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ABSTRACT

Heterostructures of the perovskite Prp 7Cap sMnO3 (PCMO) and a tunnel oxide such as AlOy are highly interesting
memristive devices for emulating synaptic properties in neuromorphic circuits. Future chip generations with
these memristive elements requires PLD systems which enables PCMO growth on a full wafer. To address the
issue of plume broadening in this study, a slit system was used to localize the deposition region, thereby elim-
inating the need for excessive scanning. This study investigates the effect of the slit system and process gas
pressure on plume broadening. This investigation has been used to parameterize a simulation software to assess
the effectiveness of different movement speeds and to develop strategies for homogeneous deposition, adjustable
to a chosen film thickness in the order of twenty nanometers. We used these strategies to fabricate area
dependent switching memory cells on a standard 4" Si wafer using the material combination of Prq7Cag 3MnO3
and AlOy. The influence of the aluminum oxide thickness on the switching shows that the IV loop starts to exhibit
a hysteresis for AlOy thicknesses > 3 nm. An increase in AlOy thickness leads to an increase in resistance and
capacitive charging. An additional thermal treatment reduces the resistance and the switching voltage and in-
creases the ratio between low resistive and high resistive state. Devices without thermal treatment of the PCMO
are compatible for back end of line processing of standard CMOS technology.

1. Introduction

epitaxial deposition of complex metal oxides in academic research [9,
10]. The deposition is typically performed on small samples ~ 1 cm? in

In the field of neuromorphic computing, particularly in the search for
alternative computing architectures that avoid the von Neumann
bottleneck, there is a strong interest in using alternative types of mem-
ory devices. Resistive random-access memories (ReRAMs) are potential
candidates [1]. Among the various types of ReRAM, area-dependent
switching memory cells offer the advantage that the resistance of the
device can be adjusted by the selected device size [2,3]. Moreover, the
SET kinetics are not dominated by a thermal runaway effect, as it is the
case in competing filamentary devices [4,5]. Therefore, area-dependent
memristive devices show gradual switching for both SET and RESET.
Among the various possible realizations of area-dependent devices, the
combination of praseodymium calcium manganate (PCMO) and AlOy is
a promising memristive heterostructure [6-8].

Pulsed laser deposition (PLD) is a well-established technique for the
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size [11-13]. However, PLD has not yet played a significant role in in-
dustrial thin film deposition on large wafers [14,15]. A major issue for
large-area deposition is the directional expansion of the plasma plume.
Therefore, the effective deposition area is much smaller than a 4" or
larger wafer [16]. It is necessary to use a scanning concept that achieves
full wafer coverage of the deposited film [15,17].

Each concept should address the following issues: Ensuring a ho-
mogenous ablation from the target material by moving the laser spot
over the target surface. This is important to avoid distortions of the laser
spot and ensure a homogenous and reliable deposition. The coverage of
the films by droplets can be a challenge for the application of PLD. To
prevent the formation of droplets, it is recommended to use dense tar-
gets with a sintering density close to the crystalline density [16] and
sharply projected laser spots without local fluctuations of the fluence.
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The deposition time must be fast enough to meet the economic time
requirements of the production process. The fluence control must
consider the change in the transmission of the laser entrance window,
and the laser entrance window must be easily replaceable [18]. Most
importantly, the relative movement between the plume and substrate
must stitch the individual deposition plumes together to create a ho-
mogeneous film across the entire wafer. This is particularly challenging
if the strategy needs to be easily adaptable for different deposition
thicknesses, especially when the targeted film thickness is 20 nm or
below.

Many different concepts are possible; until today, no single concept is
considered the best. Rotating the substrate and scanning the ablation
spot over a parallel-positioned target via mirror rotation is popular. The
scan range over the target must be well-aligned to the radius of the
substrate. Therefore, a homogeneous deposition can be achieved by
scanning the laser spot along the target with varying speeds (faster
scanning speed towards the center of the substrate) [17,19-21]. A
problem of this strategy is that the alternation of the projection angle by
the mirror rotation changes the spot size on the target [18], which can
influence the deposition rate and the stoichiometry [16]. Addressing this
issue, there is a modified concept where the scanning of the laser beam
happens at a constant projected angle by a translation movement of the
beamline and a target with inclined positions towards the substrate
surface [22].

However, the concept of two-dimensional scanning with linear
movements is the most direct way to achieve a homogeneous deposition
on a wafer. A major issue for this strategy is the broadening of the
deposition plume as the distance between the target and substrate in-
creases [23]. This broadening occurs in high vacuum due to plume
self-interaction and is significantly increased due to scattering processes
when a process gas is used. It is a problem for homogeneity since it
causes higher deposition rates in the central areas of the wafer than in
the edge areas when the scanning motion doesn’t allows much longer
movement distances as the wafer is big.

To address the issue of plume broadening in this study, a slit system
was used to localize the deposition region, thereby eliminating the need
for excessive scanning. The first part of the study investigates the effect
of the slit system and process gas pressure on plume broadening. This
investigation has been used to parameterize simulation software to
assess the effectiveness of different movement speeds and to develop
strategies for homogeneous deposition, adjustable to a chosen film
thickness in the order of 20 nm. In the second part of this work, we used
these strategies to fabricate area-dependent switching memory cells on a
standard 4" Si wafer using the material combination of Pry;Cag sMnO3
and AlOy.

2. Experimental methods

A KrF excimer laser is used with a 100 Hz repetition rate to reduce
the process time. The high number of shots for a single deposition (order
of 100,000 shots per sample) leads to deposition on the laser entrance
window, which causes a relevant change in the optical transmission
after a few depositions. This effect is stronger with lower process gas
pressure. Two features are installed to handle this issue. The first feature
is a thin quartz glass slide mounted inside the chamber in front of the
entrance window for protection. These slides are getting exchanged by
an in-vacuum working magazine system with space for 10 exchange
glass slides. Furthermore, the energy measurement for the fluence
control includes the change in the transmission of the glass slides.
Therefore, the target gets moved to the side during the energy mea-
surement, and the laser beam leaves the chamber through an additional
exit window. This exit window is covered during the deposition.
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The laser beam is projected onto the target by the beamline, which is
mounted entirely on rails to maintain a constant distance throughout the
movement. On the beamline, the beam is first slightly focused by a
convex lens to correct for the divergence of the excimer beam. Directly
behind the lens is the aperture, which shapes the beam profile rectan-
gular with a size of 22 mm x 10 mm The shaped beam is then guided by
the two mirrors through two further lenses. First, a divergence lens in-
creases the imaginary distance to the aperture, and then a focusing lens
directly in front of the chamber entrance window projects the aperture
onto the target. The resulting spot size has a rectangular shape of (2.28 -
2.39) mm x (1.22 - 1.60) mm, with the long side parallel to the cylinder
axis, and is taken into account in the fluence control software with an
average spot size of 0.034 cm?.

The laser ablates a ceramic target, and the resulting plasma plume
condenses on the sample surface. The used PCMO target had a density of
4.53 g/cm3 (relative density of 86 % [24]), and the used SrTiOs (STO)
target had a density of 5.06 (relative density of 99 % [25]). The PLD
system uses a cylindrical target (see Fig. 1). The deposition process is
controlled by two movements: one-dimensional scanning of the sub-
strate and one-dimensional scanning of the laser beam line along the
cylindrical surface of the target. The deposition of the full layer is ach-
ieved by combining these two movements. Homogeneous ablation of the
target surface is achieved by rotating the cylindrical target and
combining this with the one-dimensional movement of the laser beam.

To address the issue of plume broadening, a slit system was installed.
The two-dimensional scanning consists of movements along two axes.
Slits are mounted perpendicular to each axis of motion to confine the
plume deposition to the aimed area. One axis is the movement of the
substrate itself, which moves behind a fixed slit (Fig. 1a). The slit is
called a “heat shield slit” because it also protects the chamber from
thermal radiation during high-temperature deposition. The second axis

Plume fitting

heat profile ~ cos(8)?

shield
slit
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Fig. 1. Slit system for 2-dimensional scanning. a) Viewing direction on the
cylinder base of the target. Image of a deposited film for exclusive movement of
the laser spot, edges given by the heat shield. b) Viewing direction on the
cylinder surface of the target. Image of a deposited film for exclusive movement
of the substrate, edges given by the mobile slit.
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is the movement of the laser spot over the cylindrical target. The plume
is confined along this axis by a slit that moves with the laser spot in the
chamber (Fig. 1b). To achieve this, the entire beamline is mounted on
rails and moves during the process while maintaining focus.

The PCMO/AIO, based memristive devices on the 4" Si wafer
(schematic stack visible in Fig. 4c) were fabricated using the following
process parameters. The Si wafer was thermally wet oxidized to an oxide
thickness of approximately 430 nm SiOs. On top of this, 5 nm of Ta was
sputtered by RF magnetron sputtering, and 25 nm of Pt was deposited by
DC magnetron sputtering. The Ta acts as an adhesion layer for the
platinum bottom electrode. The PLD deposition of PCMO takes place at
room temperature with a fluence of 2.5 J/cm? and an oxygen pressure of
1 Pa. If the sample had a thermal annealing treatment, it was heated
after PLD deposition by rapid thermal annealing with IR illumination for
2 min at 923 K under N, atmosphere. The AlO was deposited by 200 W
magnetron RF sputtering of aluminum under a 1 Pa reactive oxygen-
argon atmosphere (3:2 (Ar:0;) flow rate mixture). The 20 nm Pt top
electrode was deposited by DC magnetron sputtering.

The pad electrodes with three different sizes (20 pm x 20 pm, 50 pm x
50 pm and 100 pm x 100 pm) were patterned by optical lithography and
structured by dry etching with an argon beam. The common Pt bottom
electrode was contacted by wedge bonding. The local pad top electrodes
were contacted by flexible Wolfram needles. Electrical characterization
was carried out using a Keithley 2611A source measurement unit.

3. Results
3.1. Influence of slit system and working pressure

Fig. 1a shows the image of a deposited film when only the beamline
is moving. The edges are defined by the static slit, which is close to the

substrate and therefore produces sharp edges. Fig. 1b shows an image of
a deposited film when only the substrate is moved. The edges given by
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the moving slit close to the target are diffuse. As this slit is further away
from the substrate, the confinement function is less pronounced. To tune
the deposition, we investigated the influence of the slit further away
from the substrate on the deposition profile, as its confinement function
is less effective.

First, the influence of slit width and oxygen pressure on the deposi-
tion rate was investigated. STO, as standard complex oxide material, was
used as the target material to increase the applicability of our in-
vestigations to other complex oxides. Fig. 2d shows that the deposition
rates, determined by X-ray reflectivity measurements (XRR), are similar
for most slit sizes. A noticeable decrease in deposition rate is observed
for a slit width of 3.5 mm, which approaches the laser spot width of 2.5
mm. It is also evident that the deposition rate decreases at higher
pressures, with vanishing rates above 5 Pa.

3.2. Parameterization of the simulation software

Using the knowledge of the pressure range of interest, we then
characterized the deposition profiles of STO for different slit widths at
different pressures with XRR and fitted them with the function

1

q
cos(a—&-tan’ m) where a and q are the fitting parameter and

tan ! g% the angle 6 for the used substrate- target distance of 80 mm,
see Fig. 2 a, ¢, d. These profiles were then integrated into simulation
software from the company Surface, which simulates deposition over the
entire wafer for selected motion velocities Fig. 3a, c. The simulation is a
Python-based grid calculation. For each laser pulse, the positions of all
motors will be calculated based on their velocities. On a width equal to
the defined slit size around the resulting motor position, the deposition
rate profile for the respective pressure and slit size is summed up on the
grid. The result is a height distribution, either relative or absolute,
depending on whether the deposition profile is given as normalized or
nm/laser pulse.
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Fig. 2. Deposition rate in dependency of the slit width and the pressure and fitting of the deposition profile. a) Fitted cos(8)? functions of the STO deposition profiles
(measured by XRR). b + c) Fitted q values in dependency of the (b) slit width variation and the (c¢) O process gas pressure. d) Maximum STO growth rate in

dependency of slit width and pressure.
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Fig. 3. Simulations of the deposition profiles a) and c¢) and measured deposition profiles b) and c). a) and b) are a pair and show strategy one, c) and d) are a pair that
shows strategy two. To measure the deposition profile for each position, localized XRR measurements and fittings were performed, as exemplary shown in Fig. A.1. a)
Strategy one: Profile simulation with the parameters (target length 98 mm, substrate length 106 mm, beam line velocity 20 mm/sec, target velocity 0.1 mm/sec, heat
shield 20 mm, target distance 80 mm, q 400, laser 100 Hz and 2100s) standard deviation of the thickness divided by the mean thickness is 0.07 % (taken from the
marked circle). b) Homogeneous PCMO profile (measured by XRR) along two orthogonal axes across the wafer. Deposition parameters were chosen according to the
simulation a) with further process parameters (Fluence 2.5 J/cmz, 1 Pa Oy). c) Strategy two: Profile simulation with the parameter (target length 98 mm, substrate
length 106 mm, beam line speed 5 mm/sec, substrate speed 20 mm/sec, heat shield 20 mm, target distance 80 mm, q 400, laser 100 Hz and 2000 s). The standard
deviation of the thickness divided by the average thickness is 1.5 % (taken from the marked circle). d) Homogeneous PCMO profile (measured by XRR) along two
orthogonal axes over the wafer. Deposition parameters were chosen according to the simulation a) with further process parameters (Fluence 2.5 J/cm?, 1 Pa Oy).
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3.3. Development of the simulation strategies for PCMO

The general configurations of the system in Section 3.1 and the
software in Section 3.2 have been made using STO as a prototypical
complex oxide material. It can be assumed that the general influence of
slit size and process pressure on the deposition rate and deposition
profile is similar for different oxides. The general configuration for STO
and the specific development of the deposition strategies for PCMO
ensure that the system is configured to be easily adaptable to different
materials.

The software was used to develop strategies to achieve homogeneous
deposition for PCMO by selecting an appropriate combination of
movement speeds. Since the difficulty of achieving homogeneity in-
creases as the films get thinner, the strategies were developed for a
typical layer thickness of 20 nm. Once a working strategy is established
for a thin film, it is easier to adapt to a thicker film.

Two strategies were developed. The most straightforward strategy
(called here “strategy one”) involves moving the beamline quickly while
moving the substrate slowly. The simulation software predicts this
strategy will have the highest homogeneity, as seen in Fig. 3a. We have
confirmed homogeneous PCMO growth for this strategy using XRR
measurements, as shown in Fig. 3b. A disadvantage of this strategy is
that only multiples of the minimum thickness can be deposited. In the
case of Fig 3b, the deposition time was twice the running time of the
substrate movement in one direction. Therefore, the minimum thickness
for this process parameter is half of the thickness obtained. The mini-
mum thickness is therefore slightly below 10 nm. The minimum thick-
ness cannot be arbitrarily reduced by increasing the substrate speed. If

Thin Solid Films 805 (2024) 140499

the substrate speed is too high, inhomogeneous thickness distributions
will result due to the larger gaps between the stitched individual plume
profiles.

To address the first strategy problem, we used simulation software to
develop combinations of fast beamline and substrate movements for a
defined number of laser pulses that result in homogeneous deposition.
The simulation software indicates that it is possible to identify such
combinations. However, the standard deviation within the marked circle
is higher than that of the near-perfect simulation for strategy one
(Fig. 3a). This strategy also results in a homogeneous layer deposition,
which is shown by XRR measurements in Fig. 3d for PCMO. However, it
is important to note that the movement speed must be adjusted for
different numbers of shots/film thicknesses.

3.4. PLD deposited PCMO based memristive devices on standard Si-wafer

The developed homogeneous deposition process was used to realize
PCMO-based memristive devices (switching stack Fig. 4¢) on a 4" wafer.
Since the switching effect occurs at the PCMO/AlOy interface, a focus of
the fabrication was to achieve a smooth interface between PCMO/AlOy
and AlOy/Pt. Therefore, both PCMO and AlOy must possess a low surface
roughness. Atomic force microscopy (AFM) showed that the PCMO
surface roughness decreases with the oxygen process during the PLD
(RMS values [0.2 nm, 0.3 nm, 2.9 nm, 8.3 nm] for [without process gas,
1 Pa, 4 Pa, 10 Pa], background pressure ~107° Pa). The 1 Pa process was
chosen for its smooth surfaces. The resulting surface of the PCMO after
the deposition on the platinum bottom electrode is shown in the AFM
image (Fig. 4a). All the devices shown in this section are from the same
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Fig. 4. Integration of LAPLD deposited PCMO layers into area-dependent resistive switching devices. a) AFM scan of about 10 nm PCMO deposited at 1 Pa O, on the
Pt bottom electrode before dicing and stripping, with an RMS value of 0.26 nm. b) HAADF-STEM cross-section of the whole device stack, with thermally treated
PCMO and deposition of 5 nm AlOy. The platinum electrodes can be seen in light grey. They show the strongest Rutherford scattering because of the high atomic
number of Pt (Z(Pt)=78). The PCMO and the AlOy, are sandwiched in between. The PCMO is visible in darker grey (Z(Pr)=59, Z(Mn)=25, Z(Ca)=20), while the AlOy
does not show strong scattering because of the low atomic number of its constituents (Z(0)=8, Z(Al)=13)) and is therefore black. ¢) Schematic device cross section.
d) AlO, thickness dependence of IV curves of devices with non-annealed PCMO and a constant pad size of 50 um x 50 pum. e) Extracted of the cycles of Figure d) at the
orange marked voltage of —2.5 V. The average current levels of the sweep branch into the negative voltage direction (HRS) and the returning sweep branch back to
the positive voltage direction (LRS). 7 nm are neglected since here the capacitive charging is too high for a read out at 2.5 V. Further, Figure ) shows also their
calculated On/Off ratio. f) Displays the difference between the IV-loops of a 50 um x 50 ym, 3 nm AlOy device with and without thermal treatment of the PCMO.
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wafer, deposited with the movement strategy two (Fig. 3c 4+ d) and by
50,000 shots, which lead to a PCMO layer of around 10 nm (Fig. 4b).
Inductively coupled plasma mass spectrometry (ICP-MS) on a similarly
processed wafer (same pressure, fluence, slit settings) showed a homo-
geneous stoichiometry for neighboring pieces with average values of
Prg g1Cag.25Mng o4 (Fig. A.5).

The RF sputter deposition of the aluminum oxide in a reactive gas
atmosphere (3:2 (Ar:03) flow rate mixture) resulted in smooth oxide
layers (RMS 0.2 nm - Fig. A.3). X-ray photoelectron spectroscopy (XPS)
on the AlOy surface shows plasmonic loss features of the Al2s and Al2p
peak as well as a mixed contribution of metal and oxide peak at the Al2p
level (Fig. A.4). It is therefore considered as suboxide. The XPS mea-
surement was performed immediately after the deposition of the AlOy by
in-situ transfer to avoid the influence of atmospheric oxygen. The whole
device stack can be seen in the high-angle annular dark-field-scanning
transmission electron microscope (HAADF-STEM) images (Fig. 4b).

The current-voltage (IV) loops of devices with different AlOy thick-
nesses are compared in Fig. 4 d and e. The IV curve exhibits a hysteresis
at an oxide thickness of 3 nm. The ratio of the current of the low resistive
state (LRS) and the high resistive state (HRS) ratio increases with
increasing AlOy thickness (Fig. A.4 e) from 2 nm AlOy (1.07 £+ 0.13) over
3 nm (1.53 £+ 0.19) and 4 nm (2.20 + 0.42) up to 5 nm (3.90 + 0.89)
until the resistance becomes too high and capacitive charging domi-
nates, as seen for the 7 nm layer. Sweep voltages of 5 V are required to
exhibit hysteresis, as can be seen when comparing 3 and 4 V (Fig. A.6). 3
V is unsuitable for hysteresis and the IV loop opening at 4 V is insig-
nificant small. Fig. A.8 shows the stability of the LRS of the 5 nm AlOy
sample. The LRS is stable for 6 min. It shows serious decay after 1 hour
and 13 min and a nearly complete decay after 21 h. The timescale of the
retention is common for area-dependent devices. The device’s endur-
ance is shown in Fig. A.9, using IV-cycles. It shows a constant On/Off
ratio for 100 cycles and a complete failure after 579 cycles. Degradation
over the cycles is leading to increased LRS and HRS resistances. The IV-
loops show good reproducibility, as seen from the low device-to-device
variation (Fig. A.10).

All these devices in Fig. 4 d have no thermal treatment of the PCMO
and are therefore compatible with the back end of line processing in
standard CMOS technology. Further thermal treatment at 923 K for 2
min of the as-deposited amorphous PCMO causes crystallization
(Fig. A.2). This reduces the resistance and switching voltage and in-
creases the ratio between the LRS and HRS, as can be seen in Fig. 4 f.
Both types of devices, with amorphous and with crystalline PCMO, show
area-dependent scaling of the HRS and LRS, as can be seen in the double
logarithmic current-area plot (Fig. A.7). The slope of the linear fit is
close to 1.

4. Conclusions
In this study, we addressed the issue of plume broadening for large-

area pulsed laser deposition using a slit system. The influence of the slit
system and deposition pressure has been analyzed—this knowledge
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parameterized simulation software and developed two strategies
showing homogeneous layers. One strategy is moving the beamline
quickly while moving the substrate slowly, which showed the highest
homogeneity in the simulation. The other strategy is to move both the
beamline and the substrate fast while finding an appropriate combina-
tion of both speeds for a given number of laser shots. Both strategies
were experimentally verified, producing a homogeneous PCMO thin
film on 4" wafers. This process produced PCMO/AlOy-based devices with
well-defined, smooth interfaces. The devices show area-dependent
resistive switching, for amorphous and for crystalline PCMO. The in-
fluence of the aluminum oxide thickness on the switching shows that the
IV loop starts to exhibit a hysteresis for AlOy thicknesses > 3 nm. An
increase in AlOy thickness leads to an increase in resistance and capac-
itive charging. An additional thermal treatment reduces the resistance
and switching voltage and increases the ratio between low and high
resistive states. Devices without thermal treatment of the PCMO are
compatible with the back-end-of-line processing (BEOL) of standard
CMOS technology
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Fig. A.1. Example of the fitting of XRR-data, as done for Fig 3 b and d. The XRR data shown are from Fig 3 d (measurement: second diagonal at 20 mm). The fitting
led to the following material parameters (PCMO thickness: 21.0 nm, surface roughness: 0.6 nm, interface roughness: 0.7 nm, density: 4.6 g/cm®). The fitting was
performed by the program GenX 3.6.22 [1]. The stack was simulated using a two-layer model of PCMO and SiO,. For the bottom layer of SiO2, a density of 2.65
g/cm® was assumed. The free parameters of the fit are the interface roughness, the surface roughness, the density of PCMO, and the thickness. The count intensity was
manually chosen according to the low angle count rate. The fit was done by prioritizing the thickness by matching the oscillation periodicity. The measurement was
performed with a Bruker D8 diffractometer with a Cu K-alpha source and Bragg-Brentano geometry. A 2 mm circular nozzle was used to spatially confine the beam.
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Fig. A.2. GI-XRD measurement of 95 nm PCMO on Pt before and after thermal annealing for 2 min at 923 K in N». The data clearly shows the appearance of a Bragg
reflection and, therefore, the crystallization of the previous amorphous PCMO layer. The broad peak covers in the case of a perfect crystalline PCMO with ortho-
rhombic symmetry (space group Pnma (62)) the (200), (121) (1-21), (12-1), (1-2-1) and (002) orientation [2,3]. A pseudo cubic notation would represent them by
the (110) orientation. The measurements have been done around these peaks because they have the highest structure factor |F|. The measurement was done with a

Bruker D8 diffractometer with a Cu K-alpha source and Bragg-Brentano geometry. The constant incidence angle o was set to 0.4°.

5nm AIOX

on PCMO (1 Pa)

RMS:0.2nm
L1

Fig. A.3. Atomic force microscopy images show the surface of the 5 nm AlOy sputter deposited on the, in Section 3.3 used, PCMO deposited at 1 Pa on Pt.
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Fig. A.4. XPS-analysis of 5 nm sputtered AlOx on PCMO. The sputtered film was directly transferred from the sputter chamber to the XPS chamber under ultra-high
vacuum conditions. The sputter deposition was done in a reactive gas atmosphere at 2 Pa with a gas mixture of argon and oxygen (3:2 (Ar:0») flow rate mixture) with
alternating current (RF magnetron at 200 W), a target substrate distance of around 10 mm and a sputtering time of 45 s. The XPS analysis was done at a PHI 5000
Versa Probe, with a monochromatic Al K, x-ray source for photoelectron excitation and an argon gun, and an electron gun for charge neutralization. The hemi-
spherical analyzer used a path energy of 187.85 eV for the survey scan a) and ¢) and 23.5 eV for the Al2p peak scans b) and d). All spectra are from the same point
and have been checked for reproducibility at a second point at the sample surface. Spectra a) and b) were taken at a detector angle of 80° from the surface plane and
are therefore more depth sensitive than the spectra ¢) and d), which were taken at a surface sensitive angle of 30° For the data analysis, the program CasaXPS Version
2.3.24PR.0 was used. All spectra had been charge corrected by setting the aliphatic carbon peak to 284.8 eV. To fit the background a Shirley background was used.
The metallic peaks had been fitted by an asymmetric peak shape of ST(1.3)LA(1,1.63,143) as recommended by [4]. The same peak shape was used to identify the
asymmetric plasmon peak in the survey scans. The oxide peaks had been fitted by GL(30), a symmetric product function of Gaussian and Lorentzian contribution,
with a mixing ratio of 70:30. The following constraints were used for fitting the Al2p spectra b) and d). As expected from the spin-orbit coupling, the area ratio for the
1/2 and 3/2 metal peaks and oxide peaks had been constrained with a 1:2 ratio. The FWHM of the corresponding multiplets are constrained to be equal. Further, the
energy difference of both multiplets had been assumed to be 0.44 eV, as recommended by [4]. In a) and ¢), plasmonic excitations can be identified, which are
associated with electronic oscillation in the conduction band [5] and therefore a sign of metallic contribution. The peak fitting on the Al2p spectra shows an increase
of the oxide peak for the surface sensitive measurement from signal area contribution of b) 23 % at an 80° take-off angle to d) 34 % at 30° The increased oxygen
content at the surface could be explained by an additional oxidation reaction in the reactive gas atmosphere at the sample surface after the sputter deposition.
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Fig. A.5. Stoichiometry measurement of PCMO by ICP-MS. The PCMO was deposited on the Pt coated thermally oxidized 4" Si Wafer with the following stack: 20 nm
Pt/ 5 nm Ta/ ~ 430 nm SiO,/Si. The deposition parameters were: fluence 2.5 J/cmz, 1 Pa O, process gas pressure, 20 mm heat slit opening, 4 mm target slit opening,
laser repetition rate: 100 Hz, laser shots: 212 000, target-rotation: 100 rpm, beamline movement from 4 till 104 mm with 20 mm/sec, substrate movement in step
mode with 0.25 mm step size at each turning point of the beamline, background pressure ~10~> Pa. The wafer was diced into 1 x 1 cm pieces. Three neighboring
pieces had been taken from the homogeneous region. The acid digestion was done by cooking for 2 h at 323 K in 3 ml HNOs and 1 ml HyO5. Three aliquots in 20:1
and 10:1 dilution were taken from each sample for analysis. The ICP-MS was done in an Agilent-8900 by comparison with element standards.



M. Buczek et al. Thin Solid Films 805 (2024) 140499

not annealed, 3 V not annealed, 4 V
a) - . . . . . . b) 104 : . : ;
105 —1nm nm
2nm 10 2nm
10 { —3mm 3 nm
4 nm 10 1 —4nm
< o7 ——5nm < —5nm
£ ] ; £ . 7 nm
= 7nm = 107 71
c C
9 108k k 9‘:)
3 3 T *
Y 4
o ] 10° \ | \ 1
\
10710}, \ . g -10 ~ \\\\ - >/
S = et Ry 10"°F ‘?\,\_;',m_‘,, 7 4
? \ (| , h \ 7Z\V N \/
101l Y . V‘M‘A R / N R 101k . i Y "\’ Vi
3 2 -1 0 1 2 3 -4 2 0 2 4

Voltage in V Voltage in V

Fig. A.6. AlOy thickness dependence of IV-loops for the not annealed PCMO devices with a pad size of 50 pm x 50 pm for different applied maximal voltages a) 3V,

b) 4 V. The IV-loops do not show a pronounced hysteresis comparing to IV-loops with a peak voltage of 5 V (Fig. 4d). The IV loops were measured with stepping rates
of 30 mV and holding times of 20 ms at each voltage step, which led to an effective sweep rate of 1.5 V/s.
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Fig. A.7. a) and c) are the IV-loops (each 3 cycles) for different pad sizes (20 pm x 20 pm), (50 um x 50 um), and (100 um x 100 pm). a) Shows the IV-loop of a sample
without thermal treatment of the PCMO and with 5 nm AlOy. and ¢) displays the IV loops of thermally treated (2 min, at 923 K in N3) PCMO with 3 nm AlOy. b) and

d) plot the HRS and LRS from the IV-loops of a) and c¢). The values are taken at the orange-marked voltages. The linear fit in the double logarithmic plot checks the
area dependence. The fitting results of the slope are written in the legend.
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Fig. A.8. The normalized decay of the LRS was measured on two devices with a (50 pm x 50 um) pad, 5 nm AlOy, and PCMO without thermal treatment. After
different waiting times, the values were extracted at —3.2 V from IV sweeps. The device was set to the LRS for each time tested by three consecutive 5 V sweeps. The
reference for the HRS is measured after the device has been set to the HRS by three consecutive +5 V sweeps.
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Fig. A.9. Endurance measurements by IV-loops on the sample with 5 nm AlOyx and amorphous PCMO. The first 100 cycles a) show a constant On/Off ratio while the
HRS and LRS slowly increase. b) shows all 583 cycles, with the device failure after 579 cycles. The degradation of the devices led to a continuous increase of the
resistance till LRS and HRS were indistinguishable. The graph had been stacked together from four measurement sets—cycle 1 till 100, 101 till 200, 201 till 400, and
401 till 583. Since the IV-loops have charging contributions during sweeping, small discontinuities can be seen at the merging points (cycles 101, 201, and 401). All
The IV-loops were done without holding time at the voltage steps and with a step width of 100 mV to reduce the degradation by a reduced measurement time. The
pure measurement time of the Keithley 2611A source meter delayed by communication with a LabView user interface led to a sweep rate of around 3.3 V/s. The
values were extracted from the IV-loops at —4 V.
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Fig. A.10. Device-to-device variation measured on ten different devices with (50 um x 50 um) pad, 5 nm AlOy, and amorphous PCMO. a) Comparison of the IV loops.
It shows one cycle per device. The chosen device was initialized by at least one previous cycle. b) shows the quantile probability plot of the HRS and LRS extracted
from a) at the voltage marked in orange. The double logarithmic reciprocal y scale was chosen in the style of a Weibull plot. The approximation of the percentile
probability was done using the Blom method.
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