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Memristive devices, which emulate the synaptic behavior of biological systems, are at the forefront of
next-generation memory and neuromorphic computing technologies. Here, we investigate bipolar
resistive switching in Pt/polycrystalline ErMnQOs/Ti/Au memristive devices and show how mixed
orthorhombic and hexagonal ErMnQO3; polymorph films can be engineered to optimize the device
performance. The two crystalline phases are evidenced by a combination of correlative microscopies
(scanning electron microscopy, optical microscopy and conductive atomic force microscopy) and
Raman spectroscopy. The devices exhibit high Rorr/Ron ratios (~10°) and ultra-low Roy resistances
(~10 Q). The resistive switching is the result from the formation and rupture of an oxygen-vacancy-
based conductive filament, which likely occurs either in the orthorhombic phase or at the boundary
between the two polymorphs. An increased fraction of orthorhombic phase strongly reduces the
operating voltage (down to Vst ~ —2.07 V) and its variability. The presence of the hexagonal phase,
which is much less conductive than the orthorhombic one, reduces leakage currents in the devices,

that otherwise would not exhibit switching behavior.

Hexagonal rare-earth manganites h-RMnO; (R=Y, Er, Ho to Lu) have
attracted great attention due to their remarkable multiferroic properties.
These materials exhibit a “cloverleaf”-like ferroelectric domain structure'”,
as well as charged and neutral functional domain walls”. Among the
multiferroelectric compounds, ErMnO; stands out as one of the most
intensively researched systems. However, the majority of studies to date
have focused primarily on single crystals>'*"", lamella€’, or ceramics'’, which
limits their integrability into devices.

Recently, studies have shown demonstrations of non-volatile resistive
switching behavior in both stochiometric and off-stochiometric poly-
crystalline hexagonal YMnO; thin films, generating interest for potential
neuromorphic applications' . While many binary and ternary oxides also
exhibit resistive switching behavior, the study of h-RMnOj3 holds promise to
eventually combine ferroelectricity and resistive switching to offer an
additional knob for designing multilevel analog devices. Moreover, we
recently showed that using a mixture of the hexagonal and orthorhombic
polymorph phases in YMnO; films brings new functionalities via the
boundaries between nanograins of both phases”.

For ErMnO;, the hexagonal phase is the thermodynamically stable
phase at room temperature and atmospheric pressure. However, like for
YMnO:;, there is only a small difference in free energy (<5 kJ/mol) with the

metastable orthorhombic phase’”'. This leads to the occurrence of the
orthorhombic phase when processing conditions are favorable. Previous
works have shown that orthorhombic form of hexagonal manganites
(RMnOj3, R=Y-Lu) can be obtained at high pressure’™, or by epitaxial
phase stabilization® . Hence, mixed crystalline phases can coexist in
polycrystalline thin films due to substrate-induced stress'™*”. The
orthorhombic phase of YMnO; has a higher electrical conductivity than the
hexagonal one'™*, indicating that a similar trend could be expected for
ErMnO:;. To the best of our knowledge, there has been so far no report on
resistive switching in devices based on ErMnOj films.

In this study, we investigate the impact of mixed hexagonal and
orthorhombic ErMnOj3 (h-ErMnQ3, 0-ErMnQ;) phases and of their relative
content on the resistive switching of Pt/ErMnO5/Ti/Au memristive devices.
Using correlative microscopies and Raman spectroscopy we identify the
presence of o-ErMnO; and quantify the relative amounts of o- and
h-ErMnO; phases. The devices demonstrate a bipolar resistive switching
behavior based on valence change mechanism with the formation and rup-
ture of an oxygen-vacancy-based conductive filament. The increase of the
orthorhombic phase content allows for reducing the OFF-state resistance,
Rorr as well as the Set voltage, Vs, and its variability. The devices with more
than 60% orthorhombic phase do not exhibit resistive switching behavior.
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Results and discussion

Microstructural characterization of ErMnO3;

Figure 1a illustrates the device fabrication process and film characterization
steps for metal-ErMnOj;-metal devices. The details are provided in the
“Method” section. An optical microscopy image of a fabricated device is
shown in Supplementary Fig. S1.

The grazing incident X-ray diffraction patterns of an as-deposited and
subsequently annealed stack are shown in Fig. 2a. The as-deposited ErMnO3
film is amorphous (all XRD peaks match the bottom Pt electrode)”. After
annealing, most peaks correspond to the hexagonal structure (P63cm space
group) of ErMnO;”. The other minor peaks correspond to the orthor-
hombic structure (Pnma space group) of ErtMnO;™.

As discussed in the introduction, previous studies have shown that the
orthorhombic phase can be stabilized under high pressure using bulk
synthesis techniques™™’ or by epitaxial strain in thin films* . The occur-
rence of the orthorhombic phase in our films is associated with the
substrate-induced strain imparted by the Pt substrate upon cooling from
high temperature (750 °C) to room temperature. This observation is con-
sistent with findings in polycrystalline YMnOs, which exhibits a mixture of
hexagonal and orthorhombic phases on Pt-coated Si substrates'’. The high-
pressure effect associated with strain also results in a reduction of the lattice
parameters a and ¢ of the hexagonal phase (Table 1), much lower than those
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Fig. 1 | Schematics of the device fabrication process and film characterization.
a Fabrication process flow. The top electrodes have a size of 95 x 95 um’. The details
are provided in the Method section. b Optical microscopy images with different

(ii) As-deposited ErMnO, film

Post-deposition annealing

(v) Top electrode deposition

of polycrystalline bulk formed under atmospheric pressure” but similar to
those of polycrystalline bulk prepared at 6.7 GPa*’. More quantitative strain
analysis could be investigated in the future using electron backscatter dif-
fraction for grain orientation and strain distribution, along with transmis-
sion electron microscopy with geometric phase analysis for high-resolution
strain mapping.

Grazing incident X-ray diffraction does not allow for an accurate
quantification of the fraction of both crystalline phases, as many peaks
cannot be unambiguously assigned to one or the other phase. Some of them
indeed overlap. Moreover, the films are nanocrystalline (with grain size of
the order of ~ 50 nm) and therefore some peaks might be too weak to be
recorded. We developed a method combining microscopies and Raman
spectroscopy to quantitively determine the amount of each crystalline phase,
which has been previously applied to YMnOj5 thin films". Optical micro-
scopy and SEM images of annealed ErMnO; are shown in Fig. 2b, c,
respectively. Both types of images exhibit bright and dark contrasts, with
similar features at the same spots. Composition and topography are the two
dominant factors that are responsible for the contrast in SEM. Meier et al.
reported an SEM investigation of ErMnOj single crystals and associated
bright and dark areas to upward and downward ferroelectric domain
polarizations, respectively””**. Therefore, to disambiguate between the dif-
ferent possibilities of the origin of the contrast, we performed Raman

(iii) Annealed ErMnO,

Annealed
ErMnO,
structures

ErMnO;, film

g Film characterization
(optical microscope,
SEM, Raman, AFM)

‘ Photolithography

Lift off

(iv) Top electrode exposed location

-

Metal deposition

fractions of bright blue/dark blue contrast regions and segmentation results for the
estimation of the fraction of dark-contrast region area (o-ErMnOj3) relatively to the
bright one (h-ErMnO3).
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Fig. 2 | Structural characterization of ErMnO;. a Grazing incidence X-ray dif-

fraction of an as-deposited and annealed square-patterned ErMnOj; on Si/SiO,/Ti/
Pt substrate. b Optical microscopy image and ¢ SEM image of an annealed ErMnO;
structure. d Raman intensity map of the region marked by the yellow box shown in
(b) and (c) based on the mode A;(TOy) at 682 cm ™' from h-ErMnO; phase. e Two

Raman spectra with their fitted Raman modes recorded at the positions marked with
red and blue stars are indicated in (b, ¢). f Current map obtained by conductive-AFM
and g corresponding topographic map collected in the area marked by the green
rectangle shown in (b) and ¢ on an annealed ErMnOj structure.

Table 1 | Lattice parameters and unit cell volume of hexagonal phase in the ErMnOj structures, and of polycrystalline bulk

formed under 0 GPa* and 6.7 GPa*

Sample In plane lattice a (A) Out of plane lattice c (A) Volume of cell (A%
Polycrystalline bulk (0 GPa)?* 6.12 11.41 370.28
Polycrystalline bulk (6.7 GPa)* 6.03* 11.35% 358.17*
Polycrystalline thin film (this work) 6.03 11.34 357.88

The 111 peak at 20 = 40.0° of Pt was taken as a reference. The in-plane a and out-of-plane c lattice parameters were calculated from the highest intensity peaks, 110 and 004, respectively.

“The values were derived by extracting data from Fig. 2 in ref. 26.

spectroscopy on the area indicated by the yellow box in Fig. 2b, c. Raman
spectroscopy mapping was performed with the intensity of the A;(TOo)
mode at 682 cm™" (scan size of 6 x 15 um’, beam size of 1 um and spatial
resolution of ~1 pm). This mode corresponds to the apical oxygen atoms
(O; and O,) stretching along the c-axis in hexagonal ErMnOj; and is
associated with the tilting and trimerization of MnOs polyhedra™*. This
mode is absent in the orthorhombic phase. The Raman intensity map shown
in Fig. 2d displays two distinct regions colored in blue and red, based on the
intensity of the peak at 682 cm™'. Figure 2e presents two Raman spectra
performed in these two regions (marked with red and blue stars). The
spectra were indexed with the corresponding Raman modes, and the
spectral positions are compared to those of single crystals in Table 2. The
spectrum obtained from the spot marked with a blue star indicates the

presence of pure hexagonal phase, while the one from the region marked
with a red star shows the presence of orthorhombic phase with a minor
contribution from the hexagonal phase.

Comparing the Raman intensity map with the optical microscopy and
SEM images indicates that low brightness (dark contrast) in optical
microscopy and high electron yield in SEM (bright contrast) are signatures
of the 0-ErMnO; crystalline phase. Vice versa, high brightness (bright
contrast) in optical microscopy and low electron yield (dark contrast) are
signatures of the h-ErMnO; crystalline phase. The bright regions (o-
ErMnO;) observed in SEM exhibit irregular and discontinuous shapes.
Hence, some measured spots might include small amounts of the sur-
rounding hexagonal phase, which explains the detected mode A;(TOy) in
the Raman spectrum at the position of the red star in Fig. 2e.
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Table 2 | Raman active modes of references (single crystals)
and experimental data

Single crystal Single crystal Spectrum in Spectrum in red
h-ErMn0O;* 0-ErMnO;* blue [This [This
(em™) (em™) work] (cm™) work] (cm™)
E,(5) 218 B4 280 E,(5) 225 B4 287
E»(8) 295 A, 316 E»(8) 306 Ag 320
Ex(11) 417 Ag 490 Eo(11) 431 Ag 498
E4(TO44) 639 Ag 520 E4(TO44) 642 Ag518
A4(TOg) 683 B4 610 A4(TOg) 682 B4 616

6537 6497

A4(TOo) 682

2Raman shift is not related to a proper vibration mode from o-ErMnQ5%, it might be from defects™ or
contributions from zone-boundary phonons®.

The presence of the orthorhombic phase in the polycrystalline films is
further confirmed by conductive atomic force microscopy (c-AFM) mea-
surements. As established in previous studies, h-ErMnOs>" and
0-ErMnO5* are p-type semiconductor materials. They are characterized by
hopping conduction between Mn’" and Mn** ions**">. A c-AFM spatial
mapping was performed on the area indicated by the green box in Fig. 2b, c.
During the measurement, the platinum-coated tip was grounded and a DC
bias of 1.5V was applied to the bottom electrode. The current image is
presented in Fig. 2f. The highly conducting regions correlate directly to the
dark and bright regions in the optical microscopy and SEM images,
respectively (Fig. 2b, c), identified as o-ErMnO; by Raman spectroscopy
(Fig. 2d). The c-AFM results confirm the high and low conductivity of
0-ErMnO; and h-ErMnOj, respectively. The topographic image shown in
Fig. 2g reveals no significant surface morphology difference between the
different conductive regions. We can therefore exclude a topographic
contribution to the observed bright/dark contrasts in the optical microscopy
and SEM images.

Through correlative microscopy and spectroscopy analyses, we have
clearly identified the presence of the orthorhombic phase in polycrystalline
hexagonal EMnOj films. Optical microscopy offers a rapid and straight-
forward method to assess the coexistence of both phases and enables a
quantitative analysis. We assume that the orthorhombic phase regions
extend down to the bottom interface (Pt substrate) since we can detect them
by c-AFM.

Optical microscopy images were captured on individual ErMnO;
structures (100 x 100 pm?). Representative images with different fractions
of dark/bright regions are presented in Fig. 1b (top panel), which were then
processed with signal processing algorithms to separate the bright and dark
areas representing orthorhombic and hexagonal phases, respectively. With
this method, we estimated the fraction of the two crystalline phases in the
selected areas. The results of the segmentation treatment of the optical
microscopy images are displayed in Fig. 1b (bottom panel), with 0-ErMnO;
fractions varying from ~ 2 to ~ 50%.

Electrical characterization of Pt/ErMnO3/Ti/Au with minor
0-ErMnO; content

Current-voltage (I-V) measurements were performed at room temperature
on Pt/ErMnO;/Ti/Au devices with a majority of h-ErMnOj; (2% o-ErMnO;,
Fig. 3a). A series resistor of 1 k() was used to prevent current overshoots
leading to irreversible hard breakdown of the device. This passive current
limitation can be more effective than active compliance current for these low
Ron devices, as it provides instantaneous current control without feedback
delay”. The Ptbottom electrode was grounded, and a DC bias was applied to
the top electrodes. A negative voltage sweep (from 0 to —15 V back to 0)
with a sweep rate of 75 mV/s was applied to the top electrode to switch the
device (Set) from pristine high resistance state (HRS, OFF state) to low
resistance state (LRS, ON state). Subsequently, the resistance in LRS was
determined by Kelvin (4-wire) resistance measurements, which allowed to

calibrate the cable and contact parasitic resistance™. A positive voltage sweep
(from 0 to 1.3 V back to 0) with a sweep rate of 15 mV/s was then applied to
the top electrode to switch the device from LRS back to HRS (Reset). A
slower sweep rate was applied to enhance the dissolution of filaments during
the Reset process, which will be discussed later. Figure 3b shows I-V curves
for 100 cycles (in Fig. 3¢ the contribution of the 1 kQ) resistor in series has
been subtracted to show the voltage Vpeyice across the device). A bipolar
resistive switching behavior is observed with Set occurring at negative vol-
tages and Reset occurring at positive voltages. For the initial cycle, a voltage
exceeding —10 V is necessary to switch the device from pristine HRS to LRS,
indicating the need for a Forming step to initiate the filament.

Thelog-log scale of the I-V curves in LRS (for Vpeyice < 0), as presented
in Fig. 3d, shows a current versus voltage slope approximately equal to 1,
indicative of ohmic conduction. The ON resistances of the devices are
independent on the electrode area, as shown in Fig. 3e, suggesting a localized
filamentary rather than an interfacial or bulk conduction mechanism*. The
formation of a metallic filament during the Forming and Set processes
supports the ohmic conduction in LRS***. A stepped decrease of the current
is observed during the Reset process, from LRS to HRS (Fig. 3f), which
indicates a progressive dissolution of the filament likely occurring by the
progressive decrease of its diameter.

Since the Forming and Set processes occur under a negative electric
field, the filament formation is mostly driven by a valence change
mechanism involving oxygen vacancies. Waser et al. proposed that redox-
based memristive cells typically consist of two metal electrodes with dif-
ferent work functions, creating a Schottky and an ohmic-like contact***.
This electrode asymmetry is essential for resistive switching, as it enables
directional control of filament formation and rupture, depending on applied
bias**™. In our case, ErMnOs3, a p-type semiconductor, forms a Schottky
contact with the low work function metal Ti and an ohmic contact with the
high work function metal Pt. When a negative voltage is applied to the top
electrode, positively charged oxygen vacancies move toward the Schottky
interface, forming a conductive channel in the ErMnO; layer, leading to the
switching from HRS to LRS. The switching takes place near the interface of
the Schottky contact**’ and the filament extends from top to bottom across
the film. When a positive voltage is applied, the filament ruptures due to
electrochemical re-oxidation (the oxygen vacancies are moving away from
the top electrode) and Joule heating, causing the device to switch back from
LRS to HRS.

The distribution of Set and Reset voltages over the 100 cycles (Fig. 3g)
shows a relatively large variability in Vg (—2.3 £ 0.5 V) and a low variability
in Vieser (0.35 + 0.07 V). Figure 3h presents the distribution of Roprand Ron
over the 100 sweeps. A high Ropr/Roy in the range of 10*~10° and an ultra-
low ON resistance (10.3+1.7 Q) are achieved. Figure 3i presents the
retention measurement of a device, showing no drift in HRS and LRS states
over 6 x 10’ s.

Prior studies have reported that defects, such as oxygen vacan-
cies, can be induced in various oxide switching layers due to the
oxygen-gettering activity of the Ti electrode’ ™. In our case, the
primary role of the Ti electrode is not to generate oxygen vacancies;
the oxygen vacancies are intrinsic to the material consisting of the
polymorph mixtures. This is evidenced when considering Pt/
ErMnOs/Pt stacks where the top electrode has been replaced by Pt.
These stacks were characterized and compared to the Pt/ErMnO5/Ti/
Au ones (Supplementary Fig. S2). For both cases, devices containing
2% o0-ErMnOj; were selected. In general, the resistances in pristine
state of Ti top electrode devices were found to be larger than those
with Pt top electrodes (Supplementary Fig. S2b, ¢). This can be
attributed to the higher Ti/ErMnO; Schottky barrier height com-
pared to the Pt/ErMnOj one (Supplementary Fig. S3). HRS and LRS
resistances are quite similar for both stacks (Supplementary Fig. S2c).
The distribution of Set and Reset voltages for both stacks is shown in
Supplementary Fig. S2d. There is a minimal impact of the top elec-
trode metal on the Forming voltages. The oxygen vacancies needed to
form the filament are already present in the ErMnOj3 polycrystalline

Communications Materials | (2025)6:202


www.nature.com/commsmat

https://doi.org/10.1038/s43246-025-00929-6

Article

a) b), -1/ LRS 2 Reset
< <
- -+
@ 5
c £
= =1
© O
10-1 _— ——
-14-12-10 -8 -6 -4 -2 0 2
Voltage (V)
d)lo e) 10°
) T —
1072
<
v10—3,
=
5 lst
g 10-4 25th
O 50t —+— Row
75" —+ R
-5 OFF
10 . 100t
. == linear fit T - -
10-3 10-2 10-1 103 10 00 02 04 06 08 1.0 1.2 1.4
Vpevice (V) Device area (um?) Vpevice (V)
1 108
. h) 107 —~—R i _
g)" 0 e N o o ) 6 ‘ #'MUM m Ry ) 107] Vrea =-10mV
> 10° 1\ |
< — ‘ | M ~106
| 10
(Y . Saory ol AT e | 8
& s, " .8 N g 10°]
= s e Lo el . 2 104 ! f | g
= - . s . - L ...-.'lu_‘. e : 8 104
@ e - 2103 i Roee/Ron ~ 109 o
2-3 e ., . ¢ : oFF/ Ron 2 10° ——
z . & 102 i & 107 —
W =4 = Set v NS
. 101 "\AJH\(-MH—’\.J‘JWMWW 101!
-5- . , - - . - . ‘
6 20 40 60 80 100 0 20 40 60 80 100 100 101 102 10° 10
Cycle number Cycle number Time (s)

Fig. 3| I-V characteristics of a Pt/ErMnO;/Ti/Au device with 2% o-ErMnOj; (98%
h-ErMnOj3). a Device stack and circuit configuration with a 1 kQ resistor in series,
which avoids current overshoot during Forming and Set processes. b Typical I-V
curves including the contribution of the 1 kQ resistor in series. ¢ I-Vpeyice curves
where Vpeyice is the voltage dropped across the device d Log-log scale I- Vpeyice
curves in LRS (Vpeyice < 0). The absolute values of current and voltage are used in the

log-log plot. The linear fit (black dotted line) with a slope of 1 indicates an ohmic
conduction in LRS. e Area dependence of the resistances in HRS and LRS. f Zoom on
the I-Vpeyice curves for the Reset process. g Variations over 100 cycles of Set and
Reset voltage values. h Variations over 100 cycles of the Ropr and Roy values (the
OFF resistance was read at —50 mV). Note g, h are cycle-to-cycle variability test and
not meant as endurance test. i Retention measurement for the two resistance states.

films. The difference lies in the larger Set voltage values and their
larger variability with the Pt top electrode, with a Vg, of —6.0 V and
an interquartile (IQR) of 5.9V, compared to the Ti top electrode,
which has a Vg of —2.3 V and an IQR of 3.8 V. Pt/ErMnQ3/Pt stack
with symmetric electrode configuration does not have a preferential
switching polarity, which increases the variability in operating vol-
tages and limits the switching yield”. Ti has a facilitator role in
providing additional oxygen vacancies near the top electrode to close
the conducting oxygen vacancy filament, leading to a lower V... Note
that the Pt/ErMnO3/Pt stack devices have very poor endurance (less
than 20 cycles), which highlights the role of the top Ti electrode in
providing a source of oxygen vacancy exchange.

Impact of the crystalline phase ratio

We investigated three groups of devices with different o-ErMnO; fractions:
2% (98% h-ErMnQOs), 20% and 50%. Devices with more than 60% of
0-ErMnO; did not switch and showed a high level of leakage currents (shown
in Supplementary Fig. $4), which indicates that the presence of the hexagonal
phase plays a critical role in preventing large leakage currents. The setup for
the measurements is shown in Fig. 4a. For devices with 50% o-ErMnOs,
which exhibit significantly larger leakage currents, we employed a 15 mA
compliance current during Forming and Set processes instead of the 1kQ
series resistor (which would have been impractical), as this provides com-
parable current limitation while accommodating the increased conductivity.

The I-V curves for the first sweeps are shown in Fig. 4b (where Vis the
total voltage dropped on the resistor and device) and a zoom on the low
negative bias and on the positive bias range is shown in Fig. 4c (where Vpeyice
is the voltage dropped across the device).

In the LRS, a current versus voltage slope of ~ 1 (Fig. 4d) indicates an
ohmic conduction behavior (I < V) in all devices with the different
0-ErMnO; fractions, pointing out to the metallic filament nature of the
conduction path.

In the OFF state the leakage currents increase as the o-ErMnO; fraction
increases, which is due to the larger conductivity of the orthorhombic phase
as compared to the hexagonal one (Fig. 2f). To get insight into the con-
duction mechanisms in the pristine OFF state, we examined two mechan-
isms commonly observed in this complex oxide, as reported in prior
studies™*". One of these mechanisms is Schottky emission, where thermally
activated electrons can cross over the energy barrier and be injected into the
conduction band of the semiconductor”. In this model, the current
dependence on applied voltage is expressed as:

(1)

where I is the current, V' is the external applied voltage, ¢y, is the Schottky
barrier height, ¢, is the permittivity of the switching layer, k is the Boltzmann’s
constant, T is the absolute temperature, and d is the Schottky distance.

= O

qv/q/4med Q¢
kT Vv kT
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Fig. 4 | Electrical characterization of Pt/ErMnO5/Ti/Au devices with different
fractions of 0-ErMnO; (2%, 20% and 50%). a Device architecture and its opera-
tional configuration during Forming, Set and Reset measurements. A 1 kQ resistor is
connected (to limit the current) during the Set process for devices with 2 and 20%
0-ErMnO; while a compliance of 15 mA is used for the devices with 50% o-ErMnO;.
b Forming and Reset I-V curves for devices with different fractions of 0-ErMnO;
¢ Zoom of the I-Vpeyice curves (Vpeyice is the voltage across the device). d Log-log
scale I-Vpeyice curves during the Forming process. The linear fits (black lines)
indicate an ohmic conduction in LRS for all devices. e Ln(I)- Vpeyice > curves in the

low electric field regime (Vpeyice < 0.7 V) for the pristine state and their linear fits
(black lines), consistent with a Schottky emission model. f Ln(I/Vpeyice)- Vbevice
plots at high electric field regime (Vpeyice > 0.7 V) for the pristine state, and their
linear fits (black lines) consistent with a Poole-Frenkel emission model. g The dis-
tribution of the device resistances in the pristine state (star symbols), HRS and LRS
(open circles) for different 0-ErMnOj fractions. h The distribution of Forming
voltage (star symbols), Set and Reset (open circles) voltages across the devices for
different 0-ErMnQOj fractions. The OFF resistance was read at —50 mV.

We also tested the Poole-Frenkel mechanism, which considers a bulk
conduction process where thermally activated electrons are emitted from
traps into the conduction band of the semiconductor”. In this model, the
relation between I and V is given by:

7 T In(quNo) @

ln(é) q\/Wf q¢T

where ¢ is the trap energy barrier height, di is the dielectric thickness, y is
the mobility of the carriers, and N is the density of carriers.

At low voltage regime (Vpeyice <0.7 V), a liner correlation between
In(I) and V'* is observed in all devices with varying o-ErMnOj fractions,
which indicates a Schottky conduction mechanism (Eq. 1, R*=0.99), as
illustrated in Fig. 4e. The values for the intercept and slope are given in
Table 3. The calculated ¢, values of three different devices, based on the
intercepts (— ki + 2In(T)), are also provided in Table 3, for a room tem-
perature T = 298.15K. The decreasing absolute values of the intercept with
increasing o-ErMnOj; fraction suggests a reduction in the Schottky barrier
height ¢ as the 0-ErMnOj fraction increases. For 2% o-ErMnO; (98%
h-ErMnOj3), ¢, is of 0.85 eV.

The theoretical barrier height between the metal and pure h-ErMnO;
can be estimated using the following equation:

=E +tx— ¢ 3)

where E, represents the band gap energy of the semiconductor, y is its
electron affinity, and ¢, is the metal work function.

Considering for Pt a work function ¢,, of 5.12 eV**, and for h-ErMnOs
a band energy E, of 1.6eV” and an electron affinity y of 4.6eV™, the
theoretical Schottky barrier value is 1.08 eV. The value extracted from the
fitting for devices with 98% h-ErMnOj; (0.85 eV) is lower, which is coherent
with the fact that the band gap energy of orthorhombic RMnOj is smaller
than that of the hexagonal phase®.

The experimentally calculated ¢, values decrease as the orthorhombic
phase fraction increases, which aligns with the earlier argument. The

. /a/aned o
Schottky slope values, derived from %, remain independent of the
0-ErMnO; fraction, suggesting that the Schottky emission distance d
remains constant regardless of the relative o-ErMnQOj; amount.

At a higher voltage regime (Vpeyice > 0.7 V), the I-V curves of the
pristine state in all devices closely adhere to the Poole-Frenkel emission
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Table 3 | Conduction mechanism parameters obtained in the
pristine state

Conduction 2% o-ErMnO; 20% o-ErMnO; 50% o-ErMnO;
Schottky intercept —-21.58 —20.22 —19.08
Schottky slope 10.5 9.8 10.1

Schottky barrier 0.85eV 0.81eV 0.78 eV

PF intercept —16.68 —15.59 —14.13

PF slope 3.3 2.8 2.8

model (Eq. 2, R*=0.99), as shown in Fig. 4f. The corresponding extracted
intercepts and slopes are presented in Table 3. The absolute values of the
intercept decrease with increasing o-ErMnO; content. The numerical

intercept values are derived from the expression — % + In(quN,), where
the trap energy barrier ¢ in h-ErMnO; and o-ErMnO; are expected to be
similar, given that the mobile carrier source comes from Mn*" associated
holes in the valence band for both polymorphs*"***'. However, due to a
higher concentration of Mn*" in 0-ErMnQ; compared to h-ErMnO5™%,
there is a higher carrier density N, resulting in smaller absolute intercept

values as the 0-ErMnO; fraction increases. Regarding the Poole-Frenkel
q+/q/me;di
KT

increase of 0-ErMnQj fraction. This observation implies that the dielectric
film thickness remains uniform across all devices, supporting that the
0-ErMnO; phase extends from the bottom electrode to the film surface.

(PF) slope values, determined from , they remain similar with the

To summarize, an ohmic conduction is observed in the LRS, while, in
the pristine HRS, Schottky emission at low electric field and Poole-Frenkel
emission at high electric field are predominant. In subsequent HRS,
interface-dominated Schottky emission governs the conduction behavior
(see Supplementary Fig. S5). The partial-only dissolution of the filament
during Reset (as observed on the I-V curves) weakens the contribution of
Poole-Frenkel conduction.

Now, let us discuss the change in device characteristics with the
increasing content in 0-ErMnOj. Figures 4g, h presents the distributions of
the resistances (HRS and LRS) and of operating voltages (Vs and Vieser)s
respectively. All data are summarized in the Supplementary Table 1. For
each group of orthorhombic phase fractions, we typically analyzed five
devices (three for the devices with 50% o0-ErMnQ3). The data for the dif-
ferent devices are shown in the Supplementary Fig. S6.

The resistance Ropr in HRS (including in the pristine state) decreases as
the 0-ErMnO; fraction increases, resulting in a slightly smaller memory
window since Roy stays constant (Ropp/Ron ratio of ~ 10* for 50%
0-ErMnO3). The incomplete dissolution of the filament during the Reset
process leads to resistances in HRS lower than their initial pristine values
and to a large Ropy variability, from cycle-to-cycle (Fig. 3h), across devices
(Supplementary Fig. S6a), and for all o-ErMnOj; contents (Fig. 4g). As
expected, the mechanism at the origin of the filament rupture (localized
Joule heating and redox reaction of oxygen vacancies at the weakest point)
does not depend on the content of 0-ErMnO;, thus leading to a relatively
constant Vieger distribution and a relatively low cycle-to-cycle, and device-
to-device variability for all o-phase contents.

The ON state current (Fig. 4c - below compliance) and Roy values
(Fig. 4g) do not depend much on the amount of o-ErMnO; phase, which is
coherent with a filamentary mechanism. Indeed, the resistance of the fila-
ment formed in the 0-ErMnOj; is not expected to change with the pro-
portion of this phase. Hence, the LRS resistance remains relatively constant,
around 10 €, for all cycles, all devices and all o-phase contents. The large
cycle-to-cycle (Fig. 3g) and device-to-device (Fig. 4h and Supplementary
Fig. S6b) variability of the Set voltages for each o-ErMnOj; content originates
from the stochastic nature of the filament formation combined with mor-
phological effects (the film roughness is large, of rms=83nm). The
roughness changes the length of oxygen vacancy migration paths and may
also enhance locally the electric field, contributing to preferred nucleation

sites. Regarding the effect of the polymorph composition, the filament is
expected to be more likely to form with an increasing amount of 0-ErMnO;,
which is indeed observed. There is a remarkable decrease in Vigum
(from ~ —9.5V for 2% o-ErMnO; down to ~ —5.8 V for 50% o-ErMnQO3)
and, importantly, in the variability of Vg with an IQR from 3.3V for 2%
down to ~ 1.3 V for 50% o-ErMnOj (Fig. 4h). A higher o-ErMnO; content
means overall more oxygen vacancies and more phase boundaries between
the hexagonal and orthorhombic phases. Hence, the decrease of Vg, and of
its variability with increasing amount of o-ErMnOj indicate that the for-
mation of the conductive filament is likely to happen within the orthor-
hombic phase or at the boundary between the two phases. A previous study
on YMnO; suggested that the boundaries between orthorhombic and
hexagonal phases are oxygen-deficient regions"’.

In conclusion, an increased fraction of the orthorhombic phase allows
for reducing the operating voltage (Veom ~ —5.8 V, Vser ~ —2.1'V for 50%
0-ErMnO5) and the Vi, variability while keeping a large Ropp/Ron of 10™
An adequate mixture of 0-ErMnO; and h-ErMnOj; polycrystalline phases
provides a route to design low-voltage operating memristive devices as
compared to reported devices based on hexagonal RMnO; films.

Let us now discuss the specificities of the switching mechanism
involved in these polymorph ErMnO; devices compared to other existing
metal oxide ones. Here, the mixed-phase structure of ErMnO; plays a
critical role in optimizing the resistive switching behavior. On the one hand,
the orthorhombic phase (and/or its boundary with the hexagonal phase)
provides a reservoir of oxygen vacancies and provides pathways for their
migration, enabling the filament formation/growth and therefore the
switching behavior. On the other hand, the hexagonal phase avoids exces-
sive leakage currents in the devices and stabilizes the switching process. The
balance between these phases is crucial: too much orthorhombic phase
(=~ 60%) leads to excessive leakage currents and no switching, while too
much hexagonal phase limits the availability of oxygen vacancies (primarily
in the orthorhombic phase or at the boundaries between the two poly-
morphs), leading, in particular, to large Vs and Vs variability values.

This switching mechanism based on the coexistence of the two poly-
morphs is different from other materials where a phase transition, with the
possible co-existence of the two crystalline phases, is the triggering factor for
the resistive switching. In VO,, the resistive switching is driven by the Mott
transition between the insulating monoclinic phase and the metallic rutile
phase®”. In TaO, the resistive switching is driven by the metal-insulator
transition between the metallic rutile phase and the insulating triclinic
phase”. In manganite oxides like La,/3Sr;,30; the movement of oxygen
vacancies induce a phase transition (from the Perovskite phase to the
Brownmillerite one)®. The resistive switching in the above example origi-
nates from the change in crystalline phase and not, like in ErMnOj; poly-
morph films, on the coexistence of two phases, that each bring its
contribution to the resistive switching properties. In the study of Edwards
et al. on BiFeO; devices, the introduction of the rhombohedral phase led to
high rhombohedral-tetragonal boundary densities, resulting in increased
current flow, while its removal under electric field application eliminated
these conductive interfaces, resulting in large ON/OFF ratios between the
two states™. In our devices, the phase boundaries between orthorhombic
and hexagonal phases also play a crucial role in defining the switching
properties. However, in our case, oxygen vacancy migration at these phase
boundaries and filament formation, rather than phase transition-driven
conductivity changes, is the primary mechanism for resistive switching.

The switching in our devices also differs strongly from previously
reported studies on RMnQO;-based devices (mainly h-YMnO3)"***. A recent
comparison of the different stacks and mechanisms is given in ref. 19.
Unipolar resistive switching has been reported with polycrystalline
hexagonal-YMnOj; devices, where the mechanism was filamentary—either
with Mn vacancies" or oxygen vacancies'. It was suggested that the oxygen
vacancy filaments formed/propagated along grain boundaries and charged
domain walls. Bipolar resistive switching with polycrystalline h-YMnO; was
also observed'®. In addition, interface engineering and cation doping have
been employed to further tailor switching behavior in h-YMnO;, enabling
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electroforming-free operation or inducing interface-type bipolar switching
by modifying the barrier at the electrode interface''”".

In our mixed-phase ErMnO; films, the switching path is located at the
boundaries between orthorhombic and hexagonal phases or within the
orthorhombic phase (not in the hexagonal one). Note that the existence of
charged domain walls is unlikely in our case. A study has indeed shown that
the ferroelectric domain size in ErtMnOj; ceramics increases with decreasing
grain size". For a grain size of 1.5 pm and below, the ceramics exhibit a single
domain configuration for the polarization. Since the grain size in our films is
of ~ 50 nm (from the SEM images), the films exhibit most likely a mono-
polar configuration, hence without polar domain walls.

Note that none of the previous studies on polycrystalline RMnO3
devices addresses the possible coexistence of hexagonal and orthorhombic
phases. The minor presence of an orthorhombic phase cannot be ascer-
tained from X-ray diffraction. We believe that it is unlikely that YMnO3
polycrystalline films grown on a metallic substrate can be purely hexagonal
due to the ease of formation of the metastable phase formation under stress/
strain, which occurs upon cooling down whenever films are grown or
annealed at a high temperature (the Gibbs energy difference is smaller than
5 kJ/mol between o- and h-YMnO;*).

In our work, each polymorph brings in a specific role. Increasing the
amount of the orthorhombic phase while keeping leakage currents low
enough to not supersede resistive switching—thanks to the hexagonal phase
—allows to significantly lower the Set voltage down to about 2 V and to
lower the variability inherent to filament formation.

Conclusion

Bipolar resistive switching behavior was demonstrated in polycrystalline
mixed hexagonal/orthorhombic ErMnOj;-based devices. The presence of
the metastable orthorhombic phase was evidenced through a set of corre-
lative microscopies (optical microscopy, SEM, c-AFM) and Raman spec-
troscopy. A straightforward method using optical microscopy or SEM was
developed to quantify the fraction of the two crystalline phases. The oper-
ating voltage Vs, of the devices and its variability can be strongly decreased
by increasing the amount of orthorhombic phase, with a 50% orthorhombic
fraction showing the best performance. Devices with higher orthorhombic
content (>60%) exhibited increased leakage currents and failed to switch,
indicating the critical role of the hexagonal phase in maintaining device
functionality. The underlying mechanism of the resistive switching in these
devices is attributed to the formation and rupture of conductive filament(s)
based on oxygen vacancies, which likely occurs either in the orthorhombic
phase or at the boundary between the two polymorphs. This hypothesis
would need further validation through additional experiments, such as atom
probe tomography or operando scanning transmission electron micro-
scopy. This work provides key insights into the respective role of the
polymorphs in ErMnO;-based devices and provides an engineering route
for optimizing such devices.

Methods

ErMnO; film preparation and device fabrication

A Pt bottom electrode (200 nm) with an adhesion layer of Ti (30 nm) was
deposited by electron-beam evaporation on 1 pm-thick SiO,/Si substrates.
Pre-defined ErMnO; areas of 100 x 100 um’ on the Si/SiO,/Ti/Pt sub-
strates were patterned using photolithography with AZ5214E photoresist
(Fig. 1a(i)). ErMnO; was deposited amorphous by Radio Frequency (RF)
sputtering (Van Ardenne tool) at room temperature in an Ar ambient
environment, with a RF power of 200 W and an Ar pressure of 10 ubar
(Fig. 1a(ii)). The thickness of ErMnO; was measured by spectroscopic
ellipsometry to be 60 + 1 nm. A lift-off process was used to remove the resist,
leaving the patterned ErMnOj areas. It was followed by a post-deposition
annealing step at 750 °C for 30 min in a furnace under N, atmosphere,
resulting in polycrystalline ErMnOj; (Fig. 1a(iii)). To pattern the top metal
contact, another photoresist layer (AZ5214E) was spin-coated on the
annealed ErMnO; film and exposed using photolithography (Fig. 1a(iv)). A
top electrode of Ti (20 nm) with a capping layer of Au (50 nm) was

deposited by thermal evaporation, and another top electrode of Pt (50 nm)
was deposited by electron-beam evaporation, respectively (Fig. la(v)).
Finally, fabricated Pt/ErMnO5/Ti/Au and Pt/ErMnO;/Pt stacks, with device
dimensions of 95 x 95um’ were obtained after the lift-off process
(Fig. 1a(vi)).

Structural and microstructural characterization

Grazing incidence X-ray diffraction was performed to identify the crystal-
line structures of ErMnOj3. A Panalytical MPD diffractometer was used. The
incident angle was w = 1° and the wavelength was Cu Ka (1.54 A). The
surface morphology of ErMnO; structures was characterized by optical
microscopy (MPI AMZ12 microscope) and scanning electron microscopy
(ZEISS-Gemini) at 10.0 kV acceleration voltage. Scanning confocal Raman
spectroscopy (Horiba LabRam) was performed with a 325 nm laser in
backscatter configuration to study the different crystalline phases.

Electrical characterization

Current-voltage (I-V) measurements were performed on Pt/ErMnO5/Ti/
Au and Pt/ErMnO;/Pt stacks using a semiconductor analyzer Keysight
B1500 and a MPI TS2000-SE electrical probe station. During the mea-
surements, the Pt bottom electrode was grounded, and a DC bias was
applied to the top electrodes. The sweep rates were 75 mV/s for negative bias
and 15 mV/s for positive bias. c-AFM was conducted using a Park Systems
NX10 microscope to spatially map the local conductance of the films.
During the measurements, the AFM probe tip (HQ:NSC14/Pt) was
grounded and a DC bias was applied to the Pt bottom electrode.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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