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Abstract
In the present investigation, we have experimentally demonstrated the coexistence of filamentary and homogeneous resis-
tive switching mechanisms in single Al/MnO2/SS thin film metal–insulator–metal device. The voltage-induced resistive 
switching leads to clockwise and counter-clockwise resistive switching effects. The present investigations confirm that the 
coexistence of both RS mechanisms is dependent on input voltage, charge-flux and time. Furthermore, the non-zero I–V 
crossing locations and crossovers hysteresis loops suggested that the developed device has memristive and meminductive 
properties. The memristive and meminductive memory effects are further confirmed by electrochemical impedance spec-
troscopy. The results suggested that the mem-device dynamics and electrochemical kinetics during different voltage sweeps 
and sweep rates are responsible for the coexistence of filamentary and homogeneous resistive switching mechanisms as well 
as memristive and meminductive memory effect in single Al/MnO2/SS metal–insulator–metal device. The coexistence of 
both RS effects is useful for the development of high-performance resistive memory and electronic synapse devices. Fur-
thermore, the coexistence of memristive and meminductive memory effects is important for the development of adaptive 
and self-resonating devices and circuits.
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Introduction

Resistive random access memory (RRAM) technology 
gained tremendous interest in the last few years as a future 
solution for the memory, logic, and computing applications 
[1–4]. One of the variants of the RRAM is a memristor 
or simply memory resistor [5, 6], which was theorized in 
1971 [7] and experimentally demonstrated in 2008 [8]. The 
device structure of memristor is very similar to metal–insu-
lator–metal (MIM) type and offers a lot of advantages in 
terms of footprint, speed, and power consumption [9]. In 
the recent years, different kinds of materials were used as 
an active layer; however, the oxide-based RRAM is popular 
due to the fast switching performance, higher endurance and 
retention, lower footprint, and CMOS compatibility [10]. In 
such devices, the resistive switching (RS) mechanism was 
governed by either homogeneous or filamentary type. In the 
case of homogeneous RS, the current is distributed homo-
geneously across the active layer, whereas formation and 
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breaking of the conductive filament(s) responsible for the 
filamentary RS [11–14].

The homogeneous RS shows poor retention performance 
and suffers from contact resistance problem [6]. On the other 
hand, the filamentary RS suffers from scaling issues [1, 11]. 
The synergetic integration of homogeneous and filamen-
tary RS may lead to highly scalable and efficient memory 
cells that would be useful for the CMOS-compatible RRAM 
and neuromorphic applications [15–19]. Considering the 
advantages of synergetic integration, many research groups 
come up with different solutions. Recently, Peng et al. [12] 
have demonstrated the coexistence of both RS mechanism 
by modifying the bottom electrodes. Similarly, Biju et al. 
[14] have shown the  coexistence by modulating active 
layer thickness of MIM devices. However, the simultane-
ous coexistence of both RS mechanisms was missing in the 
above devices. The field-induced RS with the coexistence of 
filamentary and homogeneous RS in Fe-doped  SrTiO3 thin 
films [13], ZnO thin film memristor [20],  DyMn2O5 mem-
ory devices [21] and  SrTiO3−δ RS bits [22] was reported 
recently. However, simultaneous homogeneous and fila-
mentary RS mechanisms at same voltage or an electric field 
were absent in these devices. Furthermore, the coexistence 
of fundamental memelements (memristor, memcapacitor, 
and meminductor) memory properties was not reported for 
these devices. The memelements are the broader class of 
non-linear passive circuit elements and they are useful in the 
field of adaptive circuits and self-resonating devices.

In view of this, the present report demonstrates the 
voltage-induced coexistence of filamentary and homogene-
ous resistive switching with memristive and meminductive 
memory effects in  MnO2 thin film MIM device. The present 
report confirms that the coexistence of both RS mechanisms 
is dependent on input voltage, charge-flux and time.

Experimental

Materials and methods

The stainless steel (SS) substrate with 885 ± 3 µm thickness 
was used to deposit  MnO2 thin film. Potassium permanga-
nate  (KMnO4) AR grade with purity 99% was purchased 
from SD Fine Pvt. Ltd., India and used as received. A dou-
ble distilled water (DDW) was used to prepare all aqueous 
solutions. In this work, the  MnO2 thin film was deposited 
by a simple, cost-effective and environmentally benign 
hydrothermal method. In the beginning, the SS substrate 
was washed with laboratory detergent, then polished by 
zero-grade polish paper followed by washing with ethanol 
and concentrated HCl. In a typical experiment, the Mn pre-
cursor (3 mM  KMnO4) was dissolved in 50 mL DDW and 
stirred for 10 min. After the dissolution of Mn precursor, 

the ethanol–HCl-treated SS substrate was immersed in the 
solution by inclining it to the wall of the beaker. This beaker 
was kept in the automatic vertical autoclave (Bio-Technics, 
India) at 90 °C for 4 h and then allowed to cool to room tem-
perature naturally. The SS substrate was removed from the 
autoclave and rinsed in DDW. This obtained thin film was 
dried at 60 °C for 3 h with the help of a hot air oven (Bio-
Technics, India). Finally, the prepared thin film was used for 
further characterizations.

Device development

The  MnO2 thin film was deposited using a simple and cost-
effective hydrothermal method. In order to create MIM 
structure, SS was used as a bottom electrode on which  MnO2 
active layer was grown using the hydrothermal method. 
The top Aluminum (Al) layer was developed using thermal 
evaporation technique (Vacuum Techniques, Bengaluru, 
Model—VT-ACG-03). In the typical process, Al evapora-
tion slugs with 99.99% purity were purchased from Sigma-
Aldrich and placed in the Molybdenum evaporation boat. 
The  MnO2/SS system was placed in the vacuum chamber 
and  10−5 Torr vacuum environment was created to develop 
good quality Al electrode. The Al metal was evaporated by 
passing 85 A current through the evaporation boat which 
contains Al evaporation slugs. The uniformity of the top 
electrode was assured by maintaining the optimized distance 
(23 cm) between boat and substrate holder and contamina-
tion-free Al evaporation slugs.

Characterizations of  MnO2 thin film MIM device

Raman spectra of  MnO2 thin film was recorded using a 
Raman spectrometer (Bruker MultiRAM, Germany). The 
surface morphology of  MnO2 thin film was examined using 
Field Emission Scanning Electron Microscope (FESEM) 
(S-4700, Hitachi). The electrical characterization of Al/
MnO2/SS MIM device was recorded using programmable 
electrochemical workstation (Autolab N-Series). In the pre-
sent investigation, the top Al electrode was biased, while 
bottom SS electrode was grounded during all measurements. 
The current–voltage (I–V) characteristic of the Al/MnO2/SS 
MIM device was recorded by applying the sweep voltage 
in the order of ± 1 V, ± 1.5 V, ± 2 V, ± 3 V, ± 4 V and ± 5 V 
across the device with sweep rate increased from 100 to 
500 mV/s. The electrochemical impedance spectroscopy 
(EIS) studies were carried out using 10  mVAC amplitude 
with frequencies sweeping from 10 Hz to 1 MHz. Surface 
profiler (AMBiOS XP-1) was used to determine the thick-
ness of the active layer and the top electrode. The thickness 
of the  MnO2 active layer and top Al electrode was found to 
be 13 ± 2 µm and 350 ± 10 nm, respectively.
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Results and discussion

Figure 1 shows typical Raman spectra of the hydrothermally 
synthesized  MnO2 thin film at 3 mM concentration of Mn 
precursor, for 4-h deposition time. The vibration absorp-
tion peaks of Mn–O–Mn bonds are located at 573 cm−1 and 
647 cm−1 in the spectral region 300–800 cm−1 corresponds 
to  MnO2. These absorption peaks in the spectral region are 
due to stretching vibrations of  MnO6 octahedral and in good 
agreement with the formation of birnessite-type  MnO2, con-
firmed by previously reported literature [23–25]. The nano-
structures of  MnO2 prepared by hydrothermal method were 
examined using FESEM, as shown in Fig. 2a, b. At the lower 
magnification (50 k), the wood dust-like nanostructure is 
clearly observed. The semi-compact nature of  MnO2 thin 

film with nanostructures of ~ 300 nm is clearly observed at 
higher magnification (100 k) as shown in Fig. 2b. 

According to resistive switching polarity, resistive memo-
ries are classified into two types viz. unipolar and bipolar. 
Furthermore, filamentary and homogeneous RS mechanisms 
are commonly explored in resistive memory devices [26]. 
The RS effect is dependent on various parameters such as 
device structure, active material, top and bottom electrodes, 
external voltage stimulus, doping, the interface between the 
active layer and electrodes, etc. [27–29]. In the present inves-
tigation, we have investigated the voltage-induced RS effect 
in the Al/MnO2/SS thin film MIM device and demonstrated 
the coexistence of filamentary and homogeneous RS with 
memristive, meminductive and nanobattery effects. Figure 3 
represents the exemplary I–V characteristics of Al/MnO2/
SS MIM device. I–V characteristic was measured at 1.5 V 
with sweep rate equals to 500 mV/s. Typical hysteresis loop 
in I–V plane is clearly observed for the developed device, 
which is fingerprint characteristic of the memristive device 
[30–32]. The memristive hysteresis loops are observed in 
many material systems such as oxides, ferrites, polymers, 
biomaterials, etc. and it is very similar to the resistive 
switching effect. In the case of memristive/resistive switch-
ing, device undergoes the change in the resistance state with 
the application of a certain bias (SET or RESET voltages). 
In the case of filamentary RS, the well-grown conductive fil-
ament is formed at the SET voltage and breaks at the RESET 
voltage. The direction of switching decides the RS mode 
(homogeneous and filamentary) and dictates device perfor-
mance. For this case, I–V hysteresis loop was followed in the 
sequence 0 → +Vmax → 0 → −Vmax → 0 which represents the 
clockwise switching (CWS). The clockwise transition from 
ON state to OFF was indicated by arrows. It is interesting 
to note that the two different types of switching with oppo-
site directions are observed with the application of different 
voltage sweeps (± 1 to ± 5 V). The upper inset shows the 
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Fig. 1  Raman scattering spectra of hydrothermally synthesized  MnO2 
thin film at 3 mM concentration of Mn precursor, for 4-h deposition 
time

Fig. 2  FESEM images of hydrothermally synthesized  MnO2 thin film at a lower magnification (50 k) and b higher magnification (100 k)
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zoomed view of non-zero I–V crossing property and the 
lower inset shows the zoomed view of crossover hysteresis. 
Recently, Qingjiang et al. have demonstrated that the non-
zero I–V crossing property or shifting of I–V crossing in the 
first or third quadrant results in a coexistence of memcapaci-
tive and meminductive properties with memristive effect, 
respectively [32]. In other words, one can use this simple test 
to identify the coexistence of memory effects and differenti-
ate the non-ideal memristive devices from ideal memristor 
or generic memristor devices. In the present report, we have 
demonstrated the voltage-induced coexistence of filamentary 
and homogeneous resistive switching with memristive and 
meminductive memory properties in the  MnO2 thin film. 
The coexistence of memristive and meminductive memory 
effects is further analyzed by EIS.

The detailed voltage-induced RS effect of the Al/MnO2/
SS thin film MIM device is shown in Fig. 4a–f. To get two 
different types of switching with opposite direction, we 
have varied the sweep voltages as ± 1 V, ± 1.5 V, and ± 2 V 
to ± 5 V. After careful analysis of I–V loops and branch-
ing directions during all voltage sweeps and sweep rates, 
three different modes of operation were observed. In the 
first mode, the counter-clockwise switching (CCWS) was 
observed for ± 1 V voltage sweep in which I–V hyster-
esis followed the sequence 0 → +Vmax → 0 → −Vmax → 0, 
as shown in Fig. 4a. In the second case, with a further 
increase in sweeping voltage to 1.5 V, the switching direc-
tion was  reversed. The switching was in the sequence 
0 → +Vmax → 0 → −Vmax → 0 which represents the clockwise 
switching (CWS), as shown in Fig. 4b. The third mode of 

operation was the accumulation of the previous two modes. 
The branching direction and I–V loops of ± 2 V to ± 5 V 
sweeping voltages were shown in Fig. 4c–f. In this case, 
the upper loops follow the CWS, whereas the lower loops 
follow the CCWS. It was observed that irrespective of any 
voltage sweep, the sequence of RS was found to be same i.e., 
0 → +Vmax → 0 → −Vmax → 0. By careful observations of I–V 
loops during the measurements, change was observed only 
in the branching direction and not in the sweeping voltage 
polarity. Recently, Münstermann et al. [13] and Biju et al. 
[14] have reported that the CCWS represents the homoge-
neous RS whereas CWS represents the filamentary RS. In 
the present case, the first mode represents the homogeneous 
RS, the second mode represents the filamentary RS, and 
the third mode represents the simultaneous filamentary and 
homogeneous RS. The field-induced change of the Schottky 
barrier at the interface of the electrode and the active mate-
rial is the agreed reason for the homogeneous RS; whereas, 
the formation and breaking of the conductive filaments are 
responsible for the filamentary RS [13, 14, 29].

In mode- 1, the slower switching kinetics at ± 1 V creates 
an asymmetric balance of Schottky-barrier heights which 
results in the homogeneous RS. In mode 2, the switching 
kinetics gets improved for higher voltage (± 1.5 V) which 
facilitates the redistribution of charge carriers to form a 
conductive filament which results in the filamentary RS. 
Further  increase in the voltage (± 2 to ± 5 V; mode 3), 
the positive bias creates the conductive filament, whereas 
oxygen vacancies were detached from the conductive fila-
ment during the negative bias. It was possible for detached 

Fig. 3  Typical current–volt-
age (I–V) hysteresis loop of 
Al/MnO2/SS MIM device 
measured at sweep rate equal 
to 500 mV/s with ± 1.5 V 
sweep voltage. The upper inset 
shows the zoomed view of the 
non-zero-crossing property 
and the lower inset shows the 
zoomed view of crossover 
hysteresis
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oxygen vacancies to concentrate near the top electrode. 
These detached oxygen vacancies may create many perco-
lation channels near the top Al electrode which impedes to 
form a complete conductive filament. This process results in 

the homogeneous RS. These percolation channels are also 
responsible for the meminductive effect [32]. In the nut-
shell, the different charge carrier densities beneath the top 
Al electrode with the application of different external bias 
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Fig. 4  Bipolar resistive switching characteristics of Al/MnO2/SS MIM device measured at sweep rate equal to 300 mV/s with sweep voltages a 
± 1 V; b ± 1.5 V; c ± 2 V; d ± 3 V; e ± 4 V; f ± 5 V, respectively. The arrow indicates the direction of resistive switching
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are responsible for the coexistence of filamentary and homo-
geneous resistive switching effect. Considering the above 
facts, the modulation of sweeping voltage leads to the tuning 
of RS either filamentary, homogeneous or both at the same 
time. The sweep rate (charge-flux and time)-dependent max-
imum positive (ISET) and negative current (IRESET) is shown 
in Fig. 5a, b. Furthermore, the typical analog memory of Al/
MnO2/SS MIM device measured at ± 1.5 V and ± 5.0 V with 
sweep rate equal to 100–500 mV/s is shown in Fig. 5c, d. 
The results clearly indicate that the current tends to increase 
as both switching mechanisms dominate at higher sweep 
voltages and sweep rates. From our experiments and by com-
paring the previous reports [13, 14, 22], we can conclude 
that the coexistence of both the RS mechanisms is dependent 
on an input voltage or electric field, similar to [13, 22] and 
charge-flux and time [22].

The coexistence of both the RS is useful for the neuro-
morphic applications. In such applications, analog switching 

with an increase in the synaptic weights can mimic through 
the homogeneous RS, whereas the better resistance retention 
properties can be achieved through filamentary RS [11]. To 
check the suitability of Al/MnO2/SS thin film MIM device 
for neuromorphic application, we have plotted the maximum 
positive (ISET) and negative current (IRESET) with different 
sweep rates at different resistive switching voltages and 
analog memory as shown in Fig. 5a–d, respectively. It is 
observed that the current increases in both the bias regions 
with an increase in voltage sweeps and sweep rates. In the 
biological synapse, improvement in the strength of synaptic 
weights results in the better learning [33]. In many memris-
tive-based electronic synapses, current (i) was considered 
as synaptic weights [33–35]. Considering the incremental 
ISET and IRESET or synaptic weights, the Al/MnO2/SS MIM 
device is suitable for the neuromorphic applications.

The pinched hysteresis loop in I–V plane with exact 
crossing at origin results in an ideal memristor [36–38]. 
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Recently, memcapacitive and meminductive circuit ele-
ments were theorized and experimentally demonstrated 
[39, 40]. These are the broader class of non-linear passive 
circuit elements, which incorporates non-ideal behavior of 

memristor. However, most of the literature focused on the 
development of memristor or memristive devices by empha-
sizing zero crossing property. Recently, Valov et al. [31], 
Saraf et al. [41], and Tappertzhofen et al. [42] have reported 
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All plots correspond to 500 mV/s sweep rate
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the non-zero crossing property of different MIM devices. 
Furthermore, the coexistence of memristance and memin-
ductance memory effects in the single device was experi-
mentally demonstrated by the Qingjiang et al. and proved 
that the shifting of I–V crossing location to the third quad-
rant leads to simultaneous memristive and meminductive 
memory effects in a single device [32].

In the present investigation, we have observed the addi-
tional meminductive effect along with the memristive prop-
erty. Furthermore, we have observed that the non-zero I–V 
crossing location or meminductive effect is dependent on the 
voltage sweeps and sweep rates as against different frequen-
cies methodology used in Ref. [32]. Figures 6a–f and 7a, b 
represent the non-zero I–V crossing property of developed 
MIM device, which was measured at 500 mV/s sweep rate 
with different sweep voltages. The results clearly indicate 
that the non-zero crossing point voltages and the corre-
sponding magnitude of current increase as the sweep rate 
and sweep voltage increase. These results are consistent with 
the results reported in the Ref. [41]. It is interesting to know 
that the ‘memristor type-II’-like characteristic was observed 
for the ± 4 V sweep voltage (sweep rate − 500 mV/s). If the 
memory element shows self-crossing I–V loop at the origin, 
then it is called as a type-I memristor. On the other hand, if 
the memory element shows tangential I–V loop at the origin, 
then it is called as a type-II memristor [40, 41]. The detailed 
explanation of the hysteresis loop and its characteristics can 
be found in the Ref. [40, 41]. In the present case, the I–V loop 
does not cross each other and only shows the ‘touch-and-go’ 
behavior [43]. However, ‘memristor type-II’-like character-
istic was not observed for other sweep voltages and sweep 
rates. This kind of behavior may be due to the stochastic 
nature of RS mechanism [35, 44]. Figure 8a–f represents the 

crossover hysteresis loops of the developed MIM device. For 
most of the cases, only one crossover hysteresis loop was 
observed. Furthermore, three crossover hysteresis loops were 
present for the ± 3 V sweep voltage and no crossover hystere-
sis loops were observed for the ± 1 and ± 4 V sweep voltages. 
The detailed crossover hysteresis voltages and current loca-
tions are shown in the Fig. 9a, b. The results suggested that 
the crossover hysteresis voltages and current locations tend 
to decrease as the sweep rate and sweep voltages increase.

To calculate the resistive, capacitive, and inductive con-
tributions to the mem-device dynamics and understand elec-
trochemical kinetics, we have characterized the Al/MnO2/
SS MIM device using EIS and calculated the impedance 
parameters by fitting equivalent circuit model. The details of 
the impendence parameters are summarized in Table 1. The 
Nyquist plots of MIM device for different sweep voltages 
are shown in Fig. 10a–f and its equivalent circuit model is 
shown in the inset of Fig. 10a. The semicircles of Al/MnO2/
SS MIM device suggest the active cell could be modeled as a 
series resistor and an inductor with the parallel combination 
of a resistor and a capacitor. Two different impedance spec-
tra for the ON and OFF states were observed for each sweep 
voltage. The area under the curve for OFF state was found 
to be higher than the ON state, which confirmed that the 
OFF state represents the high resistance state, whereas ON 
state represents the low resistance state. The series resist-
ance (RS) represents the lead resistance or contact resist-
ance between measuring probe and top electrode whereas 
parallel resistance (RP) represents the switching resistance 
[22, 45]. The inductive values during OFF state were found 
to be higher than the ON state for all sweep voltages. The 
inductive nature may have occurred due to the fact that the 
direction of net current is opposite to applied electric field 
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and diffusion relaxation [46]. These results further confirm 
that the meminductive behavior was prominent during OFF 
state and support the results reported in Ref. [32]. The per-
colation channels formed during OFF state were facilitated 

to form the winding conductive filaments which result in the 
significant meminductance effect in the MIM device [32]. 
These results reported herein suggest that the meminductive 
behavior can be found out by checking (1) shifting of I–V 
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crossing location to the third quadrant and (2) higher OFF 
state inductive behavior than ON state from EIS spectra. The 
coexistence of both RS effects will be useful for the devel-
opment of high-performance resistive memory devices and 
electronic synapses. Furthermore, the coexistence of mem-
ristive and meminductive memory effects will be important 
for the development of adaptive circuits and self-resonating 
devices.

Conclusion

In conclusion, we have demonstrated the coexistence of fila-
mentary and homogeneous RS mechanisms in single Al/
MnO2/SS MIM device using a voltage-induced RS effect. 

Three modes of operation were observed during sweep 
voltage and sweep rate variations. The first mode represents 
CCWS (homogeneous RS), the second mode represents 
CWS (filamentary RS), and simultaneous CCWS and CWS 
were observed in the third mode. The third mode represents 
the coexistence of filamentary and homogeneous RS mecha-
nisms in a single device. The accumulation of charge carrier 
densities beneath the top Al electrode with the application 
of different voltages is responsible for the coexistence of 
filamentary and homogeneous RS effect. The present report 
confirms that the coexistence of both the RS mechanisms 
is dependent on input voltage, charge-flux and time. The 
non-zero I–V crossing locations and crossover hysteresis 
loops suggested that the developed device has memristive 
and meminductive properties. The results suggested that the 
non-zero I–V crossing locations and corresponding current 
increases as the sweep rate and sweep voltage increases. Fur-
thermore, the crossover hysteresis voltage and current loca-
tions tend to decreases as the sweep rate and sweep voltages 
increases. The memristive and meminductive memory effect 
is further confirmed by EIS. The results of equivalent circuit 
fitting suggest that the active cell could be modeled as a 
series resistor and an inductor with the parallel combination 
of a resistor and a capacitor. The resistance during OFF state 
was found to be higher than ON state of the device for each 
sweep voltage. Similarly, the inductive values during OFF 
state were found to be higher than the ON state values. These 
results further confirm that the meminductive behavior was 
dominant during OFF state due to the percolation channels 
and winding conductive filaments. The results suggested that 
the mem-device dynamics and electrochemical kinetics 
play an important role in the RS and memelements memory 
effects. The coexistence of homogeneous and filamentary 
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Table 1  Impedance parameters of Al/MnO2/SS MIM device (positive 
bias: ON state and negative bias: OFF state)

Sweep volt-
age (V)

RS (Ω) RP (Ω) L (mH) CPE

1.0 2.96 × 104 2.00 × 105 3.093 8.21 × 10−10

− 1.0 3.01 × 104 2.60 × 105 3.598 6.65 × 10−10

1.5 2.80 × 104 1.49 × 105 2.962 9.22 × 10−10

− 1.5 3.90 × 104 3.10 × 105 6.591 5.83 × 10−10

2.0 2.51 × 104 1.42 × 105 2.473 2.57 × 10−09

− 2.0 3.96 × 104 2.74 × 105 6.270 4.66 × 10−10

3.0 2.34 × 104 1.30 × 105 2.580 5.15 × 10−09

− 3.0 3.83 × 104 2.16 × 105 6.119 3.57 × 10−10

4.0 2.31 × 104 1.35 × 105 2.817 4.26 × 10−09

− 4.0 3.62 × 104 2.09 × 105 5.170 3.08 × 10−10

5.0 2.55 × 104 0.98 × 105 3.074 2.72 × 10−09

− 5.0 3.15 × 104 1.33 × 105 3.904 4.48 × 10−10
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RS effects could be used to develop scalable and efficient 
memory cells for resistive memory and neuromorphic appli-
cations. Furthermore, adaptive and self-resonating devices 

and circuits could be easily developed by properly engineer-
ing the memristive and meminductive memory effects in the 
single device.
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