tin-oxide layer.***” Therefore, it can be con-
cluded that the observed analog switching behavior of the
device is controlled by the presence of oxygen vacancies in
the SnO,_, active layer. The pulse endurance characteristic of
the Ag/SnO,_,/ITO memristive device is shown in Fig. 4(f). The
pulse scheme applied to the device and the measured current
response at 0.2 V/60 ms, under no pressure conditions, are
shown in Fig. S4(a), ESI.¥ Under the applied pulse scheme, the
device successfully exhibited repeatable bipolar resistive
switching characteristics for 11 x 10® switching cycles, main-
taining a resistance window of 2.29 x 10°, measured between
the mean values (dashed lines in Fig. 4(f)) of HRS and LRS data
points. Further, to access the cycle-to-cycle and device-to-device
variability, identical pulse schemes were applied to ten differ-
ent devices for 1 x 10° switching cycles, where it shows
minimal spatial variation as can be observed through the inset
of Fig. 4(f), without any significant variations in the order of
the resistance window and mean differential low-resistance

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Schematic representation of the electrical measurement setup of the Ag/SnO,_,/ITO device, (b) /-V characteristics of the Ag/SnO,_,/ITO
device on the semilog scale (inset: Linear scale), (c) 100-cycle DC IV characteristics of Ag/SnO,_,/ITO memristive device showing analog SET and RESET
behavior. Temperature-dependent resistance variation under (d) HRS and (e) LRS. (f) Pulse endurance characteristics of the Ag/SnO,_,/ITO memristive
device up to 11 x 10® at room temperature. The inset exhibits switching cycle results obtained for ten different devices for 1 x 10% switching cycles.
Statistical analysis on device-to-device and cycle-to-cycle variation is shown in Fig. S5(a) and S6(a)-(j), ESI.¥ Schematic illustration of oxygen vacancy-
based resistive switching mechanism in the fabricated Ag/SnO,_,/ITO memristive device from (g) pristine state to (h) LRS or SET when Ag TE was

positively biased to (i) HRS or RESET when Ag TE was negatively biased under the applied voltage sweep.

conductance of each device (read at 0.2 V/60 ms) as shown in
Fig. S5(a) and S6(a-j), ESL,} respectively. Hence indicates high
uniformity and reliability of the fabricated Ag/SnO,_,/ITO
memristive devices. Now, as shown in Fig. 3(b), the SnO,_,
layer forms Schottky contacts with the Ag and ITO electrodes.
However, based on the work function difference, there is a
smaller Schottky barrier at the Ag/SnO,_, interface than that of
the SnO,_,/ITO interface. These Schottky barriers control the
electron transport during the voltage sweeps. During the posi-
tive voltage sweep, i.e. 0 V — 2 V, when Ag TE is positively
biased, more number of electrons will accumulate near the Ag/
SnO,_, interface, reducing the barrier height at the interface,
which will facilitate the easier flow of electrons across the
interface. Simultaneously, the randomly distributed oxygen
vacancies (O,) in the pristine device, as illustrated in Fig. 4(g),

This journal is © The Royal Society of Chemistry 2025

being charge trapping centres, will drive towards the ITO BE
under the influence of applied electric field when Ag TE was
positively biased as shown in Fig. 4(h), which helps in forming
conductive path/s during the subsequent voltage sweeps.**™*°
This makes the device switch to the LRS from HRS. The
formation of oxygen vacancy-led conductive path/s during the
positive voltage sweep, i.e. 0 V — 2V, facilitates the flow of
electrons and thereby plays a vital role in current conduction in
the device. Due to the formed conductive path/s, this state is
retained during the backward sweep, i.e., 2 V — 0 V. This state
of the device sustains until the negative voltage sweep is
applied. Now, as soon as the negative voltage sweep, ie.
0V —» —2 YV, was applied to the device, there could be the
dissolution of the conductive path due to the migration of
oxygen vacancies in the opposite direction, and the conductive

J. Mater. Chem. C, 2025, 13,18225-18238 | 18229
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Fig. 5 (a) Schematic of PDMS encapsulated Ag/SnO,_,/ITO memristive device for pressure dependent electrical behaviour measurement, (b) /-V

characteristics of the Ag/SnO,_,/ITO memristive device under without pressure and with pressure conditions, (c) the temporal response of the Ag/
SnO,_,/ITO memristive device with respect to pressure range of 1.249-1.928 kPa, (d) double-log-fitted positive cycle /-V behaviour of Ag/SnO,_,/ITO
memristive device under without pressure and 1.249 kPa pressure conditions, (e) Double-log-fitted negative cycle /-V behaviour of Ag/SnO,_,/ITO
memristive device under without pressure and 1.249 kPa pressure conditions. (f) Pulse endurance characteristics of the PDMS encapsulated Ag/SnO,_,/
ITO memristive device up to 11 x 10® switching cycles under 1.249 kPa, 1.472 kPa and 1.928 kPa pressure conditions, respectively.

path is likely to be detached from the ITO BE, as shown in
Fig. 4(i).""** Also, the Schottky barrier height at the Ag/SnO,_,
interface will increase, hindering the flow of electrons across
this interface. Although the Schottky barrier height at the
SnO,_,/ITO interface will reduce under this negative voltage
sweep, the dissolution of the oxygen vacancy-led conductive
path/s during the negative voltage sweep leads the device to
enter HRS from LRS (RESET).*>*° It is to be noted that the
reduced Schottky barrier height at the SnO, ,/ITO interface
would still be larger than that of the reduced Schottky barrier
height at Ag/SnO,_, interface under the same electric field due to
the higher work function of ITO than that of Ag, thus also
responsible for reduced current during the negative voltage sweep.

2.2.1. Pressure dependent I-V characteristics. To examine
the pressure dependent change in resistive switching behavi-
our, the Ag/SnO,_,/ITO memristive device was encapsulated
under a flexible elastomer named Polydimethylsiloxane
(PDMS). The process of making PDMS and encapsulation of
the device was adopted from the literature.*® Fig. 5(a) illustrates
the schematic of the electrical measurement setup to
investigate the pressure sensing ability of the fabricated
device. Fig. 5(b) shows the effect of external mechanical
pressure ranging from 1.249 kPa to 1.928 kPa, in the device’s
I-V characteristics obtained at room temperature. The applied
pressure was directed perpendicular to the exposed SnO,
layer of the device, encapsulated in PDMS. Compared to the
without-pressure condition, with increasing pressure under the
same voltage sweep, the current level of the device decreases

18230 | J Mater. Chem. C, 2025, 13,18225-18238

systematically which can be observed in Fig. 5(b). It is to be
noticed that under the applied pressure range (1.249 kPa to
1.928 kPa), the I-V characteristics of the device retain their
hysteretic nature. The 100-cycle DC IV characteristics of the
device under each pressure condition (1.249 kPa to 1.928 kPa)
are shown in Fig. S7, ESL.{ The DC I-V characteristics of the
device were also examined under extended pressure values of
2.246 kPa and 3.186 kPa, respectively. Under these extended
pressure amplitudes, an irreversible deviation in the PDMS
encapsulated device characteristics was observed, as compared
to the characteristics of the device observed till 1.928 kPa
pressure and exhibited a fluctuating current-voltage hysteresis
loop as shown in Fig. S8(a), ESL.{ A smooth transition from HRS
to the LRS and vice versa under these extended pressure
amplitudes was not further found under the applied voltage
sweep. In addition, when biased at 2 V, a newly fabricated
PDMS encapsulated device also shows a similar temporal
current response (thanks to the optimized and repeatable
fabrication methods), as shown in Fig. S8(b), ESL{ under
different applied pressures. It can be observed that, in this
case, as well, the device shows highly fluctuating current
response under the extended pressure of 2.246 kPa and
3.186 kPa, with poor and low recovery under the given relaxa-
tion time period and applied bias, respectively. The unstable
electrical characteristics of the device at 2.246 kPa and
3.186 kPa pressures suggest a permanent microstructural
change/damage to the SnO,_, material stack, similar to analo-
gous material systems-based devices, which might have

This journal is © The Royal Society of Chemistry 2025
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exacerbated the current conduction/conductive path in the
active layer (SnO,_,) of the device.***® Therefore, further study
of the fabricated device under pressure was restricted to the
1.249 kPa to 1.928 kPa pressure range. Moreover, the pressure-
induced temporal response of the device is shown in Fig. 5(c),
where a 1.249 to 1.928 kPa range of mechanical pressure
was applied and removed repeatedly for 30 s. Under the
restricted pressure range of 1.249 kPa to 1.928 kPa, the current
modulation under the applied pressure pulses was found
to be reversible, evident from Fig. 5(c). As can be observed in
the temporal behavior of the device (Fig. 5(c)), the current
partially recovered under the given relaxation time period of
30 seconds once the applied pressure was released, suggesting
a reversible and dynamic current modulation rather than
permanent degradation.

The pressure-induced current decrement in the fabricated
device can be attributed to more than one reason. The primary
reason for this current decrement can be attributed to the
disruption of the conductive path/s or a possible change in
their morphology under the applied pressure, which leads to
the current decrement.”® And the observed attenuated current
level during the no-pressure duration can be attributed to the
slow transient redistribution of oxygen vacancies-based con-
ductive path/s over the given period of relaxation time. When
the device under test was allowed for a longer duration
(~10 minutes) of relaxation time under the constant bias of
2 V, the device got preconditioned to its LRS before changing
the amplitude of the applied pressure to the device under test.
This preconditioning of the device resulted in almost similar
initial current levels for all different applied pressure condi-
tions, as shown in Fig. 5(c). Such pressure-dependent reversible
current suppression phenomenon has been reported, including
for metal oxides.’>*' Moreover, the grain boundaries of the
non-stoichiometric tin oxide (SnO,_,) nanoparticles, as con-
firmed by the FESEM image (Fig. 2(a)) under the pressure
conditions, will move closer to each other, but this increased
density of grain boundaries can act as a barrier to the flow of
charge carriers.”” In addition, the oxygen vacancies are posi-
tively charged,*® and as electron donors®? it can be inferred that
they may donate quasi free electrons®® under the applied
pressure condition as a function of pressure amplitude, which
may enhance the scattering events in the tin oxide layer and
along with the grain boundary barriers it helps reducing the
electron mobility.

The marginal decrement in current (A1 < A2 < A3 < A4
< A5) under the applied (ON) pressures shows its transition
from LTM (long term memory) to STM (short term memory) as
shown in Fig. 5(c). The marginal decrement in current with
repeated ON pressure, keeping the device under a 2 V bias
supply, can be attributed to the collective influence of the
pressure amplitude-dependent disruption of conductive path/
s along the SnO,_, material stack, reduced mobility due to
enhanced scattering events and the grain boundary barrier, as
discussed above. When the bias voltage was applied, it led to
the formation of oxygen vacancy-led conductive path/s in which
disruption is supposed to happen under the applied pressure.

This journal is © The Royal Society of Chemistry 2025
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It is anticipated that the disruption in conductive path/s does
not entirely recover under the given relaxation time (pressure
OFF condition for 30 s) while recording the temporal response
of the device under applied mechanical pressure, resulting in
an increased resistance state of the device. This increased
resistance state did not allow the current to return to its
original state until a preconditioning step (as mentioned above)
was performed. Therefore, it shows that the change in the
resistance state that occurs during the applied pressure condi-
tion retains even after the pressure is removed.

To further understand the underlying nature of current
conduction in the fabricated device within different applied
voltage sweep regimes, the DC I-V characteristics of the fabri-
cated Ag/SnO,_,/ITO device without and with pressure condi-
tions are plotted on the logarithmic scales for both positive and
negative cycles in Fig. 5(d) and (e), respectively. During the
positive forward voltage sweep cycle at lower voltage regime
(In(V) < 0.5 V), ohmic conduction prevails as slope (o)~1,
which indicates thermally generated free carriers.>® After In(V) =
0.5 V in both the cases of without pressure and 1.249 kPa
pressure the I~V characteristics shows space charge limited
current (SCLC)>**” as o ~ 2 and then trap charge limited
current (TCLC) as o is much greater than 2. In absence of
pressure, o rapidly increases to 6 and then 18. This indicates
the rapid filling of oxygen vacancies with the injected electrons
from the ITO electrode and the device turned on. Application of
pressure clearly decreases the slope o as compared to without
pressure, i.e. 4 and then 11, indicating that under the pressure,
the carrier conduction has been disrupted, considerably
decreasing current. The « ~ 2.8 and 2.5 during the backward
positive voltage sweep (—0.47 < In(V) < 0.032) indicates that,
once the traps are filled with the injected electrons further
injection of the same leads to space charge limited
conduction.’®*® During the further backwards positive voltage
sweep after the turn ON, it can be observed that the device
again shows ohmic behaviour as « ~ 1.4 for both the condi-
tions, which is also consistent with the temperature-dependent
resistance variation study under the LRS. Similarly, the same
discussion holds for the negative voltage sweep cycle as shown
in Fig. 5(e). The conduction of the device for other pressure
conditions (i.e. for 1.478 kPa and 1.928 kPa) was also examined
by similar double logarithmic fittings of their corresponding
I-V behaviour, which exhibited no significant change in the
type of conduction mechanism under each voltage regime. The
fitted double logarithmic I~V characteristics corresponding to
1.478 kPa and 1.928 kPa pressure conditions are shown in
Fig. S9, ESL.{ The pulse endurance characteristics of the device
under 1.249 kPa, 1.472 kPa, and 1.928 kPa pressure conditions,
maintaining their corresponding resistance states, are shown
in Fig. 5(f). The pulse scheme applied to the device and the
measured current response under 1.249 kPa, 1.472 kPa, and
1.928 kPa pressure conditions are shown in Fig. S4(b), ESL+
Under the applied pulse scheme, as shown in Fig. S4(b), the
device exhibited repeatable bipolar resistive switching charac-
teristics for 11 x 10° switching cycles without fail under
different constant pressure conditions, as shown in Fig. 5(f).
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The PDMS encapsulated Ag/SnO, ,/ITO memristive device
shows distinguishable mean resistance states for both HRS
and LRS data points, having resistance window values of 8.87 x
10*, 5.78 x 10%, 4.44 x 10*, for 1.249 kPa, 1.427 kPa, 1.928 kPa
pressure conditions respectively, measured between their
respective mean values (dashed lines in Fig. 5(f)) of HRS and
LRS states’. The variations in the HRS and LRS data points
around their respective mean values, as shown in Fig. 5(f) and
4(f), can be attributed to the involved stochasticity in the
formation and dissolution of oxygen vacancy-based conductive
path/s during the SET and RESET operations, respectively.>®>°

3. Memlogic applications with
pressure input

Memlogic, a memory logic device, has been further investigated
in the presence of two different types of signals: one is voltage
other is pressure as inputs, and current as output. In this
context, pressure and voltage are used as the two input vari-
ables for executing Boolean logic operations using the fabri-
cated memristor. In this experiment by applying a negative
voltage sweep (0 V. - —2 V — 0 V) to the device the current
response (absolute value) under without pressure and with
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varying pressure conditions was observed. The results demon-
strate that the applied pressure decreases the output current
level. The I~V characteristics of the fabricated memristor under
without pressure and with pressure conditions during the
negative voltage sweep is shown in Fig. 6(a). The ratio of
currents under without pressure and with pressure
(1.928 kPa) conditions is determined to be 3.4 x 10> To
investigate the memlogic capability of the device a 1.928 kPa
of pressure input was induced on the device in every 2 seconds
repeatedly, and a negative voltage pulse with amplitude —1 V
and duration 1 second was also applied. Fig. 6(b) demonstrates
the output current variation with time, where the resultant
current is a function of both applied pressure and electrical
impulses. A 10 pA of threshold current value was set to
distinguish between the OFF and ON states of the device. In
case when the output current level exceeds this threshold value,
the device is considered ON or in logic HIGH (‘1) state;
otherwise, OFF or in logic LOW (‘0’) state as depicted in
Fig. 6(c). Based on this behaviour of the device under different
levels of applied voltage and pressure the resultant output
current values and associated logic states are compiled as a
truth table (Table 1). Based on the truth table it is evident that
the device functions as a chip-enabled inverter gate when the
read voltage is set at —1 V.
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(a) Memristive switching of the fabricated device Ag/SnO,_,/ITO without pressure (black) and with pressure (green). (b) Output current level

variations without and with pressure conditions under reset electrical logic inputs (read voltage at —1 V) with threshold current 10 pA. (c) Exhibition of
memlogic with reprogrammable electrical (current) outputs under various combinations of the electrical and pressure inputs.
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Table 1 The truth table with output current values of the memlogic chip-enabler inverter (read at —1 V, with a chosen threshold current value of 10 pA)

Input Output Conclusion

Voltage Pressure Current Inverter

(1.928 kPa) | | Chip
Disabled |« 0~0V) | 0°(Off)  |#Z*~1.1pA) | chip- | disabled

Yy > YTy enabled

.':.Q:,( 0v) 1’ (On) ".Z,:'( 0.14 pA) Inverter Working

17y~ -1V) ‘0’ (Off) ‘17 (~34 pA) | Inverter
Enabled |gi—— "| Chi

L1~ -1V) ‘1’ (On) ‘0’ (~4.3nA) P

For the chip-enabled inverter implementation, pressure is
used as an input, and voltage is used as an enabler as
summarized in Table 1. The following technical observations
were made:

1. When the currents are 1.1 pA or 0.14 pA, the resistance
offered by the memristor is in the order of MQ, which we can
envisage as a high impedance state ‘Z’. Thus, the logic gate is in
a high impedance state when V = 0, irrespective of the pressure
input signal.

2. When V = 1, when pressure input P = 0, the current output
signal I =1 while for V=1and P=1,1=0.

Based on the experimental observations it can be concluded
that the fabricated memristor, with the applied pressure opera-
tion, functions as a chip-enabler NOT gate, as shown in Fig. 7(a)
and (b). Applied pressure alters the mobility of charge carriers
within the active layer which as a result aids to the resistive
switching. Pressure as an additional external control parameter
enables the memlogic device to perform reconfigurable logic
operations under negative voltage sweep, showing its potential
applications in non-volatile and adaptive logic circuits in
neuromorphic computing systems.

Utilizing the same fabricated memristor, another applica-
tion has been found when pressure and set voltage are the two
inputs that are applied. The schematic of the fabricated mem-
ristor with applied pressure is shown in Fig. 8(a). When 0.07 V
voltage (logic LOW) is applied to the fabricated memristor, the
output currents are recorded as 0.29 pA and 84 nA in the
absence and presence of applied pressure, respectively,

(@)

V=1 state represent voltage level -1 V

V=0 state represent voltage level 0 V
P=1 state represent 1.928 kPa level

P=0 state represent absence of pressure
Fig. 7

This journal is © The Royal Society of Chemistry 2025

representing the high resistive (Z) state mentioned in
Fig. 8(b). Applying a 2 V (logic HIGH) applied voltage yields
an output current that reaches 82 pA and 8.6 pA without and
with applied pressure, respectively. Given the device’s thresh-
old current of 10 pA, as mentioned earlier, it is evident that
pressure exerts an inverse effect on the output current. The
Boolean expression found from the truth table Fig. 9(b) is Y =
VP'. The timing diagram of the applied pressure, applied
voltage, and output current is presented in Fig. 8(c).
Exploring this unique characteristic, the device’s potential is
explored for the design of an active low 2: 1 multiplexer (MUX)
circuit. Two memristors, designated as memristors M, and M,
with identical features are employed. For better stability of the
proposed circuit, pressure (P) is chosen as the input, and
voltage (V) is chosen as the ‘enabling signal’, of the 2:1 MUX.
Technically, one can choose either the input voltage or the
applied pressure as the ‘select input’, and the other as the
‘enabling signal’, and the 2:1 MUX will theoretically work
correctly. However, in the practical realization of the circuit,
the pressure changes are way more gradual than voltage, and
realizing abrupt changes in pressure is challenging. Further, a
voltage-enabling signal can be switched very quickly in a MUX.
Furthermore, a MUX short-circuits the select input line to the
output line based on the choice of the enabling signal. There-
fore, the pressure change will still function reliably as the select
input, even if it is not as abrupt as the voltage change. More-
over, if the pressure is utilized as the enabling signal, there
might be an intermediate stage during its transition where the

I
Inverter chip
disabled

1

0

(b) Vv

Disabled<

Enabled <« Working

inverter chip

] — <O | =

(a) and (b) Proposed logic diagram and truth table for chip-enabled NOT memlogic.
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Fig. 8 (a) Schematic of memristor with applied pressure (b) truth table of the device derived from the /-V characteristics (c) output current levels as a
result of different combinations of applied electrical and pressure logic inputs, read at 2 V with threshold current set to 10 pA.
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Fig. 9 (a) Proposed active-low 2:1 MUX logic circuit with the fabricated memristor. (b) The timing diagram of current levels with the pressure of the proposed
MUX logic circuit derived from the /-V characteristics (c) Schematic of the proposed active low 2:1 MUX logic (d) truth table of the proposed MUX.

18234 | J Mater. Chem. C, 2025, 13,18225-18238 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc01687h

Open Access Article. Published on 26 June 2025. Downloaded on 12/5/2025 7:23:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry C Paper
Table 2 Comparison of the present study with previously reported similar studies
Properties Ref. 63 Ref. 64 Ref. 65 Ref. 44 Ref. 66 This work
Device structure ITO/Ce0,_,/AlO,/Al Ti/Pt/NbOX/Ti/Pt Si/NbOX/Tin s-ITO/c-ITO Ag/AgO,/Ag Ag/SnO,_,/ITO
Memlogic Yes No No No Yes Yes
Fabrication process Magnetron Magnetron Magnetron = Magnetron sputtering Thermal oxidation Hydrothe-rmal
sputtering sputtering sputtering

Ion/Iopr 14 10° 33
Cyclic endurance 30 50 220 100 100
Resistance window 10° 2.29 x 10°
External Optical Yes Yes
stimuli Mechanical No Yes Yes Yes Yes Yes

pressure

pressure is neither too high nor too low, leading to a higher
region of uncertainty concerning the digital logic at the MUX
output. The input of the M, is named P,, and the input of the
M, is P, as indicated in Fig. 9(a). The outputs of both
memristors are wired-OR connection and labelled as Y. Given
the Boolean expression obtained for the fabricated memristor
as Y = VP, the modified inputs for the proposed 2 : 1 MUX result
in the Boolean expression Y = V'Py’ + VP,’. This implies that the
voltage will selectively choose either of the inputs of the MUX
inputs, with low voltage favouring P, and vice versa. In the given
timing diagram of the applied pressure, applied voltage, the
output current of Mj, the output current of M,, and the final
output Y have been depicted in Fig. 9(b). For a better under-
standing, the schematic and the truth table of the proposed 2:1
MUX are also shown in Fig. 9(c) and (d). The fabricated bulk
Sn0O,_, memristor exhibits distinct characteristics under SET
and RESET voltages with applied pressure.

The key properties of the fabricated Ag/SnO,_,/ITO device,
as compared to similar reported studies, are listed in Table 2.
This shows Ag/SnO,_,/ITO as a potential low-cost device with
appreciable performance with in-memory computing and
memlogic abilities. The proposed memlogic applications (as
depicted in Fig. 6-9), shown by the memristive device limited to
the low-pressure value of <1.928 kPa, fall under the range of
detectable pressure by human skin (100 Pa to 400 kPa).*°
Therefore, the fabricated memristive device-based memlogic
operation can potentially find its place and may be limited to
soft-robotic applications, such as adaptive robotic skin, where
remembrance and in situ real-time logical processing of tactile
sensations are important.®**> Such advanced applications for
the next-generation reconfigurable piezoelectric circuits for
future AI hardware designs utilizing the fabricated memristive
device shall be taken up for future scope of work.

4. Conclusion

The hydrothermal synthesis of SnO, , and fabricated Ag/
SnO,_,/ITO device demonstrated bipolar resistive switching
phenomena. The larger concentration of oxygen vacancy and
Schottky barrier enabled the resistive switching phenomena of
the device. Based on the pressure dependent current-voltage
characteristics in absence and presence of pressure, inverter

This journal is © The Royal Society of Chemistry 2025

and active-low 2:1 multiplexer as memlogic applications were
proposed. This in-memory computing feature of the device
makes it a potential candidate for the next-generation reconfi-
gurable peizoelectronic circuits for future Al hardware designs.

5. Experimental section

5.1. Materials and characterization

A polyethylene terephthalate (PET) sheet with a coated layer of
indium tin oxide (ITO) was procured from Sigma-Aldrich, and
pure silver (metal pellet) was used as received. The structural
and phase identification study of the grown tin oxide layer was
done by the XRD method (RIGAKU ULTIMA-IV instrument with
Cu-Ka X-ray source). A Thermo Scientific Multilab 2000 with Al
Ko radiation operated at 15 kV, XPS instrument was employed
to investigate the tin oxide material’s oxidation states and
chemical composition. The field emission scanning electron
microscopy (FESEM) images were obtained by an FEI, LoVac
Apreo electron microscope. Keithley 2450 source meter and a
DC probe station were utilized for the electrical characteriza-
tions of the fabricated devices.

5.2. Material synthesis and device fabrication

5.2.1. Synthesis of tin oxide (SnO,_,). The reagents pur-
chased from Sigma-Aldrich were used as received. SnO,_,
solution was synthesised using the hydrothermal method:
SnCl,-5H,0 (0.26 M) and NaOH (0.78 M), each dissolved in
distilled water (50 mL) separately. NaOH solution in distilled
water was added drop by drop into the SnCl,-5H,O solution
while being continuously stirred at room temperature for
45 min. The mixed solution was transferred into a Teflon-
lined stainless steel autoclave (150 mL). After sealing, the
autoclave was placed in a hot-air oven at 160 °C for 12 h, and
it was set to naturally cool down to room temperature. The
resulting product was collected by filtration, i.e. centrifuged at
4500 rpm for 30 minutes in ethanol and DI water, respectively.
The obtained precipitate was set to dry at 100 °C for 6 h,
followed by calcination performed at 500 °C for 3 h.

5.2.2. Device fabrication. To fabricate the Ag/SnO, ,/ITO
memristive device, ITO-coated PET was used as a substrate,
where the ITO layer acted as the bottom electrode (BE) of the
device. Before spin coating, the ITO layer was ultrasonically
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cleaned using acetone, IPA, and deionized (DI) water for
5 minutes in each step and dried. Further, ultrasonically
dispersed SnO,_, solution in IPA was spin-coated over the
cleaned ITO layer at 1000 rpm for 30 s. The coated substrate
was then set to dry at 100 °C for 15 minutes, resulting in a
uniformly coated SnO,_, layer over the ITO. The circular Ag top
electrode (TE) with a diameter of 200 pm was deposited by the
electron-beam (E-beam) evaporation method, through a sha-
dow mask. In order to make contact on the ITO BE, a small
portion of the coated SnO,_, layer was wiped with acetone
using a soft cloth.

The schematic of the tin oxide synthesis procedure and
Ag/SnO,_,/ITO structured device fabrication is illustrated in
Fig. S1, ESLT
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