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1. Introduction

Rare-earth manganites (RMnO3) crystallize in two different
crystalline structures at ambient conditions depending on the
ionic radius of the rare earth element: a hexagonal crystal

structure with space group P63cm for the
smaller rare earths (R= Sc, Y, Ho to Lu)
and a distorted orthorhombic one with
space group Pbnm for the larger rare earths
(La to Dy).[1] Due to their remarkable multi-
ferroic properties - ferroelectricity at room
temperature and anti-ferromagnetism at
temperatures typically below ≈100 K[2] -
hexagonal RMnO3 have been widely stud-
ied in the last 2 decades. They exhibit a very
peculiar ferroelectric domain structure
with a “cloverleaf” like shape, where six
domains merge at a single line defect,
which originates from a geometrically-
driven structural phase transition.[3,4]

Recently, resistive switching behavior
has been demonstrated in polycrystalline
hexagonal YMnO3 (h-YMO) thin films with
promising applications for neuromorphic
devices.[5–10] Combining resistive switch-
ing properties together with ferroelectricity
could offer in a long term promising
avenues for the development of multistate
analog devices.

Different electrodes, YMO composition/microstructure and
different mechanisms have been reported for YMO-based mem-
ristive devices. Yan et al. reported unipolar resistive switching in
Pt/YMn1�δO3/Pt stacks.

[5] The resistive switching behavior was
explained by the formation and rupture of conductive filaments
induced by Mn vacancies. Later, Bogusz et al. investigated
unipolar resistive switching of h-YMO films sandwiched between
Au or Al top and Pt bottom electrodes, and reported oxygen
vacancies to be responsible for the formation of conductive fila-
ments along grain boundaries and charged domain walls.[6,7] Wei
et al. observed multilevel bipolar resistive switching in In/YMO/
Nb:SrTiO3 devices, which was explained by the modification of
the depletion region at the pn junction interface between h-YMO
and Nb:SrTiO3 upon polarization reversal.[8] Furthermore,
cations doped h-YMO was recently studied by Rayapati et al.
for electroforming-free filamentary unipolar resistive switching
in Al/h-YMO/Pt stacks[9] and by K. N. Rathod et al. for interface-
type bipolar resistive switching in Ag/h-YMO/Si.[10] Studies
have been so far focused on polycrystalline hexagonal YMO
thin films (stochiometric and off-stochiometric YMO) with
different bottom and top electrodes. However, given the
challenges associated with achieving single-phase polycrystalline
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We report electrochemical metallization (ECM) resistive switching in polycrys-
talline YMnO3 memristive devices using Al as an active electrode. Al/YMnO3/Pt
devices exhibit bipolar resistive switching with a high ROFF/RON ratio of 104, low
operational voltages of VSet≈ 1.7 V and VReset≈�0.36 V and good retention
properties. The resistive switching is intimately linked to the coexistence of the
orthorhombic and hexagonal YMnO3 phases. The characterization of these two
nanocrystalline phases is realized not only by X-ray diffraction – which is shown
to be unable to reveal the presence of the orthorhombic phase – but also by a
set of correlative microscopy and spectroscopy methods (scanning electron
microscopy, optical microscopy, Raman spectroscopy and conductive atomic
force microscopy). The origin of resistive switching is ascribed to an Al filament-
based electrochemical metallization mechanism that likely occurs along an
oxygen-deficient grain boundary between the hexagonal and orthorhombic
nanocrystalline YMnO3 phases. The unique microstructure provided by the
mixed polycrystalline phase films allows to use Al as an active electrode in
YMnO3-based ECM cells, and gives perspective for further miniaturization of
the devices.
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h-YMO thin films[11–15] and considering that X-ray diffraction
may not provide conclusive evidence for the absence of ortho-
rhombic YMnO3 phase (o-YMO) - as we will show later - it is
plausible that the reported resistive switching performances
could be influenced by contributions from both crystalline
phases. Moreover, all reported devices mentioned above can
be classified as valence change memory devices, involving
either a filamentary or an interfacial mechanism.[16] No
electrochemical metallization memory has been so far reported
with YMO.

In this work, we investigate Al/YMO/Pt memristive devices
with polycrystalline YMO films containing a mixture of
o-YMO and h-YMO phases engineered via the annealing condi-
tions of amorphous YMO. The presence of secondary o-YMO
with respect to h-YMO is clearly evidenced combining optical
microscopy, scanning electron microscopy (SEM), Raman spec-
troscopy and conductive atomic force microscopy (c-AFM). In
contrast to previous studies reporting unipolar resistive switch-
ing in polycrystalline YMO-based devices with Pt bottom and Al
top electrodes,[6,7,9] we show an electroforming-free bipolar resis-
tive switching behavior, with remarkable low operational voltages
(Set and Reset voltages of ≈1.7 and ≈ �0.36 V respectively). The
resistive switching is attributed to an electrochemical metalliza-
tion mechanism with the formation of Al filaments likely occur-
ring along oxygen-deficient grain boundaries between the
hexagonal YMO phase and the secondary orthorhombic YMO
phase.

2. Results and Discussion

2.1. Characterization and Control of Hexagonal and
Orthorhombic Crystalline Phases

The grazing incidence X-ray diffraction (GIXRD) patterns of the
as-deposited film (noted A) and annealed films (at 725, 800 and
900 °C under N2 for 30min) are shown in Figure 1a. The
as-deposited film is amorphous; only the peaks from the Pt thin
film appear.[17] At 725 °C the films crystallize mainly in the hex-
agonal phase[18] but a few peaks from the orthorhombic phase[19]

also appear (Figure 1a). These peaks are nomore observed for the
samples annealed at 800 and 900 °C. However, we will show
later, using other techniques, that the orthorhombic phase is still
present.

The calculation of the free energy of RMnO3 formation from
R2O3 and Mn2O3 at 900 °C

[20] (calculated using oxygen dissocia-
tion pressure data[21]) shows that there is only a small difference
for YMnO3 between the thermodynamically stable hexagonal and
the metastable orthorhombic phases. As a consequence, the
metastable orthorhombic phase of YMO can be stabilized under
certain conditions, such as high pressure synthesis,[22–25] soft
chemistry synthesis[26,27] and, as thin films, by epitaxial
strain.[28,29] In polycrystalline thin films, Romaguera-Barcelay
et al. reported the persistence of o-YMO phase in h-YMO films
prepared on Si/SiO2/Ti/Pt substrates by chemical solution depo-
sition and annealed at 875 °C. They concluded that the presence

Figure 1. a) GIXRD patterns of samples A (as-deposited amorphous film), 725 (film annealed at 725 °C), 800 (film annealed at 800 °C), and 900
(film annealed at 900 °C) deposited on Pt/Ti/SiO2/Si substrates. Reflections indexed in green and purple are attributed to o-YMO and h-YMO phases,
respectively. b–i) SEM images of samples (b,f ) A, (c,g) 725, (d,h) 800, and (e,i) 900. All annealings were performed under N2 for 30min.
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of o-YMO was associated with the induced strain from the sub-
strate.[15] Similarly, the presence of the orthorhombic phase in
our films might be due to the strain originating from the strong
mismatch of the lattice expansion coefficients between YMO and
the Pt metal substrate.

The crystallization of the h-YMO phase from the amorphous
phase at atmospheric pressure requires a quite high temperature
of 800 °C in case of ceramics,[30,31] while the films can be crys-
tallized at 725 °C in this work. The estimated lattice parameters of
h-YMO in the different samples are presented in Table 1 and
compared to those of single crystals.[18] We observed that both
a and c lattice parameters in the films are significantly smaller
than the ones of single crystals prepared at atmospheric pressure.
In powders, the crystal structure of h-YMO nanocrystallites
smaller than 80 nm has been shown to deviate from the bulk
material in terms of unit cell distortion and unit cell volume.[30]

However, the expected lattice parameters of YMO with grain
sizes of 40� 15 nm (SEM data below) are much larger than
our values.[30] An explanation of the relatively small a and c values
is provided when comparing our data with the ones of single
crystals prepared under 5 GPa (Table 1, ref. [18]). The good agree-
ment between our values and those of high-pressure single crys-
tals indicates that the strain imparted by the Pt substrate upon
cooling from high temperature (725–900 °C) to room tempera-
ture results in an effect similar to that of high pressure.

After annealing, all films are quite rough, as shown by
the AFM images in Figure S1, Supporting Information.
Amorphous YMO films exhibit a rms roughness of ≈7 nm,
slightly larger than the one of the starting Pt layer (≈4.9 nm).
After annealing, the polycrystalline YMO films experience a
strong increase in roughness, reaching a rms value of typically
≈14 nm (about 20% of the total thickness of 75 nm) for films
annealed at 725 and 800 °C.

The SEM images of the four samples described above are
shown in Figure 1b–i. The samples annealed at 725 and
800 °C exhibit a similar morphology, with regions of bright
and dark contrasts (Figure 1c,g,d,h) and crystallites with grain
sizes of 40� 15 nm. Optical microscope images of the same
two films are shown in Figure S2b,c, Supporting Information.
They also exhibit a contrast in which darker regions show similar
features to the bright regions in the SEM images. Bright and dark
contrast regions in low acceleration voltage (1.0 kV) SEM images
of polycrystalline YMO thin films were also observed by Rayapati
et al.[32] The authors explained them in terms of ferroelectric

domain imaging with the contrast originating from a variable
secondary electron yield from ferroelectric charge domain
density network.[32] For comparison, SEM images with a low
acceleration voltage of 1.0 kV were also captured on our samples,
as presented in Figure S3, Supporting Information. The images
also show a bright and dark contrast pattern. In the following, we
show that these dark and bright regions do not represent
ferroelectric domains but are the signature of the two different
YMO crystalline phases - orthorhombic and hexagonal.

Raman spectroscopy mapping was performed using the inten-
sity of the A1(TO9) mode at 686 cm� 1 (scan size of 10� 20 μm2,
beam size of 1 μm, spatial resolution of ≈1 μm). This mode cor-
responds to the apical oxygen atoms (O1 and O2) stretching
along the c-axis and is associated to the tilting and trimerization
of the MnO5 polyhedra in the hexagonal phase.[33] It is absent in
the orthorhombic phase. The mapped region, indicated by the
violet dashed box in the SEM image of Figure 2a (and in the opti-
cal image of Figure 2b) includes both regions of high and low
SEM secondary electron yields (low and high brightness in opti-
cal microscopy). The Raman intensity map shown in Figure 2c
presents two distinct regions colored in blue (“Region 1”) and red
(“Region 2”), based on the intensity of the peak at 686 cm�1. A
typical Raman spectrum for each of these two regions is shown
in Figure 2d. The positions of the different peaks are listed in
Table 2 and compared to those of a single crystal. While the
red curve indicates the presence of pure h-YMO, the blue one
indicates the presence of o-YMO with a minor h-YMO contribu-
tion. Comparing the Raman map with Figure 2a,b shows that a
high secondary electron yield in SEM and low brightness in opti-
cal microscopy is a signature of the o-YMO crystalline phase
(“Region 1” colored in blue in Figure 2c). Vice versa, a low sec-
ondary electron yield in SEM and high brightness in optical
microscopy is a signature of the h-YMO crystalline phase
(“Region 2” colored in red in Figure 2c). Note that, as the bright
features in the SEM images have irregular and “branched-like”
shapes, each measured spot of size of 1� 1 μm2 might include
small amounts of h-YMO, which explains why the mode at
686 cm�1 is weakly detected in “Region 1”. Since the bright
regions can also clearly be observed by optical microscopy
(see Figure 2b), our results provide a quick and easy method
to assess the presence of both phases in a film after its growth.
The above observations prove the presence of the orthorhombic
phase, which could not be determined from the GIXRD pattern
of sample 800 (Figure 1a).

The presence of the orthorhombic phase in the hexagonal
phase matrix is further confirmed by conductive AFM
(c-AFM) measurements. It is indeed expected that both phases
have significantly different conduction properties. The ortho-
rhombic phase has been reported to have a higher electrical con-
ductivity than that of the hexagonal phase.[34] The c-AFM spatial
mapping shown in Figure 2e was performed in the black box area
of Figure 2a,b. A direct correlation is observed between the
highly conducting regions, the bright regions in the SEM image
(Figure 2a), the dark regions in the optical microscopy image
(Figure 2b), and the region identified as o-YMO in the Raman
mapping (Figure 2c). The topography image in Figure 2f shows
that there is no significant difference in the surface morphology
between the high and low conductive regions. This finding
matches the observation from the SEM images (Figure 1g,h),

Table 1. Lattice parameters and volume of unit cell of hexagonal phase in
YMO films annealed at 725, 800 and 900 °C and of hexagonal single
crystalline YMO from ref. [18] the 111 peak at 2θ= 40.05° of Pt was
taken as reference. The in-plane a and the out-of-plane c lattice
parameters were calculated from the 110 and 004 peaks, respectively.

Samples In-plane
lattice a [Å]

Out-of-plane
lattice c [Å]

Volume of
cell [Å3]

Single crystal (0 GPa)[18] 6.151 11.410 373.86

Single crystal (5 GPa)[18] 6.067 11.305 360.37

Sample 725 6.00 11.23 350.12

Sample 800 6.02 11.23 352.45

Sample 900 6.04 11.20 353.85
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where the film surface shows a homogenous granular appear-
ance and excludes a topographic contribution to the contrast
observed in the SEM images.

From these correlated microscopy and spectroscopy analyses,
we clearly identify the presence of the orthorhombic phase in
the polycrystalline hexagonal YMnO3 films, which cannot be

Figure 2. a) SEM and b) optical microscopy images of sample 800. The black and violet boxes correspond to the region of the c-AFM and Raman
mapping, respectively. c) Map of the intensity of the mode A1(TO9) (686 cm

�1) characteristic of the h-YMO phase. The map was recorded in the area
marked by the violet dashed box in (a,b). d) Two Raman spectra representing “Region 1” (blue) and “Region 2” (red), marked with white boxes in (c).
e) Current map measured with c-AFM in the area marked by the black box in (a,b). The grey rectangle indicates the location of the Raman map, shown in
panel (c). f ) Topography map recorded simultaneously with the c-AFM map in (e).

Table 2. Raman active modes and their wave number recorded on sample 800 and reported in literature.

Reported h-YMnO3 [cm�1] Reported o-YMnO3 [cm�1] Our work

Mode Calculated[33] Measured[52] Mode Calculated[53] Measured[53] Region 1 Region 2

E2(5) 243 215 B2g(5) 162 220 214

E1(TO5) 274 238 Ag(6) 304 323 Ag(6) 321 E1(TO5) 231

E1(TO14) 644 632 Ag(3) 466 497 Ag(3) 498 E1(TO14) 637

A1(TO9) 691 681 B2g(1) 617 616 B2g(1) 619 A1(TO9) 686

653a) 655a)

A1(TO9) 686

a)This Raman shift is not related to a proper vibration mode from o-YMO[53]; it might be originating from defects[54] or contributions from zone-boundary phonons.[53]
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determined by X-ray diffraction due to either low volume amount
and nanosize grain leading to non-detectable peaks and/or the
fact that several peaks of the hexagonal and orthorhombic phases
overlap or are very close. We are also able to obtain quantitative
information on the crystalline fraction – ratio of o-YMO to
h-YMO - using processing algorithms of dark/bright regions
in SEM images. Films annealed at 725 and 800 °C contain
≈52 % and ≈10 % o-YMO, respectively, as shown in Figure S4,
Supporting Information. Since the secondary electron originate
from the surface, these numbers do not represent a volume ratio.

The amount of the orthorhombic phase in the films decreases
as the annealing temperature increases from 725 to 900 °C. At
900 °C, the microstructure changes significantly with pinholes
appearing (Figure 1e,i). The Raman spectroscopy study shows
that a small contribution of the orthorhombic phase is still pres-
ent (Figure S5, Supporting Information). A higher temperature

would be necessary to crystallize pure hexagonal phase.
However, as shown in Figure S6, Supporting Information, the
films annealed at 1000 °C - exhibiting a larger grain size as com-
pared to samples 725, 800 and 900 - have microcracks, which
originate from the tensile stress induced by the thermal mis-
match between the YMO film and the Pt coated substrate during
the post annealing process upon cooling.[13,35] Moreover, due to
the highly anisotropic thermal expansion coefficients of the
h-YMO unit cell, stress is easily promoted.[13]

2.2. Bipolar Resistive Switching of Al/YMnO3/Pt Devices

Current–voltage (I–V ) measurements were performed on the
Al/YMO/Pt devices as illustrated in Figure 3a. The leakage cur-
rent densities at 50mV in the pristine state are presented in
Figure 3b for the different devices as a function of the active area.

Figure 3. a) Sketch of the devices and applied bias. The Pt bottom electrode was grounded, and the DC voltage bias was applied to the top Al electrodes.
b) Variation of the initial current density (pristine state) of the devices fabricated with samples annealed at 725, 800, and 900 °C for different device areas
(read voltage of 50mV). c–f ) Characteristics of devices fabricated with a film annealed at 800 °C. (c) Typical I–V curves (15 cycles are shown). The I–V
curve shown in red represents the first cycle. Variations of Set, Reset voltages (d) and resistances in the high (HRS) and low (LRS) resistance states (read
voltage of 50 mV) (e) for different device areas. Three devices were measured for each device area. (f ) Retention of HRS and LRS for one typical device
(read voltage of 10mV). For the box plots in (d) and (e), median values and their corresponding median absolute deviations are represented.
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They are the smallest, ≈10�8 A cm�2, for amorphous YMO. The
devices prepared with YMO annealed at 900 °C exhibit a large
leakage current density of ≈10�4 up to 10�3 A cm�2, which is
attributed to the presence of pinholes (Figure 1e,i). Devices pre-
pared with YMO annealed at 725–800 °C (hexagonal YMO with a
secondary orthorhombic phase) exhibit current densities of the
order of ≈10�6 A cm�2. To investigate the resistive switching
behavior of the devices, a positive voltage sweep (from 0 to
5 V) was applied to the pristine high resistance state devices.
Above a given threshold voltage (VSet), the device switches to
a low resistance state (LRS). This corresponds to the Set process.
A compliance current of 500 μA was applied to prevent an irre-
versible hard breakdown of the device. For the Reset process, a
negative voltage sweep (from 0 to�1.5 V) was performed causing
a decrease of the current at the Reset voltage (VReset) to switch the
device from LRS to high resistance state (HRS).

Figure 3c shows the typical I–V characteristics of the Al/YMO/
Pt devices based on a film annealed at 800 °C (h-YMO rich). The
devices exhibit a forming-free bipolar resistive switching. The Set
and Reset voltages as well as the HRS and LRS resistance values
(read at 50mV) are shown for the different device dimensions in
Figure 3d,e, respectively. Both VSet (þ1.71� 0.36 V) and VReset

(�0.36� 0.08 V) are quite low and the ROFF/RON ratio is large, of
the order of 103–104. In LRS, there is no dependence of the resis-
tance on the device dimensions; hence the resistive switching is
likely to occur through the formation of conductive filaments
rather than through an interfacial mechanism where carriers
are distributed along an interface.[36] The large variability of
HRS values and the absence of dependence on the device dimen-
sion are consistent with the high resistance state originating
from a partial rupture of the filaments during the switching from
LRS to HRS. The retention for these devices, shown in Figure 3f,
is of more than 6� 103 s with no drift in the ON and OFF states.

The devices prepared with YMO annealed at 900 °C shows
electroforming-free bipolar RS with VSet of þ0.98� 0.19 V
and VReset of �0.44� 0.22 V (Figure S7, Supporting
Information). However, their endurance is quite poor; the devi-
ces remain in a conducting LRS after a few switching cycles and
do not reset anymore. It is likely related to the presence of pin-
holes. Devices with amorphous YMO do not show resistive
switching behavior but remain in the high resistance state or
show a single irreversible breakdown. This observation suggests

that crystalline grain boundaries and/or boundaries between
h-YMO and o-YMO are responsible for the resistive switching
behavior in the polycrystalline films.

We compare in Figure 4 the switching characteristics of the
devices with different amounts of secondary o-YMO phase,
which both exhibit similar leakage current densities in the pris-
tine state (Figure 2b). The Set and Reset voltages, the high and
low resistances (determined at 50mV) and the retention (shown
in Figure S8, Supporting Information) are similar for both types
of devices. Hence, no significant impact of the crystalline phase
ratio is found on the macroscopic device resistive switching.

2.3. Thickness Effect

Figure 5a shows I–V characteristics of an Al/YMO/Pt device with
215 nm-thick YMO film. The device requires a forming step with
a high voltage of more than 30 V. The Set and Reset voltage
dependence on YMO film thickness is presented in Figure 5b.
For thicker YMO, the device shows a larger Set voltage, which
reflects that the electric field drops with film thickness for a given
voltage. The increase in VSet scales with the increase in thickness
(75–215 nm). The large variability observed for VSet is coherent
with the stochasticity of a filament growing along multiple grain
boundaries throughout a thicker film. To minimize VSet, VReset

and their variabilities, the thickness of 75 nm is preferred. It is a
trade-off between the need to have a thick film to potentially
develop many ferroelectric domains (for future co-development
based on the combination of resistive switching and ferroelectric-
ity) and the consideration of operational Set voltage and stochas-
ticity, which increase with film thickness.

Table 3 summarizes the reports on the polycrystalline
YMO-based resistive switching devices. Note that all these devi-
ces were prepared using pulsed laser deposition for YMO
growth. We show in this work resistive switching behavior with
the lowest operation voltages (both Set and Reset voltages) using
RF sputtered YMO thin films.

The abruptness of the Set and Reset operations and the high
ON/OFF resistance ratio point toward a filamentary mechanism.
In the following, we discuss electrochemical metallization (ECM)
as the mechanism at the origin of the resistive switching in our
devices.

Figure 4. Variations of Set, Reset voltages a) and resistances in the low (LRS) and high (HRS) resistance states b) of devices fabricated with films
annealed at 725 and 800 °C (read voltage of 50 mV). Median values and their corresponding median absolute deviations are represented.
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2.4. Discussion on the Filamentary Mechanism

An ECM memristive device relies on the redox reactions of the
active electrode and ion movement in the solid electrolyte, which
leads to the formation of a metallic filament (Set operation) on
the passive electrode giving rise to a low resistance state (LRS)
when it bridges both electrodes.[37,38] The redox reactions are
reversible and therefore the filament can be ruptured (Reset
operation), leading back to a high resistance state (HRS).

Figure 6a shows the first positive voltage sweeps (from 0 to
þ5 V back to 0) for devices that did not switch under 5 V. All
the I–V curves, independently from the device area, show a
current peak located at around 1.7 V, which hints to an
electro-chemical metallization origin of the resistive switching
in our devices. Indeed, Al can be oxidized to Al3þ at around
1.676 V.[39] The subsequent cycles do not show such a peak
(Figure 6b) which is assigned to the irreversible oxidation of
Al leading to the formation of Al2O3 (hence the absence of
switching in these devices). Cyclic voltammograms performed
at different sweep rates (first cycle on several pristine devices)
are shown in Figure 6c. The increase in total current and the shift
of the redox potential toward larger positive values with increas-
ing sweeping rates is in good agreement with a redox behavior.

To further clarify the role of Al electrodes, Pt/YMO/Pt devices
were studied using the same I–V measurement procedure (the
voltage is applied from 0 to 5 or 10 V, with a sweep rate of
75mV s�1 for the Forming/Set processes). A distinct behavior
is clearly observed as compared to Al/YMO/Pt devices, as shown
in Figure 7. In the range �5 V, there is no resistive switching. In
all devices measured, a resistive switching is observed when a
large Forming voltage of ≈9 V is applied. Given Pt’s inert nature,
no redox process is expected, and the YMO/Pt Schottky barrier is
significantly lower than that of YMO/Al (more details will be dis-
cussed in Figure S9, Supporting Information), resulting in
markedly larger leakage currents. A filamentary resistive switch-
ing is likely (due to the abruptness of the Set process), which
stochastically requires Set voltages ranging from ≈0.5 to 8.4 V.
The switching mechanism may be driven in this case by the for-
mation/motion of defects already present in the active layer.
However, the switching mechanism is clearly different for the
devices with the Al top electrode and therefore we exclude in this

latter case a switching mechanism mainly driven by the forma-
tion/motion of defects in the polycrystalline film but conclude on
an ECM type mechanism.

As a positive bias voltage is applied, the active electrode Al is
oxidized (at VSet= 1.7 V) and Al3þ metal cations move towards
the inert Pt electrode under the applied electric field. When they
reach the surface of the Pt electrode they are reduced and form an
Al filament. The Al filament grows by the reduction of the sub-
sequent Al3þ cations reaching it. Oppositely, the Al filaments can
be ruptured by dissolution of Al in the film when a negative bias
voltage is applied with Joule heating effects. Cu and Ag metals
are most commonly used for the active electrode in ECM
devices.[40–46] Due to its high oxygen affinity, when Al is used
together with an amorphous electrolyte such as SiO2, it forms
a passive stable Al2O3 barrier that reduces the current and sub-
sequent further oxidation as shown by Luebbens et al.[47] The Al
oxidation is irreversible i.e., oxidized Al cannot return to the
metallic state thus precluding Set/Reset operations.[47] This is
why there are no ECM resistive switching cells combining Al
and SiO2 and more generally, no ECM resistive switching cells
combining Al and an amorphous oxide, to the best of our knowl-
edge. In our switched devices, Al3þ ions migrate most likely
along oxygen-deficient defect lines such as grain boundaries
so that the reversible formation of Al/Al3þ (and not Al2O3)
can occur. While most devices with YMO annealed at 725 and
800 °C switch to a highly conducting state at a Set voltage of
1.7� 0.36 V (as shown in Figure 3 and 4), some do not
(Figure 6a), which can be explained by the probable oxidation
of Al to Al2O3 upon Al3þ cation formation at 1.7 V. This might
happen if a percolation path throughout the grain boundaries is
not available.

For the switching devices, the electric field at Set voltage drives
the migration of the Al3þ ions to the bottom inert electrode
where reduction and nucleation/growth of the Al filament
occurs. Several reports in literature show that there is no need
for a large electric field for these processes to happen. For Cu
electrodes and dense 10 nm SiO2 films, ultralow voltages of
250–400mV were reported.[38,44] Moreover, specific microstruc-
tures and defect configurations within the electrolyte can signifi-
cantly impact the ECM switching behavior. For instance, ECM
cells based on Ag/280 nm SiO2/ITO show a low switching

Figure 5. a) Typical I–V curves (15 cycles are shown) of Al/YMO/Pt devices with 215 nm-thick YMO film. The I–V curve shown in red represents the first
cycle (forming step). b) Variations of Set and Reset voltages of Al/YMO/Pt devices with 75 and 215 nm- thick YMO films.
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voltage of 0.2 V due to metallic Ag filaments growing in the
nano-channels of porous SiO2 film.[48]

In our devices, grain boundaries act as migration channels for
the Al3þ ions. Moreover, the quite large roughness of the YMO
polycrystalline films might contribute to the relatively low
operating voltage by favoring shorter migration paths (where
the electric field is the largest)/preferred nucleation locations.

With high resistance values in HRS, high OFF/ON resistance
ratio, abrupt Set/Reset, the dependence of the Set voltages on the
film thickness, no switching occurring under the reverse bias,
the evidence of a Set voltage that corresponds to the potential
of Al oxidation, and the comparison with Pt top electrode,
7we can confidently assess the switching mechanisms to the
ECM type.[47]

Table 3. Comparison of resistive switching performances and parameters of polycrystalline YMO-based resistive switching devices.

System Switching
mode

Film t
hickness
[nm]

Film
preparation

VForming

[V]
VSet [V] VReset [V] ON/OFF Retention

[s]
Mechanism References

Al/YMnO3/Pt Bipolar 75 RF sputtering
at RT, post-
deposition
annealing

(725–800 °C)

Free ≈þ1.71

� 0.36

≈�0.36

� 0.08

≈104 >6�103 Red/Ox metallic
filament

formation (Al)

This
work

Pt/YMn1�δO3/Pt Unipolar 150 PLD at 800 °C ≈�10 ≈�(2.2–10) ≈�(0.6–1.3) >104 >105 Red/Ox metallic
filament
formation

(Mn vacancy)

[5]

Au/YMnO3/Pt/Ti Unipolar 150 PLD at 800 °C Free ≈�15 ≈�2 >103 >5 � 104 Red/Ox metallic
filament
formation
(oxygen
vacancy)

[6]

Al/YMnO3/Pt/Ti Unipolar 153 PLD at 800 °C Free ≈�(3–20) ≈�(0.7–5) >104 >8� 104 Red/Ox metallic
filament
formation
(oxygen
vacancy)

[7]

Al/YMnO3/Pt 189 Free (-),
þ20 (þ)

≈�(3–20),
þ(3–10)

Al/Y0.95Mn1.05/Pt Unipolar 200 PLD at 800 °C ≈�30 ≈�10 ≈�2 5.5�105 >8 � 104 Red/Ox metallic
filament
formation
(oxygen
vacancy)

[9]

Al/
Y1Mn0.99Ti0.01/Pt

≈�30 ≈ � 20 5.0� 105

Al/Y0.94Mn1.05
Ti0.01/Pt

Free ≈�25 6.0� 105

In/YMnO3/NSTO Bipolar 350 PLD at 800 °C Free þ3.5 �3.5 >103 >5� 104 Polarization
reversal-induced
modification of
the width of the
depletion region

at the p–n
interface

[8]

Ag/Y0.95Sr0.05
MnO3/Si

Bipolar 100 PLD at 700 °C Free þ6 �6 3 – Oxygen vacancy
migration

[10]

Ag/Y0.95Ca0.05
MnO3/Si

Bipolar 100 PLD at 700 °C Free þ5 �5 >102 – Red/Ox metallic
filament
formation
(oxygen
vacancy)

[55]

Ag/Y0.95Ca0.05
MnO3/NSTO

Unipolar 100 PLD at 700 °C Free �10 �10 ≈10 >105 Defects such as
oxygen vacancy
migration and
charge trapping/
detrapping at
p–n interface

[56]
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To further investigate the role of the YMO phases and of their
boundaries in the formation of Al filament, the resistive switch-
ing behavior of the pure hexagonal or orthorhombic YMO phases
were investigated using microscopic Al electrodes (≈1.5 μm
diameter) patterned locally on each of the two phases on the film
annealed at 725 °C. Local conductance mapping and local I–V
measurements were performed on the bare surface and on
the Al electrodes using c-AFM, as illustrated in Figure 8a.
During the measurements, the cantilever tip was grounded,
and the DC bias was applied to the bottom electrode. The com-
pliance current was set to 100 nA. Since both h-YMO and o-YMO
are p-type semiconductors,[34,49] the metal-semiconductor-metal
structures can be regarded as back-to-back Schottky diodes. Both
symmetric back-to-back Schottky diode structures (Pt coated tip/
YMO/Pt) and asymmetric ones (Al/YMO/Pt) were measured as
schematically shown in Figure 8b. Topography and c-AFM cur-
rent maps are shown in Figure 8c,d respectively (Al top electro-
des are marked with white circles). From the Raman
spectroscopy discussed previously, the highly/lowly conductive
regions in the film correspond to orthorhombic/hexagonal
phases, respectively. No conduction is observed on the locations
where the Al electrodes are positioned in the o-phase regions,
which is confirmed also in the I–V measurements shown in
Figure 8e. This can be explained by low leakage currents

resulting from the Al/o-YMO Schottky barrier, which is much
higher than the Pt/o-YMO one and cannot be crossed easily
by holes (hþ) (see more detailed explanation in Figure S9,
Supporting Information). We explored the resistive switching
behavior of the micrometric-size Al/YMO/Pt devices on single
h-YMO or o-YMO (Figure 8f ). For comparison, we measured
in the same conditions a 100� 100 μm2 device as discussed in
the previous section (such a large device comprises mixed hexag-
onal and orthorhombic YMO phases). For the large device
(100� 100 μm2) an abrupt increase of current at a Set voltage
of 4.6 V is observed, meaning that the resistive switching occurs.
For themicroscopic devices (at locations III and IV of Figure 8c,d),
there is no change in current observed - hence no resistive switch-
ing behavior - for voltages up to 15 V. The grain size is of the
40� 15 nm, which means that the microscopic devices contain
at least about 30–40 grains of the same phase. These observations
indicate that the Al diffusion and filament formation likely happen
along the boundaries between the orthorhombic and hexagonal
phases (absent in the microscopic devices prepared in pure single
phase) rather than along the grain boundaries between adjacent
grains of a same given phase. Further work is needed to unveil
details at the nanoscale on the switching mechanism(s).

The local c-AFM study clearly emphasizes the role of the
mixed orthorhombic/hexagonal YMO phase boundaries in the

Figure 7. I–V characteristics of Pt/75 nm YMO/Pt devices with a) voltage sweep of 0 to 5 V to 0 to �5 V to 0 and b) voltage sweeps of 0 to 10 V to 0 to
�1.5 V to 0. The sweep rate is 75mV s�1. In (b), the Forming voltage is of 8.9 V. Set voltages vary between 0.5 and 8.4 V. Cycles #4 and #8 require a large
Set voltage of 8.4 and 8.0 V respectively.

Figure 6. a) First positive voltage sweep (0 toþ 5 V to 0) of several Al/YMO /Pt devices that cannot be formed under 5 V, with different dimensions in
sample 800 (film annealed at 800 °C). b) Cyclic voltammograms of Al/YMO/Pt for 4 cycles using a sweep rate of 75mV s�1. c) Cyclic voltammograms of
Al/YMO/Pt using different sweep rates. The YMO films used for all devices are 75 nm-thick.
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functionality of the devices. While, to the best of our knowledge,
Al active electrode has never been reported in an ECM cell, we
show here that engineering oxygen-deficient paths in the oxide
electrolyte allows the electrochemical redox reactions to occur
and the Al3þ cations to play an active role for the ECM operation.

3. Conclusion

Mixed hexagonal/orthorhombic polycrystalline YMnO3 films
were synthesized by room temperature RF sputtering and
post-deposition annealing in N2 atmosphere at 725–800 °C.
While X-ray diffraction does not allow to unambiguously dis-
criminate between orthorhombic and hexagonal phases, we show
that the use of combined spectroscopies and microscopies

(Raman spectroscopy, SEM and even optical microscopy) does
allow such identification. This study might trigger in the future
more systematic investigations on the possible coexistence of pol-
ymorphs in polycrystalline YMnO3 (and more generally RMnO3

films) as the coexistence of phases may have a strong implication
on the physical properties of the films. The unique microstruc-
ture of the mixed hexagonal/orthorhombic polycrystalline
YMnO3 was used to develop electrochemical metallization mem-
ristive devices with Al active electrode. These devices show an
electroforming-free bipolar resistive switching with a high
ROFF/RON ratio of 104, low Set (1.7 V) and Reset (�0.36 V)
voltages and good retention performance. The origin of resistive
switching is ascribed to the formation of an Al filament by elec-
trochemical metallization upon positive voltage, which leads to
an abrupt Set operation to a low resistance state and which

Figure 8. a) Sketch of the devices with Al top electrodes (diameter of 1.5 μm and thickness of 60 nm) deposited locally in regions of pure h-YMO and pure
o-YMO for c-AFMmeasurements. The cantilever was grounded, and the DC bias was applied to the sample bottom electrode. b) Sketches of the two types
of stacks under study: Pt tip/h-(o-) YMO/Pt and Al/h-(o-) YMO/Pt. c) Topography and d) current maps measured with a DC bias of 1 V. White circles
represent locations of the Al top electrodes. e) I–V curves measured at four different locations (I and II: the tip was directly positioned on the film, III and
IV: the tip was positioned on Al top electrodes). The tip DC bias (relative to sample bias) was: 0 to 10 V to 0 to�10 V to 0 and the compliance current was
100 nA. The I–V curves in semi-logarithmic scale are shown in the inset. f ) I–V characteristic of micro device III and IV (marked in panel d), with tip bias
(relative to sample bias) 0 to 15 V. In addition, I–V measurements with tip bias (from 0 to 5 V) on a macroscopic device (100� 100 μm2) was performed
for comparison. The compliance current is 100 nA.
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can be ruptured by application of a negative voltage back to a high
resistance state. The absence of resistive switching behavior in
the devices with single phase YMO (whether orthorhombic or
hexagonal) points to the central role of the boundaries between
the two crystalline phases for the diffusion of Al3þ ions in the
YMO film. Hence, engineering oxygen-deficient paths via phase
boundaries in a poly- nano-crystalline oxide electrolyte provides
nanochannels for Al3þ migration and makes it possible to use Al
as an active electrode. The localization/control of the migration
of cations on the nanoscale level is a highly interesting approach
for ECM cells as it removes a large part of the randomness of the
migration of the metal cations from the active metal in the elec-
trolyte.[50] More work is needed in the future to study the mech-
anisms and their dynamics at the nanoscale in these phase
boundary channels with method such as operando transmission
electron microscopy (TEM).[51]

This work opens up the perspective of designing, using a
top-down approach, ultra-small nanoscale ECM cells based on
the boundaries between two crystalline phases.

4. Experimental Section

Thin Film Preparation and Characterization: Polycrystalline YMO films
(thickness of 75 and 215 nm) were synthesized on Pt 200 nm/Ti
30 nm/SiO2/Si (001) substrates at room temperature by RF sputtering
in an Ar atmosphere using a RF power of 200W and an Ar pressure of
10 μbar. The Pt/Ti-coated SiO2/Si substrates were prepared by electron
beam evaporation. The films were annealed after deposition for 30 min
in a quartz tube furnace under 1 atm N2 at different temperatures
(725, 800 and 900 °C). An amorphous YMO film was also investigated
as a reference. Grazing incidence X-ray diffraction (GIXRD) performed
on a Panalytical MPD diffractometer was used to identify the crystalline
structures of YMO (fixed incident angle of ω= 1°). The different phases
were also studied locally by confocal Raman spectroscopy (Horiba
LabRam) using a 325 nm laser in backscatter configuration. The surface
morphology was characterized by SEM at 10.0 kV acceleration voltage
(ZEISS-Gemini) and at 1.0 kV acceleration voltage (ZEISS-Merlin).

Device Fabrication: Metal/Insulating/Metal capacitors Al/YMO/Pt were
fabricated with ≈ 500 nm-thick Al top electrodes by lift-off using photoli-
thography and electron-beam evaporation. Different active device areas
were investigated, from 1.12� 10�4 to 11.00� 10�4 cm2 (overlapping
of the top square electrode with the full sheet bottom electrode). Pt/
YMO/Pt devices were fabricated with ≈100 nm-thick Pt top electrodes
by lift-off using direct laser lithography (DLW66þHeidelberg) and DC
sputtering. In addition, for the characterization of single crystalline phase
regions by conductive atomic force microscopy, small circular ≈60 nm-
thick Al top electrodes of diameter 1.5 μm were patterned by lift-off
on the samples annealed at 725 °C by direct laser lithography
(DLW66þHeidelberg) and thermal evaporation.

Electrical Measurements: Current-voltage (I–V ) measurements were per-
formed on the Al/YMO/Pt and Pt/YMO/Pt devices at room temperature
with a sweep speed of 75mV s�1 using a semiconductor parameter ana-
lyzer (Keysight B1500) and a probe station (MPI TS2000-SE). The Pt bot-
tom electrode was grounded, and a DC bias was applied to the Al or Pt top
electrode. A compliance current was set to 500 μA (15mA for Pt/YMO/Pt
devices) to prevent an irreversible hard breakdown of the device. A positive
voltage sweep (from 0 to typically 5 V) was applied, leading to a drastic
increase of the current at the Set voltage (VSet,); the device transitions from
the high resistance state (HRS) to the low resistance state (LRS). For the
first cycle, if the devices could not be switched under 5 V, a higher range
(from 0 to 10 V) was used. Then, a negative voltage sweep (from 0 to
�1.5 V) was performed causing a decrease of the current at the Reset volt-
age (VReset) to switch the device from LRS to HRS. The resistance in HRS

and LRS were determined from the I-V characteristics with a readout
voltage of 50mV.

Conductive atomic force microscopy (c-AFM) mapped the local
conductance of the films using a Park Systems NX10 microscope. The
AFM tip (Nano sensors PPP-EFM) was grounded, and a DC bias was
applied to the sample bottom electrode.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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J. Alloys Compd. 2013, 552, 451.

[24] A. Waintal, J. Chenavas, Mater. Res. Bull. 1967, 2, 819.
[25] K. Uusi-Esko, J. Malm, N. Imamura, H. Yamauchi, M. Karppinen,

Mater. Chem. Phys. 2008, 112, 1029.
[26] G. Szabo, Thèse Doctorat ès Sciences, Lyon 1969.
[27] H. W. Brinks, H. Fjellvåg, A. Kjekshus, J. Solid State Chem. 1997, 129,

334.
[28] P. A. Salvador, T.-D. Doan, B. Mercey, B. Raveau, Chem. Mater. 1998,

10, 2592.
[29] A. A. Bosak, A. A. Kamenev, I. E. Graboy, S. V. Antonov,

O. Y. Gorbenko, A. R. Kaul, C. Dubourdieu, J. P. Senateur,
V. L. Svechnikov, H. W. Zandbergen, B. Holländer, Thin Solid
Films 2001, 400, 149.

[30] K. Bergum, H. Okamoto, H. Fjellvåg, T. Grande, M. A. Einarsrud,
S. M. Selbach, Dalton Trans. 2011, 40, 7583.

[31] T. Ahmad, I. H. Lone, M. Ubaidullah, RSC Adv. 2015, 5, 58065.
[32] V. R. Rayapati, D. Bürger, N. Du, C. Kowol, D. Blaschke, H. Stöcker,

P. Matthes, R. Patra, I. Skorupa, S. E. Schulz, H. Schmidt,
Nanotechnology 2020, 31, 31LT01.
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