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Analog resistive switching characteristics are recognized as more suitable for neuromorphic computing
due to their gradual change in resistance states, energy efficiency, and inherent parallel processing
capabilities. The analog switching behaviors are primarily influenced by the switching medium, particularly
materials exhibiting mixed ionic and electronic conductivity. In this study, a copper sulfide-based
memristive device was fabricated using the chemical bath deposition (CBD), with copper as the active
electrode. The CBD-grown copper sulfide is polymorphic in form (Cu,.S) as evident from X-ray
photoelectron spectroscopy (XPS) and energy dispersive spectroscopy (EDS) studies. The carrier
concentration calculated using Mott-Schottky plots is of the order of 10° cm™. The device initially
demonstrates digital resistive switching behavior, characterized by an ON-OFF resistance ratio of ~10%.
Moreover, the device exhibits multilevel data storage capabilities, which can be controlled by adjusting the
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current compliance during the switching process. Further, the device exhibits analog resistive switching
behavior with modulation of the switching parameters such as the applied voltage and voltage sweep rate.
The temperature dependent switching studies indicate non-filamentary switching characteristics, which are

DOI: 10.1039/d51f00032g
attributed to the trapping and de-trapping of charge carriers at vacancy or trap sites, coupled with the
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Introduction

Over the years, digital resistive switching memory,
characterized by discrete and sharp SET/RESET processes, has
been widely employed for data storage applications. However,
as data storage demands continue to grow exponentially with
requirements of faster switching speed, digital memory
technologies are facing significant limitations due to the von
Neumann bottleneck. As a result, there is growing interest in
alternative memory paradigms, particularly for neuromorphic
computing, where the continuous and gradual transition of
resistance states during the SET/RESET processes, referred to
as analog resistive switching, offers distinct advantages over
digital switching. Analog switching provides more nuanced
and energy-efficient control of memory states, making it a
more suitable approach for mimicking biological neural
processes.™?

In this context, materials such as metal halides and
sulfides including Agl, Cul, Ag,S, and Cu,.,S (x ranges
between 0 and 1) are emerging as promising candidates for
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migration of Cu*-ions from the top copper electrode.

analog resistive switching due to their mixed ionic and
electronic conductivities.>* Among these, copper sulfide
stands out for its properties such as high chemical stability,
biocompatibility, non-toxicity, good optical absorption in the
visible-NIR region, and thermal stability, making it attractive
in various applications such as photocatalysis, solar cells,
batteries, optical filters, switching and in biomedical
applications.>° Copper sulfide can exist in many stable and
metastable states with varying stoichiometry, ranging from
CuS to Cu,S depending upon the Cu content. In the Cu,S
stoichiometry, it acts as an intrinsic semiconductor with a
low carrier concentration (10'°-10'® cm™) due to a
completely filled valence band."' However, in the Cu-
deficient CuS, many Cu®" vacancies are created, leading to an
increased hole concentration (~10>* em™)."”>"* This makes
CuS more conductive and enables it to behave as a
degenerate semiconductor.”> Furthermore, as a solid
electrolyte, CuS is highly accommodative of Cu'-ions,
facilitated by the redox state changes of the sulfide
framework.'® However, the reports on copper sulfide based
resistive switching devices are scarce, particularly analog
switching."” In a comparative study, Lim et al observed
threshold switching in Cu,S and CuS-based cells with
symmetric tungsten electrodes.'® While Cu,S demonstrated a
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high off-on ratio and good non-linearity, the CuS device
exhibited poor non-linearity and on-off ratio. Recently, there
have been a few studies of copper sulfide-based memristors
where the switching layer (Cu,_,S) was deposited either via
sulfurization or dry transfer method from its single crystal,
which are cumbersome."**°

In this work, we fabricated a memristive device based on
copper sulfide, using copper (Cu) as the active electrode. A
copper sulfide thin film was deposited using the chemical
bath deposition (CBD) method, chosen for its simplicity, low
cost, and ease of control over deposition parameters such as
temperature, pH of the solution, deposition time, and
precursor solution concentration.”® The XPS and EDS
investigation confirmed that the CBD-grown copper sulfide
was neither purely in the form of Cu,S nor CuS, rather, it
formed polymorphic Cu,-,S. The Cu/Cu,-,S/ITO device
exhibits digital resistive switching behavior, with an ON-OFF
resistance ratio of ~10%. As a precursor to analog switching,
the device also demonstrates multibit data storage capability
by varying the current compliance during the switching
process. Subsequently, analog resistive switching behavior
was also observed, with modulation of the switching
characteristics achieved by adjusting the applied voltage and
voltage sweep rate. The switching mechanism is attributed to
the trapping and de-trapping of charge carriers at the trap/
vacancy sites, with contribution of Cu'-ions migrating from
the top Cu electrode.

Experimental

Preparation and fabrication of the copper sulfide-based
memristor

The copper sulfide (Cu,-,S) thin film was deposited onto an
ITO/PET substrate via the chemical bath deposition (CBD)
method.”" For the preparation of copper sulfide using the
CBD method, we sourced copper(n) chloride dihydrate
(CuCl,2H,0),  triethanolamine  (C¢H;5NO;),  thiourea
(CS(NH,),) and ammonium solution (NH,OH) from Merck.
The ITO-coated PET (ITO/PET) substrate was purchased from
Sigma-Aldrich. The ITO/PET substrate was cut into 1.8 x 1.8
cm?. Initially, 1 M CuCl,-2H,0 and 1 M thiourea solutions
were separately prepared in 3 ml and 10 ml of distilled
(DI) water, respectively. Subsequently, 10 ml of
triethanolamine (TEA) was added to the CuCl,-2H,0
solution and stirred for 30 minutes. Finally, 10 ml of the
ammonia solution, 1 M thiourea solution, and 30 ml of DI
water were added to the above solution and stirred for 2 h
to obtain a homogeneous solution. The ITO/PET substrate
was then vertically immersed in the solution, and the
Cu,,S film was deposited at 60 °C for 1 h. The film
deposited onto the ITO/PET substrate was extracted from
the solution, rinsed with DI water, and dried in a vacuum
oven at 70 °C for 12 h. The thickness of the Cu, ,S film
was estimated to be ~130 nm, as measured using an
optical thickness meter. Following the drying process, a 40
nm circular Cu top electrode with a diameter of 100 um
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was deposited using the thermal evaporation method,
employing a stainless-steel shadow mask. Consequently, a
vertical two-terminal Cu/Cu,-,S/ITO memristive device was
fabricated, where Cu and ITO serve as the top and bottom
electrodes, respectively.

Characterization of materials and devices

The structural and optical characterization of the copper
sulfide thin film was carried out by using a PANalytical Xpert®
powder X-ray diffractometer (XRD) with a Cu-Ko, source of
wavelength 1.54 A and an Agilent Cary 5000 UV-vis-NIR
spectrophotometer, respectively. The microstructure and
elemental analysis were carried out using SEM (JSM-IT200).
The spectroscopic characterization of the copper sulfide
film was conducted by using a Thermo Fisher Scientific
K-alpha X-ray photoelectron spectrometer (XPS) with an
Al K, source. A Keithley 4200 semiconductor
characterization system (SCS) was used for the electrical
characterization of the copper sulfide-based memristive
devices.
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Fig. 1 (a) XRD pattern of the CBD copper sulfide film onto the ITO/

PET substrate. (b) UV-visible absorption spectra of CBD copper sulfide
film. The inset of (b) shows the determination of the band gap energy
from the Tauc plot. (c) SEM image and (d) EDS spectra of copper
sulfide thin film.
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Results and discussion

Material characterization

The X-ray diffraction (XRD) pattern of the copper sulfide thin
film deposited onto the ITO/PET substrate is presented in
Fig. 1(a). The pattern exhibits two broad peaks at 28.5° and
48.2°, corresponding to the (101) and (110) planes that
belong to covellite CuS (JCPDS card no. 06-0464).>>%
However, as Cu, ,5S and Cu,S have Bragg peaks for the (101)
and (110) planes near the same 20 values, we cannot rule out
the possibility of other phases along with covellite CuS.>* The
average crystallite size for the (101) and (110) peaks was
determined to be 3.18 nm and 3.16 nm, respectively, using
the Debye-Scherrer formula. Fig. 1(b) displays the UV-visible-
NIR spectrum of the copper sulfide thin film across a
wavelength range of 280-1100 nm. The spectrum reveals
absorption in the near UV region (300-400 nm) and reaches a
minimum around 590 nm. Notably, the absorption intensity
does not drop to zero but rather increases significantly from
750 to 1100 nm in the NIR region. The rise in intensity is
attributed to inter-band transitions from the valence states to
the unoccupied states, which is characteristic of copper
sulfide.>>?® The band gap energy of the deposited film was
estimated from the Tauc plot, as shown in the inset of
Fig. 1(b). The band gap is ~2.01 eV, closely matching the
reported value.”” The variation in stoichiometry of copper in
copper sulfide can significantly change the absorption
spectrum. The observed absorption spectrum in this study
matches more closely with that of Cu, ;5S, as reported by Zhu
et al.** Hence, the deposited copper sulfide may not be in the
pure covellite CuS phase, which is highly conducting in
comparison to Cu-rich (Cu,-,S, x varies between 0 and 1)
phases. Hence, we assume that CBD copper sulfide has a
polymorphic phase (Cu,-,S).

The SEM image (Fig. 1(c)) reveals a uniform, void-free
deposition of copper sulfide, though the surface
microstructures exhibit a granular and non-uniform
morphology. The EDS spectrum in Fig. 1(d) indicates a Cu:S
atomic ratio of ~1.3:1, suggesting the formation of a copper-
deficient polymorphic Cu,-,S phase.

To further confirm the oxidation states of copper in
Cu,-,S, we conducted X-ray photoelectron spectroscopy
(XPS). The presence of C, O, Cu and S was confirmed from
the XPS full scan survey as shown in Fig. 2(a). Then, the
high-resolution spectra of C, O, Cu and S were separately
investigated and are presented in Fig. 2(b)-(e). The high-
resolution spectrum of C 1s (Fig. 2(b)) exhibits peaks at
around 284.38, 285.94 and 288.06 eV due to C=C, C-OH
and C=0,**® which may be due to the surface absorbed
hydrocarbons appearing from the reaction medium. In the
high-resolution spectrum of O 1s as shown in Fig. 2(c), the
peak observed at 532 eV is due to CO groups and confirms
the absence of CuO (529.2 eV) or Cu,O (530.2 eV) in the
XPS spectra.”® This O 1s spectrum is observed due to a
reaction mechanism or adsorption from the environment.
The high-resolution spectrum of Cu 2p is shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XPS full scan survey spectrum of the copper sulfide thin

film. High resolution spectra of the (b) C 1s, (c) O 1s, (d) Cu 2p, and (e)
S 2p regions.

Fig. 2(d). The two major peaks observed at 932 eV and 952
eV are assigned to 2pz, and 2p,j,, respectively, indicating
the presence of the Cu’ oxidation state. The two low-
intensity deconvoluted peaks of 2p;, and 2p;, centered at
933.2 eV and 953.3 eV also reveal the presence of Cu** in
the film. Further, a satellite peak of Cu®>" is observed at
943.6 eV in the Cu 2p spectrum.>* This confirms that the
CBD-grown copper sulfide has a mixed stoichiometry of
copper with a greater Cu' fraction. In the precursor
CuCl,-2H,0, the oxidation state of copper is Cu?'. However,
the addition of thiourea as a sulfur source tends to convert
Cu** to Cu”.*® In the high-resolution spectrum of S 2p, the
peaks observed at 161.9 eV and 162.9 eV are assigned to S
2ps» and S 2py, as shown in Fig. 2(e).*" These two peaks
arise due to the S*° species. The additional peak at 168.5
eV is due to metal sulfides, i.e. Cu-S.>*> These studies
confirm that the CBD-grown copper sulfide is polymorphic.

Memory characteristics of the Cu/Cu,-,S/ITO memristor

The current-voltage (I-V) characteristic of the Cu/Cu,-,S/ITO
memristive device is presented in Fig. 3. A positive bias was
applied to the copper top electrode and was swept cyclically
from 0 to +2 V as shown in Fig. 3(a). Initially, the device
resides in the HRS. As the voltage sweeps from 0 to +2 V, the
current gradually increases and undergoes an abrupt
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Fig. 3 (a) -V characteristics of the Cu/Cu,_,S/ITO memristive device
showing bipolar digital RS behavior, (b) ON and OFF state resistances
plotted as function of switching cycles, (c) plot of SET and RESET
voltage with switching cycles, (d) retention test of the ON and OFF
state, (e) multilevel /-V characteristics observed in the memristive
device with varying compliance current, and (f) plot of ON state
resistance (Ron) with compliance current (CC).

transition to the LRS at a SET voltage of 0.94 V, persisting in
the ON state. Conversely, during the voltage sweep from 0 to
-2V, the current experiences a sudden drop at a RESET
voltage of —0.82 V. Therefore, bipolar digital non-volatile
resistive switching is observed. The device operated without a
forming process, as evidenced by the SET voltages of
successive cycles remaining within the range of the initial
cycle. The resistance ratio between the ON and OFF states is
approximately 10?. The variation in ON and OFF state
resistances over 50 consecutive cycles is presented in
Fig. 3(b). The cycle-to-cycle variation of both SET and RESET
voltages lies between +0.30 and +1.20 V, as shown in Fig. 3(c).
The mean SET voltage (¢ + o) is (0.74 + 0.24 V), while the
mean RESET voltage is (-0.72 + 0.23 V). The device also
demonstrates stable retention for up to 1000 s under a read
voltage of 0.1 V, as shown in Fig. 3(d). Fig. 3(e) displays the
multilevel -V characteristics obtained at compliance currents
of 0.01, 0.1, and 1 mA. The ON-state resistance (Ron)
decreases systematically with increasing compliance current,
as presented in the Fig. 3(f), with the corresponding values of
20 kQ, 1.9 kQ, and 470 Q for 0.01, 0.1, and 1 mA,
respectively.

Further, we tried observing analog switching by reducing
the operational voltage range and maneuvering the voltage
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Fig. 4 (a) -V characteristics of the memristive device measured under

four consecutive positive (1,2,3,4) and negative (5,6,7,8) voltage
sweeps, (b) temporal evolution of four consecutive positive and
negative voltage sweeps along with the current response, (c) plot of
resistance ratio with consecutive positive and negative voltage sweeps,
and (d) -V plot of the memristive device in complete cycles by
sweeping the voltage from 0 — 0.6 V - -0.6 V — 0.

sweep rate. We successively biased the device in the positive
direction with a sweeping sequence of 0 — 0.8 V — 0 for 4
consecutive sweeps, as delineated in Fig. 4(a). The device
attained a new LRS as the voltage sweep progresses from the
first to the 4th cycle. Conversely, upon applying bias voltage
in the negative direction for 4 consecutive sweeps from 0 —
-0.8 V — 0, the device's high resistance state (HRS) exhibited
a gradual increase in resistance values as the voltage sweep
progresses from the 5th to the 8th cycle. Typically, as the
number of sweeping cycles increases on either the SET or the
RESET side of the bias, the switching window sequentially
decreases.” This occurs because new conductance states are
established after each sweep, reducing the number of
available states. However, in this Cu,_,S-based memristor,
the switching window of 2 observed during the first cycle is
retained even after the fourth cycle, suggesting that multiple
conductance states still remain accessible after the 4th cycle
of sweeping in the positive bias direction. Fig. 4(a) is
reproduced in Fig. 4(b) to show the temporal evolution of
voltage sweeps and the corresponding current responses,
analogically representing the potentiation and depression of
synaptic weights under spiking activity. This behaviour
highlights the incremental increase in conductance with
successive positive sweeps, followed by a gradual decrease
under consecutive negative sweeps. Moreover, the resistance
ratio between the HRS and LRS during analog switching, read
at 0.2 V, decreases as the number of voltage sweeps increases
in both bias directions (Fig. 4(c)). The device was then biased
across both polarities with a sweep sequence of 0 — 0.6 V —
-0.6 V — 0, and the resulting I-V characteristics are shown in
Fig. 4(d). As the voltage increases from 0 to +0.6 V, the
current gradually rises, reaching the LRS, while a reverse

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sweep from 0 to -0.6 V restores the HRS. These results
confirm that the Cu,_,S-based memristor exhibits stable,
repeatable analog switching behaviour. The hysteresis loops
for positive and negative sweeps are nearly symmetrical, with
switching windows of 1.92 and 1.53, respectively.

Switching mechanism

To investigate the current conduction mechanism of the Cu/
Cu,_,S/ITO memristive device, the I-V characteristics during
the SET and RESET processes in the digital resistive
switching mode were analyzed and plotted in a log-log scale,
as depicted in Fig. 5(a) and (b). In the HRS, when the voltage
was swept from 0 to the positive direction, the device
displayed a linear relationship in the low voltage region from
0.03 to 0.17 V with a slope of 1.06. This behavior indicates
ohmic conduction,® as shown in Fig. 5(a). As the voltage was
increased further to the high voltage region (0.18 to 0.68 V),
the I-V curve was fitted linearly with a slope of 2.21,
suggesting that the conduction mechanism transitioned to
trap-assisted space charge limited conduction (SCLC) with I
o« V™ where m > 2.'% In the LRS, the current conduction
again follows ohmic conduction with a slope of 0.97. During
the subsequent sweep in the negative bias direction, the
current conduction continued to exhibit ohmic behavior,
with a slope of 1.04 as shown in Fig. 5(b). After the RESET
occurred at 0.80 V, the I-V curve was fitted linearly with a
slope of 1.95 in the HRS, reflecting the detrapping of charge
carriers from trap sites. As the voltage decreased further from
0.54 to 0.01 V, the current conduction followed ohmic
behavior.

Further, to investigate the current conduction mechanism
of analog switching, the I-V curve for the first positive voltage
sweep (Fig. 4(a)) is plotted in the log-log scale, as shown in

O- Positive bias in digital mode . ]—o—Negative bias in digital mode‘

VRS
o403
10° £\0p® e
0.01 0.1 1 0.01 0.1 1
Voltage (V) Voltage (V)
(c) 10* (d)

Positive bias in analog mode Negative bias in analog mode

Current

1E-3 0.01 0.1 1 1E-3 0.01 0.1 1
Voltage (V) Voltage (V)
Fig. 5 log-log plots of a digital /-V curve for the (a) SET process and
(b) RESET process in theCu/Cu,.,S/ITO memristive device. log-log
plots of an analog /-V for the first (c) positive and (d) negative voltage
sweep of the device.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Fig. 5(c). It is observed that in the low biasing region, ie., 0
< V < 0.6V, the curve is fitted linearly with a slope of 1.02,
indicating ohmic conduction. As the voltage increases further
from 0.6 V < V < 0.8 V, the slope of the linearly fitted curve
is 4.84. This suggests that the current conduction in the
higher voltage region is dominated by the trap-assisted
space-charge-limited conduction (SCLC). Thus, in the HRS,
the current conduction is ohmic initially and then followed
by trap assisted-SCLC. In the LRS, when sweeping back to
zero from 0.8 V, the current conduction is again ohmic type
in the entire biasing region, with a slope of 0.98. During the
negative sweep direction, the current conduction is ohmic in
the LRS with a slope of 1.01 for the entire biasing region. By
returning the voltage sweep from —-0.8 V to 0 V, in the voltage
region -0.8 V to -0.7 V, the slope is found to be 4.43,
indicating the detrapping of charge carriers (holes). Further,
decreasing the voltage from -0.7 V to 0 V, the current
conduction is ohmic with a slope of 1.04. Although the
current conduction mechanism in both analog and digital
switching is primarily governed by charge trapping and
detrapping, these processes alone cannot account for the
observed behaviour. Since copper is an active electrode, Cu”
ions are also anticipated to participate in the switching
dynamics. Devices employing inert electrodes with Cu,S or
CuS switching layers (e.g., W/Cu,S or CuS/W) exhibited only
diffusive volatile switching.'® In contrast, our devices with Cu
as the active electrode show non-volatile bipolar switching,
indicating that Cu" ion injection from the top electrode plays
a crucial role. Furthermore, trapping and detrapping of
electrons or holes at defect sites complement, rather than
exclude, the ionic contribution, as reported for TbhMnO;.*
The involvement of intrinsic ion conduction has been
highlighted in recent studies on Cu,.S and Cu,S-based
memristors, where switching was non-filamentary. In Cu,-,S
cells, Lee et al. reported Cu' ion depletion under bias leading
to Cu-deficient CuS phase formation in the ON state, which
reverts to Cu,_,S upon bias reversal.'® Qin et al. observed that
Cu' ion migration induces a structural transition from
monoclinic Cu,S to tetragonal Cu,_,S.%°
To further verify the conduction mechanism, temperature-
dependent -V measurements were performed from 25 to 65
°C in 10 °C increments (Fig. 6(a)). With increasing
temperature, both conductivity and SET voltage rise. Fig. 6(b)
shows that ON resistance decreases with temperature,
deviating from the metallic behaviour typical of filamentary
switching in ECM cells.>® These results suggest that the
switching mechanism arises from charge carrier trapping/
detrapping coupled with Cu'-ion diffusion from the top
electrode. The carrier concentration was estimated using the
Mott-Schottky relation®®
iz = 73 (V— Vi — kB—T> (1)
C eegA“eNp e
where, C is the interfacial capacitance, A is the area, N, is the
number of acceptors, V is the applied voltage, kg is the
Boltzmann constant, T is the absolute temperature, Vg, is the
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Fig. 6 (a) I-V characteristics of the first sweep cycle with temperature

ranging from 25 to 65 °C, (b) ON and OFF resistance plots with
temperature, and (c) Mott-Schottky plots of Cu,_,S. Schematic of the
energy band diagram of the Cu/Cu,_S/ITO memristive device (d)
before and (e) after contact.

flat band potential, &, is the vacuum permittivity, ¢ is the
dielectric constant of the Cu,-,S layer and e is the charge of
electron. A plot of 1/C? versus V is shown below in Fig. 6(c) at
three different frequencies. The flat-band potential Vg, was
determined by extrapolating the linear region of the plot to
the voltage axis. Using the slope of this linear region, the
value of carrier concentration N, was calculated to be ~10"°
em . To understand the current conduction mechanism, the
band diagram of the memristive device is shown in
Fig. 6(d) and (e). The work function of Cu,_S is ¢ = 4.6
eV,*> which closely matches with the work function of Cu (¢
~ -4.4 eV) and ITO (p ~ -4.8 eV).*’”"*° Consequently, both
interfaces—ITO/Cu,-,S and Cu/Cu,_,S—exhibit ohmic rather
than Schottky behaviour. Thus, the rectification -effect
typically observed at Schottky contacts is absent in this case.’
The polymorphic Cu,_,S-based device therefore behaves as an
ohmic memristor, offering symmetric potentiation and
depression characteristics, albeit with a reduced switching
window due to the lack of Schottky barriers.”’ Further
improvements can be achieved by optimizing parameters
such as the Cu-to-S stoichiometric ratio, the thickness of the
Cu,-,S switching layer, and the choice of electrode materials.

Conclusions

In summary, a copper sulfide-based memristive device was
fabricated using the chemical bath deposition (CBD) method,
with copper (Cu) serving as the active electrode. Polymorphic
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Cu,_,S is confirmed by EDS and XPS. The memristor exhibits
digital resistive switching behavior, characterized by variation
in the SET and RESET voltages, with an ON-OFF resistance
ratio of ~10% Furthermore, the device demonstrates
multilevel data storage capability, which can be controlled by
adjusting the current compliance during the switching
process. Notably, analog resistive switching behavior was also
observed in the copper sulfide-based device, with modulation
of the switching characteristics achievable by varying
parameters such as the applied voltage and voltage sweep
rate. The underlying switching mechanism is attributed to
the trapping and de-trapping of charge carriers at vacancy or
trap sites, with the migration of Cu'-ions from the top copper
electrode. The observation of simultaneous digital and analog
switching in Cu,,S memristive devices can be further
explored for neuromorphic application.
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