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ABSTRACT
Gd0.2Ca0.8MnO3 thin films were deposited on various substrate materials and their structural and resistive switching (RS) properties were
investigated. The deposition resulted in epitaxial and polycrystalline films, with the latter also exhibiting distorted film surfaces. Both epitaxial
and a part of polycrystalline films used as RS devices showed consistent RS performance in which an order of magnitude, or higher, switching
ratios were achieved between high and low resistance states. The devices showed strong endurance during repeated switching cycles. However,
under retention characterization, the resistance states did not remain distinguishable in devices constructed on polycrystalline films, while
other devices maintained separable resistance states. The RS results are discussed in relation to the structural characteristics of the films, and
this work helps us understand the RS mechanisms that still remain elusive in manganite-based devices.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0185499

I. INTRODUCTION

The resistive switching (RS) mechanism has attracted consid-
erable interest for possible future consumer applications, such as
resistance random access memory (RRAM) technology and neuro-
morphic computing.1,2 RRAM is a non-volatile memory that can be
switched between at least two resistance states, making it a poten-
tial candidate for next-generation memory devices. RRAM could
be a potential breakthrough in neuromorphic computing hard-
ware solutions,2,3 which are designed to mimic the functionality of
the human brain. Neuromorphic computing has the potential to
overcome the limitations of current von Neumann architectures,
which are based on the separation of memory and processing units.
Integrating and designing the memory and processing unit into a
singular device allows faster and more energy efficient computation.
In artificial neural network grids, this is partly realized by transform-
ing memory and logic into synaptic weights, effectively removing
the need for the bus between memory and processing units. More
generally, a non-volatile memristor device acting as a logic device,

potentially replacing a transistor-based system, will ideally maintain
its logic state once the state is set, reducing power consumption.
Additionally, efficient matrix arithmetic can be achieved by utilizing
a grid design, enabling parallel computation of matrix multipli-
cation. Memristors exhibiting spike time dependent plasticity also
play a pivotal role in implementing learning rules in neuromor-
phic hardware solutions.4 Due to the stochastic nature of the RS,
the phenomenon could be harnessed as a random number generator
for security purposes.5 All of this demonstrates the vast potential of
future RS applications.

The RS mechanism has been confirmed in a wide variety
of materials, but it has attracted particular interest in mangan-
ite and other perovskite systems, like Pr1−xCaxMnO3 (PCMO),
La1−xSrxMnO3 (LSMO), and SrTiO3 (STO).6–9 However, in our
previous studies, we have reported on promising results in
Gd1−xCaxMnO3 based junctions.10 Among other interesting results,
we reported on the unexpected optimal RS ratio that can be obtained
with high Ca substitution. This finding is at odds with other reports
for other manganites regarding electron doping.11,12 This in part
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demonstrates the need for further research in order to understand
the underlying mechanisms, to understand the differences between
a priori similar compounds, and to realize the full potential of
manganites as RS applications.

The RS and its mechanisms have been studied11–22 and
reviewed7,8,23–25 for manganites and other oxides. The phenomenon
is versatile, and the physical principles vary between materials. In
PCMO, LSMO and other transition metal oxide (TMO)-based sys-
tems, the electrochemical migration of oxygen vacancies between
TMO and the acting electrode is commonly addressed as a crucial
factor in RS.12–17,19,20 However, the detailed physical mechanisms
remain inconclusive.

On the other hand, it is a well-established fact that structural
stress or other deformation of the lattice can have a profound influ-
ence on the intrinsic properties of manganites,26–29 particularly in
thin film form. Structural stress and defects and their influence
on manganites obviously account for a host of aspects, but one
argument on this is the alteration of Mn–O–Mn bond angles, pro-
viding a direct influence on conductive properties. With respect to
intrinsic properties, the RS properties cannot be detached from the
microstructural attributes of an acting manganite/TMO electrode.
Indeed, oxygen vacancy migration is likely to influence the material
strain14,21,30 and give rise to structural deformation.19,31 Since dis-
locations in manganite can act as diffusion channels for oxygen
vacancies,32 the switching dynamic is expected to be altered by
dislocations.33,34 Regarding the practical research aspects, the struc-
tural defects can be engineered with manganite thin film substrate
material.35,36

Here, we report on a comprehensive study of the RS mech-
anism in Gd0.2Ca0.8MnO3 (GCMO)-based memristive devices on
various substrate materials. This is performed in part to address the
usability of substrates for GCMO films and to study the impact of
strain and defects caused by the substrates on RS. Particularly, we
apply the film deposition to Si and Si-based substrates. A success-
ful thin film deposition preserving RS functionalities on Si wafers,
which today’s information technology relies on, provides a con-
siderable advantage in upscaling any device for use in real-world
applications.

II. EXPERIMENTAL DETAILS
A set of Gd0.2Ca0.8MnO3 thin films was pulsed laser deposited

on single crystal SrTiO3 (STO), MgO, NdGaO3 (NGO), and Si
substrates. The films were also deposited on Si substrates with
polycrystalline (Si-STO) and epitaxial SrTiO3 (Si-STO-epi) buffer
layers provided by Lumiphase. GCMO films are labeled and iden-
tified hereafter according to the substrate material. The depo-
sition was performed at 700 ○C in an oxygen atmosphere with
1500 pulses, resulting in a film thickness of ∼80 nm.37 However,
the thickness may vary between different substrates. Gold pads
with a 200 nm thickness for ohmic wire contacts were fabricated
with a high vacuum electron beam deposition system provided by
Elettrorava.

X-ray diffraction measurements were carried out using a PAN-
alytical Empyrean diffractometer with a five axis goniometer and
an Empyrean Cu LFF x-ray tube. Filtering the x rays with the
BraggHD monochromator resulted in x rays consisting of only Cu
Kα1/Kα2 components with minor traces of Kβ. The measurements

FIG. 1. Schematic image of the device design used for resistive measurements.

included θ–2θ scans between 10○ and 130○, ϕ–ψ scan texture mea-
surements for GCMO (204) (2θ = 60.81○), 2θ–ϕ and 2θ–ω scans
for GCMO (204) and (224) (2θ = 71.43○). Apreo scanning electron
microscope (SEM) provided by Thermo Fisher Scientific was utilized
for structural thin film surface characterization.

Resistive characteristics were measured with a Keithley 2614b
source-meter unit and with an ArC ONE memristor characteriza-
tion platform. The measurements included I(V) loops with 0 V→
7 V→ −4 V→ 0 V sequence and corresponding Rprobe(V)measure-
ments with 0.4 V probe voltage. For more thorough quality mon-
itoring, resistive switching endurance and retention measurements
were performed with ArcONE. The planar devices were constructed
by making contacts with an ultrasonic wire bonder using 33 μm dia-
meter Al wire to Au pads and directly on top of the GCMO film. An
ohmic contact is formed between Al wire and Au pad and between
Au and GCMO.10 The schematic of the device design is presented in
Fig. 1.

III. RESULTS
A. Structural film properties
1. Crystallographical properties

The literature reference for crystallographic information is
based on previous studies.38 The x-ray diffraction θ–2θ measure-
ments are presented for STO, Si-STO, and Si-STO-epi samples in
Fig. 2(a) and for MgO, NGO, and Si in Fig. 2(b). The results pre-
sented in Fig. 2(a) show distinctive diffraction patterns for GCMO
(00l) peaks for STO and Si-STO-epi, along with the correspond-
ing substrate diffraction patterns. The peaks in Fig. 2(a) are labeled
according to pseudo-cubic crystal symmetry. In addition, Si-STO-
epi revealed a combination of two GCMO phases, as demonstrated
in Fig. 2(a) inset. Other results presented in both Figs. 2(a) and
2(b) do not show pronounced peaks from GCMO. However, minor
diffraction details can be identified as (011) and (002) GCMO peaks.
A fully texturized GCMO phase was only confirmed in STO and
Si-STO-epi; other samples indicate polycrystalline film growth. In
NGO, the overlap between the substrate and GCMO peaks is imme-
diate. For this reason, an accurate determination of peak attributes is
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FIG. 2. (a) θ − 2θ− results for STO, Si-STO, and Si-STO-epi, and (b) for MgO, NGO, and Si. Epitaxial GCMO growth is seen in STO and Si-STO-epi. Si-STO-epi reveals two
distinctive GCMO phases, which is demonstrated by the double peak structure seen in (a) inset. Black lines indicate the corresponding peak positions for bulk GCMO.

TABLE I. The lattice parameter values obtained from XRD. Strain values are calculated based on the literature (Ref. 38).

Sample a (Å) b (Å) c (Å) Vunit (Å3) εa (%) εb (%) εc (%)

STO 5.338 5.288 7.486 212.3 0.72 0.14 0.35
Si-STO-epi1 5.330 5.291 7.462 210.5 0.56 0.19 0.03
Si-STO-epi2 5.332 5.330 7.434 211.3 0.60 0.93 −0.35

TABLE II. Peak broadening for STO and Si-STO-epi. The values correspond to full
width half maximum values obtained from the Gaussian profile.

Sample ΔΦ204 (deg) ΔΦ224 (deg) Δω204 (deg) Δω224 (deg)

STO 0.74 0.94 0.74 1.29
STO-epi1 0.69 0.94 0.68 1.25

impractical. The pronounced shoulder of GCMO (002) in Fig. 2(b)
and the peak halo in 2D measurements suggest a texturized GCMO
phase. However, the absence of the GCMO (004) peak, without sig-
nificant overlap with the substrate peak, combined with the minor
trace from GCMO (011) could be an indication of a significant
polycrystalline phase.

Further structural analysis was made for both STO and Si-STO-
epi, where the epitaxial growth and difference from the substrate
peaks allow the determination of the parameters. c and a/b para-
meters were calculated using the Nelson–Riley method and by
applying Bragg’s law for GCMO (204) and (224) peak 2θ posi-
tions. The peak positions were obtained by fitting the pseudo-Voigt
function to (00l) peaks and the 2D Gaussian function to (204)
and (224) 2θ–ϕ results. Corresponding strain values εc and εa/b for
c and a/b parameters were calculated using a literature reference
(Sarkar et al.38) for strain-free parameters and according to the for-
mula ε = (l − ls)/ls, where l refers to the calculated lattice parameter
and ls to the strain-free reference parameter. These results are pre-
sented in Table I. The split GCMO phase was identified in (004) and
(002) peaks, and lattice parameters/strains were obtained for both
phases. In Table II, ΔΦ and Δω refer to the full width half maximum
(FWHM) of the corresponding diffraction direction.

The results for FWHM and unit cell volume do not reveal any
significant difference between STO and Si-STO-epi. The lattice para-
meters compared with reference values reveal tensile or compressive
strain according to the same parameters, except for the c parameter
in the secondary Si-STO-epi phase. Somewhat significant differences
between GCMO phases in Si-STO-epi lattice parameters are an indi-
cation of nonuniform crystal growth. This could be explained by the
fact that the STO buffer layer does not provide a uniform growth
setting.

2. Microstructure of the films
The topography of the GCMO samples was studied with SEM.

The results for 5 μm scans are presented in Fig. 3. It can be seen
that the surfaces of NGO (c), Si-STO (d), Si (e), and MgO (f) have
many cracks. These defects seem less pronounced in NGO and MgO,
although the defects are still clear, extending roughly 1 μm in length.
Linked cracks in Si and Si-STO extend over the 5 μm image size.
This kind of structural deterioration in in situ films could obviously
be a serious obstacle if μm-scale lithography is included in device
fabrication.

STO (a) and Si-STO-epi (b) have uniform surfaces without any
clear defects, as seen in the rest of the samples. Si-STO-epi appears
to have a smooth surface without particular details outside of a few
circular droplets. In STO, the surface appears more irregular com-
pared to Si-STO-epi. The surface contains small particles that are less
than 100 nm in diameter. The particles seem to stand on a smooth
background surface, like in Si-STO-epi, and their number varies
depending on measurement location. Otherwise, all the presented
SEM results for each sample showed little to no variation from the
rest of the data.
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FIG. 3. The results obtained with scanning electron microscope for (a) STO, (b) Si-STO-epi, (c) NGO, (d) Si-STO, (e) Si, and (f) MgO.

B. Resistive switching properties
The first resistive characterization was performed for four prac-

tically identical junctions in each film. An illustration of R(V)
loops (red) and respective probed loops (blue) is presented in
Figs. 4(a)–4(d) for STO, MgO, NGO, and Si-STO-epi, respec-
tively. All the presented results demonstrate a hysteretic asymmetric
reversible resistance change with respect to the applied voltage. This
is characteristic of bipolar resistive switching, which we have already
demonstrated in our previous research for GCMO on STO sub-
strates.10 These results were obtained for all four devices on STO
and MgO. The rest of the samples showed more inconsistent results
between similar junctions or no proper performance at all. Si-STO-
epi shows reversible resistance states in three out of four junctions,
and two out of four junctions in NGO show promising perfor-
mance, although a clear drift in switching states can be detected
in the latter. Notably, the results in Fig. 4(e) for Si-STO showed
practically no switching, resembling the results in Figs. 4(a)–4(d).
Although some results, as depicted in Fig. 4(f), obtained for Si do
indicate hysteretic resistance change, consistency between junctions
and between scans in the same junction is poor. It is concluded that
no resistive switching was detected in Si-STO with the current mea-
surements and with the current device design, and due to poor per-
formance in Si, the two samples are disregarded from the rest of the
discussion.

For a more detailed analysis, high resistance (HRS) and low
resistance states (LRS) were extracted from Rprobe(V) results. The
states were obtained as probed resistance values after 0 V. The
results are presented for STO, MgO, NGO, and Si-STO-epi in
Figs. 5(a)–5(d), respectively. The results are scaled according to the

median LRS for each junction. LRS and HRS states can be distin-
guished in all cases for STO, MgO, and Si-STO-epi. The results
demonstrate that STO and MgO show maximum switching close to
two orders of magnitude. Si-STO-epi switching is below one order
of magnitude. However, in NGO, the HRS and LRS states overlap.
In the Rprobe(V), this was apparent due to significant drift in the
resistance, while a single scan still showed distinguishable LRS and
HRS.

Additionally, we found that RESET switching takes place at a
localized, practically identical voltage, close to −0.4 V, in all the sam-
ples. SET switching showed considerable variation between devices
on different substrates but also between junctions on the same sub-
strate and between measurements for the same junction. However,
SET switching was well-localized, close to 3.5 V for MgO. On STO,
Si-STO-epi, and NGO, the junctions showed more gradual transi-
tions to LRS. This indicates that the microstructure plays a more
prominent role in the SET process and that a more controlled
fabrication process could mitigate the dispersion observed in the
junctions of the same substrate.

In order to harvest resistive switching functionalities in appli-
cations, reliable devices are required. For this, we studied the
endurance and retention measurements of the devices, as those
are fundamental properties that all non-volatile memory devices
must possess. An example of the endurance and retention results
is presented in Figs. 6(a) and 6(b) for STO. The combined results
for all samples are presented in (c) for endurance and in (d) for
retention measurements. These results are normalized according to
the lower resistance state median in order to improve clarification.
The combined endurance data reveals that all the samples show
well-separated and local resistance states throughout the endurance
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FIG. 4. Resistive switching characterization for (a) STO, (b) MgO, (c) NGO, (d) Si-STO-epi, (e) Si-STO, and (f) Si present resistance (red) and probed resistance (blue)
between 7 and −4 V, demonstrating hysteretic multi-state resistance with looped voltage. Opaque points show the average of multiple loops. A single loop is shown with
transparent points.

sequence. A striking detail from the data shows that in Si-STO-epi
7.0 V, the write pulse sets the junction into a lower resistance state,
while in the other samples, the pulse results in a high resistance
state. In the combined retention results, it becomes clear that only
STO and Si-STO-epi LRS and HRS states remain distinguishable.
However, the polarity in Si-STO-epi is again reversed compared to
endurance results. Additional measurements revealed that Si-STO-
epi exhibits an unstable switching state that relaxes after the writing
pulse. Once the delay between the writing pulse and the reading
pulse is extended to ∼1 s, the endurance measurements show sta-
ble LRS and HRS states in which LRS is reached by applying a 7.0 V
voltage pulse.

IV. EFFECT OF FILM GROWTH AND STRUCTURAL
DEFECTS IN THE SWITCHING MECHANISMS

Figure 7 illustrates the following discussion topics in RS and
structural characteristics. In Sec. III B, we have demonstrated sig-
nificant structural differences in GCMO films deposited on various

substrates. These differences can be summarized by two sample
groups: polycrystalline samples with deteriorated film surfaces and
epitaxial samples with uniform film surfaces. These structural char-
acteristics link to RS performance by showing consistent bipolar
switching, consistent switching in endurance tests, and distinctive
LRS and HRS in retention measurements in the latter group. In the
group, including polycrystalline samples and/or deteriorated film
surfaces, MgO and NGO show bipolar switching endurance, but
LRS and HRS do not remain distinctive under retention, while other
samples do not reveal proper RS characteristics at all.

Interfacial modification by oxygen vacancy migration is usually
seen as a contributor to RS in multiple materials. Structural defects
can induce local variation in vacancy concentration and, hence, vari-
ation in conductivity,39 which again could mean variations in local
switching in the junction area.13 Since our samples have shown clear
differences in structural characteristics, it could be expected that
devices on different substrates perform differently under RS charac-
terization. In addition, with the current device design, junction size
and the acting interface remain somewhat uncontrollable.

AIP Advances 14, 045309 (2024); doi: 10.1063/5.0185499 14, 045309-5

© Author(s) 2024

 09 April 2024 06:34:17

https://pubs.aip.org/aip/adv


AIP Advances ARTICLE pubs.aip.org/aip/adv

FIG. 5. Collected results from probed resistance results for all devices corresponding to HRS and LRS obtained at 0 V for (a) STO, (b) MgO, (c) NGO, and (d) Si-STO-epi.

Previous research on manganites demonstrates
that both epitaxial and non-epitaxial systems show RS
performance.3,12,17,22,33,40–44 This is also our observation here
for GCMO-based devices. Indeed, comparing epitaxial STO
and polycrystalline MgO in RS performance, the results show
clear switching between distinctive LRS and HRS, as depicted
in Figs. 5(a) and 5(b). In addition, the endurance of these states
shows that repeated switching shows only little variation in resistive
states. Perhaps the most remarkable difference between the two
samples is the lack of retention in MgO, while STO preserves
the distinction between LRS and HRS. The relaxation of LRS
toward HRS has been demonstrated in many systems, and it
could mean oxygen vacancy diffusion or the detrapping of charge
carriers in the vicinity of the interface.43,45,46 It is possible that in
a manganite, the structural defects, like grain boundaries, act as
diffusion channels for oxygen32 and hence likely prompt RS but
possibly also cause LRS “leaking” into more stable HRS through
diffusion. It is worth noting that multiple publications address
the role of dislocations in resistive switching.39,47,48 Since all our
polycrystalline samples have also indicated clear dislocations or

cracks in the film surface, it is easy to suggest that diffusion is
more pronounced in the polycrystalline samples and, hence, LRS
states cannot be distinguished from HRS throughout the retention
characterization.

The differences in SET/RESET processes could also be
attributed to differences in oxygen migration dynamics. Figuratively,
the localized SET/RESET switching in MgO in the RS measurements
seems to suggest that oxygen vacancies are highly mobile between
the two states once a threshold voltage is surpassed and, hence, the
device switches to the final state with only a little voltage increase.
However, with other samples, especially, SET switching happens
more gradually.

In order to further discuss the underlying principles that result
in RS performance, we note that while oxygen vacancy migra-
tion in manganites is regarded as the key to understanding the
phenomenon, this conclusion does not address the underlying prin-
ciples in detail. One elaborate remark has been the modification of
the PCMO bandgap in the vicinity of the active electrode. The elec-
trical stimulus has been argued to modify a Schottky-like barrier,
therefore resulting in the respective LRS and HRS.12 Acknowledging
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FIG. 6. Endurance (a) and retention (b) results for STO. Combined endurance (c) and retention (d) results for devices that showed resistive switching. The results in (c) and
(d) are normalized according to the lower resistance state median for clarification.

the role of oxygen vacancy migration, an explanation emphasiz-
ing the role of a malleable oxide tunnel barrier with filament-like
conduction at the active interface has also been provided.20 While
the RS is regularly argued to be an interface phenomenon, the
movement of oxygen during the SET/RESET process can create
trapping sites in manganite bulk, thus contributing to the RS.49

Although it is difficult and potentially incorrect to pinpoint a sin-
gle factor responsible for RS in our manganite system, the pre-
vious research seems to suggest that while oxygen migration is
likely the key actor, its effects could be an interplay of multiple
mechanisms.

Finally, we discuss the results and the differences between
STO and Si-STO-epi, both showing an epitaxial GCMO phase. The
structural differences between the two are somewhat subtle, but Si-
STO-epi revealed a double GCMO phase with different strain values
and a smoother GCMO surface. Oxygen migration has been demon-
strated to include structural deformation of the crystal lattice,19,30,31

and structural stress has been argued to influence or correlate with
the oxygen migration.14,16 On top of all, local structural transition-
based RS, excluding oxygen migration, has also been proposed.50

Considering these remarks, it could have been predicted that
Si-STO-epi, showing two GCMO phases with distinctive strain val-
ues, would demonstrate more anomalous RS characteristics. This
was evident and demonstrated in Fig. 5, in which the SET/RESET
process was accompanied by irregular characteristics. In addition,
Si-STO-epi showed volatile, reversed switching characteristics in
endurance measurements. Reversed RS polarity has been demon-
strated in earlier research51,52 and argued to result from coexisting
RS mechanisms, including oxygen vacancy migration and electron
trapping at the interface region.51 Although the remarks about possi-
ble double mechanisms in RS in Si-STO-epi will remain speculative,
the decaying RS with reversed polarity suggests a more compli-
cated switching scheme in which RS becomes clouded with decaying
resistance states.

Our new research builds upon newly discovered resistive
switching in GCMO systems. Especially the choice of substrate
material demonstrates the versatility and malleability of the phe-
nomenon. In addition, further research will provide a deeper under-
standing of the unexpected results and role of structural defects
in resistive switching. One improvement for the current research
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FIG. 7. Schematic representation of the discussion topics, regarding the results obtained for GCMO devices demonstrating structural differences and resistive switching.

would be accomplished with capacitive devices, providing a more
controlled device design and cutting down variations between
technically identical devices.

V. CONCLUSIONS
In this work, we have demonstrated resistive switching in

GCMO films deposited on various substrates. Epitaxial GCMO sys-
tems show consistent switching. While part of the polycrystalline
samples failed to show reliable switching, the epitaxial crystal struc-
ture is not a prerequisite for the phenomenon. However, the differ-
ences in resistive switching between samples have been linked and
discussed according to detected microstructural changes. In par-
ticular, STO and STO buffered silicon were utilized as successful
substrates in obtaining epitaxial GCMO phases. Respective resistive
switching characteristics, on the other hand, were distinctive and
probably linked to more anomalous crystal characteristics indicated
in the GCMO phase deposited on buffered silicon.
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