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Abstract
In recent years novel computer architectures have been pursued to overcome the limitations of the
traditional silicon-based von Neumann paradigm and the imminent end of Moore’s law. A promising
alternative is neuromorphic computation, which is based on non-linear, massively parallel, neural-like
algorithms, allowing the construction of artificial neural networks. These can be implemented using
memristors, fundamental and passive electric components that show reversible and persistent resistance
state changes, which translate in similar electric responses to biological neural tissue. In this work we
study the optimization of the microfabrication process of individual and crossbar arrays of magnesium
oxide-based memristive devices. Each configuration is implemented in two different fabrication
processes: a more complete procedure where the main metal-insulator-metal pillar is defined using
optical lithography and ion beam milling and a simpler, two-level process where the bottom electrode
is patterned first and the junction is defined by magnetron sputtering of the insulator film and top
electrode, overlapping precisely with the former. SEM imaging is used to identify defects in the
fabricated structures. A computer program is developed to control a voltage-current sourcemeter, to
perform automatic voltage-current sweeps with flexible parameters for measurement of memristive
devices. Individual structures fabricated with the first process show large ON-OFF resistance ratios of
at least 103 , although the process yield and average device endurance are low, respectively at 43% and
less than 10 full switching cycles. Crossbar arrays do not show improved performance. The two-step
process yields better results, although the margin for improvement is still extensive.
Keywords: Memristor, Neuromorphic computation, Magnesium oxide, Magnetron sputtering,
Resistive switching

1. Introduction
The unrelenting advances in silicon technology that
have been proving Moore’s Law correct for the past
four decades are waning. We are starting to hit fundamental physical limits in our quest for ever more
miniaturized and powerful electronics, and we must
soon turn our attention elsewhere to keep improving the tools we use to tackle ever more complex
problems.
At the same time, aided by this “silicon explosion”, we have been experiencing an enormous
boost in the field of artificial intelligence: it has
been nearly twenty years since Deep Blue beat the
world chess champion Kasparov in 1997. More recently, deep learning techniques have been making
their way into many applications and tools, that
can process huge amounts of data rather quickly,
and are now ubiquitous in our daily life.
Despite these breakthroughs, our ability to simulate human thinking in conventional computers will

eventually reach a limit, not only because of the
end of Moore’s Law but also because our brain,
one of the most complex structures we know and
from which we still know very little, is structured
in a radically different way than the predominant
von Neumann architecture; while the latter has a
strict and deterministic input-processing-memory
interface-output hierarchy, we benefit from having a
very large number of individual processing cells, the
neurons, connected with each other in a non-linear
and massively parallelized arrangement. This allows us to trivially perform tasks such as learning
new concepts and extrapolate our past experiences
to future events, something even the most powerful
supercomputers struggle with.
These reasons mean that we must start working
to build a fundamentally different computer architecture so that we can build artificial neural networks capable of having the same power as our
brains and implement in a machine those tasks we
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excel at. To do that, very promising building blocks
have recently gathered much interest, which are
memristive systems. These are two-terminal passive
electronic components which feature a non-linear
relationship between current and voltage, and as
we will see later on, this seemingly simple property
makes such devices display a very similar behavior to biological neurons. Combined with their potential for miniaturization and integration, we then
have an ideal starting step to build advanced neuromorphic artificial structures.

mounted between two metallic contacts. This device makes use of a property widely observed in such
thin-film structures called resistive switching: the
resistance of the device is not fixed but can in fact
be tuned with the controlled application of a particular voltage to its terminals.
More recent studies on the nature of memristive behavior have developed a new model for the
memristance of a metal-insulator-metal structure,
where such resistance changes arise due to the formation and destruction of very thin and localized
filaments of conducting material inside the insulator
film. These have been demonstrated to be responsible for a large variety of resistive switching (RS)
phenomena in a huge amount of materials, particularly in the context of resistive random-access memories (ReRAMs) research.
One of the most important and unique properties of memristive systems is the response they display when subject to a periodic driving signal. In
particular, for a sinusoidal input I(t) = I0 cos(ωt),
the V (I) response of the system will be a pinched
hysteretic loop, as shown in Fig. 2. This happens
due to the massive nature of the ions, which are
the main charge carriers across such a device, and
the inertia effects they experience when actuated by
rapidly varying forces.

2. Background
2.1. Memristors and memristive systems
A memristor (from memory resistor) is a passive,
two-terminal electric component whose resistance is
not constant, but depends on the applied voltage,
or current, and for how long it has been applied.
It was first derived theoretically by Chua in 1971
[1], who related the four fundamental electromagnetic circuit quantities - the electric charge q, the
magnetic flux ϕ, the voltage V and the current I to each other in a pairwise manner through 4 constituting relations plus Faraday’s law and the definition of current as the temporal derivative of the
electric charge.
In addition to resistors, inductors and capacitors,
Chua realized that a fourth canonical circuit element must exist in order to satisfy the equation
relating magnetic flux and electric charge: dϕ =
M dq. Furthermore, he also showed that the behavior of a passive device characterized by a variable
memristance M ≡ M (q) cannot be reproduced by
any combination of resistors, inductors and capacitors, proving this device is indeed truly fundamental.

Figure 2: Experimental memristor I(V ) characteristic (reused with permission from Ref. [2]).

2.2. Neurons and synapses
The neuron is a specialized cell in the brain and
nerves that is excitable by electric signals and whose
task is to receive those inputs, process them and
propagate them to the other neurons connected to
it.
The synapse is the specialized structure that connects neurons to each other. When an electric
spike Vpre reaches the end of the axon of the presynaptic neuron, chemical markers called neurotransmitters activate receptors on the post-synaptic
neuron membrane, changing the permeability of ion
channels also present there. This allows the diffusion of ions in and out of the neuron, changing the
electric potentials inside and outside the membrane,

Figure 1: The four canonical circuit elements
(reused with permission from Ref. [2]).
The memristance is a function of the electric
charge, or alternatively, of all previous values of the
current that has passed through the device, which
confers a memory behavior to the memristor - hence
its name.
The practical realization of the memristor happened in 2008 by Strukov et al. [2], who built a
nanodevice consisting of a thin semiconductor layer
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and thus a second spike Vpost forms and propagates N2000 system with a nominal thickness of 300 Å,
further [3].
and additionally for MgO, a thickness of 150 Å, using alumina-coated silicon and glass as substrates.
2.3. Artificial neural networks
The thickness, resistivity of Ru and Ta and X-ray
The memristor is an ideal candidate to replace sil- diffraction analysis were performed in these mateicon implementations of artificial synapses in com- rials.
plex artificial neural networks [3]. It naturally exhibits a non-linear resistance that changes accord- 4.1. Resistivity
ing to the history of previous inputs, affecting how The resistivity values of the ruthenium and taneffectively a signal is transmitted through it, exactly talum thin films were measured in a linear fourthe sort of behavior we see in a biological synapse. probe setup, on thin glass stripes deposited at the
It is also a passive electric component, which does same time as the main samples. A linear fit was
not require a power supply, unlike conventional sil- performed to several current-voltage values, taken
icon synapses, and has a simple physical structure using a Keithley 220 programmable current source
and hence a big potential for miniaturization, mak- and a Keithley 182 sensitive digital voltmeter, and
ing very compact, complex and scalable networks the resistance extracted, as shown in Fig 3.
possible.
3. State of the art
At a material optimization level, Huang et al. [4]
have established the non-polar resistive switching
nature of an electroforming-free Pt/MgO/Pt memristive cell, using a 60 nm thick oxide deposited
by ion beam deposition, which the authors propose
might introduce a relatively high density of defects
in the insulating matrix; this translates to measurements in which the initial resistance of the device
and the voltage threshold of the first Set transition
are nearly the same as those of subsequent transitions.
In accordance with the requirements of resistive
states stability, separation and unipolar operation
of memristive cells for memory applications, Guerra
et al. [5] have demonstrated such properties in a Pt
150/ MgO 15/ Ta 20/ Ru 5 thin film stack (values in
nm). This MIM structure presents an average Set
voltage of ∼1.61 V and a Reset voltage of ∼1.38
V, as well as an average ROFF /RON ratio of ∼ 7,
over 42 switching cycles. The cells have also demonstrated a retention of both resistive states for 104
s.
In a last example, Dias et al. [6] undertook a
comprehensive study of the Set and Reset voltage
and current variability using the four possible polarity combinations. Using a Pt 150/ MgO 30/ Ta
20/ Ru 5 structure (values in nm) with the platinum contact grounded, the authors found that, after 50 Set-Reset cycles, the Set and Reset threshold
voltage variability is lower when the Set process is
performed with positive bias. In particular, the Set
and Reset voltages are lowest when performing Set
+, Reset − cycling. A lower variability of the OFF
state resistance is also lowest in the (+, −) mode,
where the average ROFF /RON ratio is around 33.

Figure 3: Fit of I−V experimental points for Ta and
Ru thin films in glass substrate (nominal thickness
300 Å)
The resistance values thus obtained were: RRu =
37.649 ± 0.0032 Ω and RTa = 126.93 ± 0.0032 Ω.
The geometric parameters necessary for the calculation of the resistivity, namely the width of the
glass stripes wRu and wTa , as well as the distance
between the inner probes lprobes , were determined
using a Vernier caliper. These parameters, as well
as the relevant thicknesses and the calculated resistivity values are shown in Table 1:
Parameters
lprobes (cm)
t (cm)
w (cm)
R (Ω)
ρ (µΩ·cm)

Ru

Ta

0.7205 ± 0.0005
(3.00 ± 0.35)×10-6 (3.19 ± 0.32)×10-6
0.312 ± 0.0005
0.311 ± 0.0005
37.649 ± 0.0032
126.93 ± 0.0032
48.9 ± 5.8

174.8 ± 17.9

Table 1: Geometric parameters, resistance and resistivity of Ru and Ta thin films. The uncertainties
in ρRu and ρTa were calculated using standard error
propagation.

4. Thin films
Thin films of tantalum (Ta), ruthenium (Ru) and
magnesium oxide (MgO) were deposited on the

The resistivities obtained for the Ru and Ta thin
films are in line with the values reported in the literature at similar thicknesses [7, 8], so that their
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electric characteristics are as expected and can be
used in the complete memristor process.

Method

60o

30o

Standard 0.76 ± 0.09 0.93 ± 0.03
4.2. MgO etch rate calibration
Iterative
0.71 ± 0.06 0.97 ± 0.09
The MgO ion beam etching rates for the relevant
pan angles of 60o and 30o in Nordiko 3600 were
Table 2: MgO etch rates determined by two difcalculated using two different methods.
ferent methods, for pan angles of 60o and 30o , in
Nordiko 3600 (in Å/s).
4.2.1 Standard method
A thick (∼ 1000 Å) MgO film is deposited on a
1×1 sq inch glass substrate using Nordiko 2000, and
different regions are etched in Nordiko 3600 during
times t1 = 300 s, t2 = 600 s and t3 = 900 s, using the
ink pen technique, at 60o and 30o pan angles. The
etched thicknesses are measured on the profilometer
and a linear fit is performed, yielding the etch rate.
The results are shown in Fig. 4a.
4.2.2

of the other. Hence, we can conclude that no procedure is better than the other, and they both give
accurate results to use in the complete fabrication
process.
4.3. X-ray diffraction
An x-ray diffraction analysis of the films deposited
on Nordiko 2000 was carried out in a Siemens D5000
diffractometer, which uses a molybdenum (Mo) Kα
x-ray generator, with a characteristic wavelength λ0
= 0.70930 Å, in a 15o -21o 2θ range.
For the considered 2θ range, only one peak was
present in each main spectrum, as expected due to
the highly textured nature of thin films.
All peaks in the main spectra were fitted to a
Lorentzian function and the centroid 2θ0 and fullwidth at half maximum (FWHM) w were determined. A larger sweep, from 15o to 45o , revealed
a secondary peaks in these films; however, they are
small in comparison with the main peaks so the
main orientation dominates.
The crystallite size was also estimated through
the Scherrer equation (Eq. 1), where τ is the average crystallite size, λ the x-ray wavelength, β the
FWHM of the sample broadening contribution and
K = 0.9 [9] a factor depending on the peak shape
and crystallite geometry.

Iterative method

An MgO film with a measured thickness of 306 ±
23 Å is deposited on a 1×1 sq inch Si/SiO2 / Ti
250/ Pt 1500 substrate in Nordiko 2000. The sample is progressively etched, starting with an etch
time t1 = 300 s; the cumulative time is increased
in steps of ∆t1 = 100 s until contact is achieved on
the exposed area using a multimeter and the process is stopped. The last cumulative time where
contact was not registered, and so where MgO is
still present in the exposed area, is denominated t2 .
The second iteration of the process further refines
the upper and lower bounds of the etch time. The
initial time step in the new region will be t2 + 25
s, incrementing in ∆t2 = 25 s steps until contact is
measured. The last cumulative etch time without
contact is now t3 . Finally, the process is repeated,
starting at t3 + 10 s and using ∆t3 = 10 s steps.
The results for both pan angles are shown in Fig.
4b.

τ =K

λ
β cos θ

(1)

s

Figure 4: MgO etch rate calibration using two different methods.

These values were, respectively for MgO, Ru and
Ta and substrates [Si ; glass]: [58.92; 58.92], [218.30;
161.33] and [147.68, 141.99].
The measured peak position values were then
compared with data from the American Mineralogist crystal structure database [10], using the search
terms “periclase”, “ruthenium” and “tantalum”, respectively for MgO, Ru and Ta, and the spacing
parameter dteor and Miller indices {hkl} were extracted. These are, respectively, 2.1055 Å, 2.0545
Å, 2.3376 Å and {2 0 0}, {1 0 1}, {1 1 0}.

The results of both methods are summarized in
Table 2.
Both methods yielded similar results, and the values in one are contained in the experimental error

5. Device fabrication
5.1. Platinum redeposition and mitigation
As a first optimization of memristive devices fabrication the redeposition of platinum in the junction
pillar sidewall, which typically causes short-circuits

(a) Standard process.

(b) Iterative process.
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across the electrodes and device failure, was studied. Several etching recipes were tested in Nordiko
3600 in samples with a MgO 300/ Ta 200/ Ru 50
stack (values in Å) patterned with 200×200 µm2
square pillars, using only 60o , 30o or a combination
of both pan angles, as well as different amounts of
overetching into the Pt layer. Short-circuits were
tested by measuring contact from the top of pillars
to the die frame.
A major issue with this test was that the etched
thickness was smaller than expected for all tested
samples, with more pronounced differences for 30o
only etching, meaning that short-circuit testing did
not yield significant results since the platinum layer
might not have been exposed and some MgO remained in the areas of interest. It was later found
empirically that increasing the ruthenium thickness from 50 Å to 200 Å and etching the top electrode and most of the MgO film (around 70%) at
a 60o , while the rest of the MgO (30%) and a
slight overetch at 30o resulted in no apparent shortcircuits in round test pillars of 100 µm, 200 µm and
300 µm.

(c)

(d)

(e)

(f)

memristors (sample N3MA3), by ion beam etching in Nordiko 3600, using the optimized 60o /30o
recipe previously mentioned. The etched thickness
was measured at tetch1 = 776 ± 42 Å.
After etching, an insulating layer of alumina
(Al2 O3 ) is deposited in UHV2, to protect the pillar and avoid short-circuits, with a thickness of
tdep2 = 466 ± 47 Å. This value is nearly half what
was expected, due to a higher than normal process
pressure caused by pumping issues in the chamber
of the machine.
The liftoff is done in an ultrasound bath of pure
Microstrip 3001 at a temperature of 65 o C for a
period of 12 hours.

First process

The first process (samples N3MA1 and N3MA3)
is comprised of six main stages, defining in sequence
the insulator junction, bottom electrode and then
top electrode. This design is better shielded against
physical damage, electric interference from neighboring structures and short-circuits between the top
and bottom electrodes, while allowing smaller junction areas. This process is outlined in Fig. 5.
Stack deposition
The thin film stack used is the following (the
numbers refer to the film thickness in Å):
Substrate
Bottom electrode
Junction
Top electrode

(b)

Figure 5: Memristor six-step fabrication process
sketch.

5.2. Fabrication processes
Two different fabrication processes were implemented, each with advantages and shortcomings.
5.2.1

(a)

Bottom electrode definition
The bottom electrodes are defined by etching
in Nordiko 3600, at an intermediate pan angle
of 45o , to remove the Al2 O3 and Ti/Pt layers,
reaching the non-conductive SiO2 layer of the
substrate; the etched thickness was calculated as
tetch2 = 2425 ± 144 Å.

Si/SiO2 1000
Ti 250/ Pt 1500
MgO 300
Ta 200/ Ru 200

The bottom electrode material was deposited
First via opening to bottom pads
on a 6-inch wafer by ion-beam deposition in
Nordiko 3000, while the junction and top electrode
films were deposited by magnetron sputtering in
The Al2 O3 film over the bottom electrode pads
Nordiko 2000; the latter films measured a combined is removed by ion beam etching at 45o pan angle
thickness of tdep1 = 697 ± 27 Å.
in Nordiko 3600, in order to reach the Ti/Pt level,
with a slight overetch included to make sure that
Junction pillar definition
no oxide remains on top of the pads; an etched
thickness of tetch3 = 558 ± 34 Å was measured,
The junctions are patterned in square pillars of with this value, alongside visual inspection, being
varying area and configuration, to build both in- used for endpoint control of the etch.
dividual (sample N3MA1) and crossbar arrays of
5

Second passivation and second via opening to
bottom pads
The entire sample is passivated with a very thick
layer of SiO2 , deposited in the Alcatel SCM 450
magnetron sputtering machine, to protect the lateral walls of the bottom electrode and cover the
pads and the exposed top face of the pillar in equal
thickness of material, tdep3 = 2727±50 Å. It is then
necessary to remove the oxide over the vias to the
bottom pads and the top face of the pillars. This
process done by reactive-ion etching in the LAM
Rainbow 4520 machine, which allows the selective
removal the silicon dioxide these regions while keeping the rest of the structure mostly intact.
The endpoint is controlled by visual inspection
of opened areas and electric contact probing in
dedicated test regions in the sample, where a
short-circuit was detected, indicating that the
oxide layer has been fully removed.

(a)

(b)

Figure 6: Memristor two-step fabrication process
sketch.

the heat dissipated by Joule heating along the
electrode tracks, with with a pan angle of 60o , to
remove the Ti/Pt layer and reach the insulating
substrate. The etched thickness was measured
at tetch1 = 2341 ± 109 Å, a sizeable, although
harmless, deviation from the expected value of
Top contact definition and metallization
1800 Å due to differences between the considered
and actual etch rates. A Al2 O3 layer is then
The final step in the memristor fabrication pro- deposited in UHV2 to level the sample surface
cess is the deposition of metallic leads, contacting again. The liftoff ultrasound bath lasted for 75
with the bottom electrode and with the top of the minutes.
junction pillar. This metallization process is done
on Nordiko 7000, and consists of a soft sputter etch
Junction and top electrode definition, metallizato remove contaminants from the surface, a 3000 Å tion
deposition of Al98.5 Si1 Cu0.5 alloy by DC sputtering
and a 150 Å deposition of TiW(N) for film protecTo define the memristive junction, MgO, Ta and
tion.
Ru films are deposited on Nordiko 2000, with a combined thickness of tdep1 = 533±38 Å. The top tracks
are then reinforced by a layer of AlSiCu, 1000 Å
5.2.2 Second process
thick, deposited on Nordiko 7000.
A second process, simpler than the former (samIn the following iterations of the process some
ples F3N2 and F3N3), features only two steps and modifications were made to improve device robusta single oxide deposition: the bottom electrode is ness and process yield, namely by using a predevelpatterned first, followed by the deposition of a pas- opment step in the second lithography, to improve
sivating/leveling oxide. Afterwards, the junction is the photoresist profile, soft etch steps before every
defined by depositing the insulator and top elec- deposition to ensure the surface is free of contamitrode in overlap with the exposed bottom level in a nants thus improving adherence, greatly increasing
well-defined area, allowing current flow between the the alumina liftoff time to several hours and using
two electrodes. This design has a faster fabrication a thicker (1000 Å to 6000 Å) Au electrode.
time than the former, while also eliminating redeposition phenomena. The drawbacks are that the 6. Voltage/current sweep measurement program
structures are damage-prone due to exposed sidewalls, while the minimum junction area also cannot The testing of the samples fabricated according
be as small due to the very close alignment required to the processes described in the previous chapbetween both levels. A summary of the process is ter was carried out using a bipolar voltage-current
shown in Fig. 6:
sourcemeter (Keithley 2400-C at IFIMUP, 200 V
or 1 A (max power = 22 W) and Keithley 2401
Bottom electrode definition
at INESC-MN, 21 V at 1.05 A) connected to two
The bottom electrodes, both in individual and tungsten microprobes.
A tool with the versatility necessary for the
crossbar configurations are defined by ion beam
etching in Nordiko 3600, with tapered shapes to automated characterization of memristive devices
direct the current to the junction and to distribute was not available at INESC-MN, so a basic Lab6

VIEW program compatible with the Keithley 2401
sourcemeter, implementing the required measurement modes and data output, was developed. The
main source-delay-measure loop is implemented in
the LabVIEW block diagram shown in Fig. 7.

(a) Sample N3MA1 ini- (b) Sample N3MA3 initial resistances.
tial resistances.

Figure 8: Initial resistances and states of devices
measured in samples N3MA1 and N3MA3.

Figure 7: Main measurement loop and visual data
printing of voltage-current sweep LabVIEW program.

(a) Sample N3MA1 de- (b) Sample N3MA3 device endurance.
vice endurance.

7. Device characterization
This work focused on studying the resistive switching of MgO junctions in bipolar operation mode, so
positive Set and negative Reset, using continuous
voltage sweeps (the positive direction is defined as
current flowing from the top to the bottom electrode), a combination thought to be better for prolonging device life and using smaller voltage thresholds [6].
Positive sweeps starting at zero, reaching a maximum value and returning to zero are done to
attempt Set transitions of the devices, while the
same process at negative polarities is used for Reset
events. The maximum values and current compliances are adjusted throughout testing.

Figure 9: Histogram of number of complete SetReset cycles before device failure, by area, in samples N3MA1 and N3MA3.

seem to be determined by the starting state, since
some devices attained a high number of Set-Reset
events even though they started in the LRS.
The overall yield of the fabrication process is low:
most devices, regardless of starting state, do not
exhibit any sort of reversible switching. In devices
that do show some switching, it is nevertheless very
limited, only completing one or two full cycles before failure, indicating issues with fabrication process.
Sample N3MA3, where crossbar devices were
patterned, shows generally poorer performance, as
seen in Figs. 8b and 9b: out of 44 measured memristors only 6 exhibited switching behavior, and in
those only one to two cycles were possible before a
permanent state change.
Junctions with larger areas seem to be more reliable, with more memristors displaying more cycles
before failing than smaller area devices. The Set
and Reset voltages, as well as resistances in both
states, is shown in Fig. 10.
The Set voltages vary from around 2 V to 18 V,
while the Reset values are stable throughout the
measurement, varying from near zero to -3 V. Regarding the resistance values represented in the figure, the ON state has a tight distribution of values,
varying from 10 Ω to 1 kΩ, while the OFF state
resistances are more slightly spread out; the two

7.1. Electric measurements
Several devices with different junction areas were
sampled in sample N3MA1, registering the initial
resistances and states and maximum number of SetReset cycles before failure. These are shown in Figs.
8a and 9a.
The starting states of the junctions seem to be
distributed almost evenly between the ON and OFF
states, with a slight larger number of devices (∼
65%) starting in the LRS. The smaller area junctions of 3×3 µm2 and 4×4 µm2 junction areas seem
to start always in the ON state, indicating persistent platinum redeposition issues. The resistance
values of both states also seem to be independent
of the junction area, with a variation in each state of
about two orders of magnitude around the average
value.
The switching reliability of the device does not
7

for the resistive switching and is the most critical location in the fabrication process. Several elements,
both in a virgin state and after measurement, were
observed, as shown in Figs. 12-13.

Figure 10: (N3MA1) Set and Reset voltage thresholds and resistances in the On and Off states, for
100×100 µm2 junction with large number of cycles
(Icomp = 1 mA).
states can nevertheless be clearly distinguished from
each other. These observations follow other experi- Figure 12: (N3MA1) SEM observation of 30×30
mental work in the same kind of devices.[5, 6, 11]. µm2 unmeasured device.
The first iteration of the short fabrication process, in sample F3N2, did not improve upon the
full process: only 2 10×10 µm2 memristors out of a
total of 32 measured devices lasted up to 10 complete cycles before failure, while no individual devices registered switching.
The modifications to the process applied in sample F3N3, in contrast, have significantly improved
the yield and endurance of the devices, as shown
in Fig. 11, particularly for the largest 100×100
µm2 devices, some of which lasted for several dozen
switches without failure, while presenting stable
ROFF /RON ratios of around 102 .
Figure 13: (N3MA1) SEM observation of 8×8 µm2
device after measurement-induced failure.
On closer inspection of the pillar areas in Fig 12,
the sidewalls display more material present is some
segments than others. This visual aspect points to
the presence of liftoff residues which are sharp upward features. These are formed after the first passivation of the pillar sidewalls, so a smooth pillaroxide transition is not possible.
These structural defects result in material disintegration as seen in Fig. 13, which always appear
in or around the junction pillar. Particularly in the
metallization stage, the AlSiCu reinforcement layer
will be thinner than expected along the pillar walls,
which leads to a localized increase in current density, in turn leading to accelerated electromigration
in this region and ultimately the disruption of the
electrode and of the device.
SEM observations of sample N3MA3 exhibits
the same results.
Regarding the short process, devices in sample
F3N2 show the same sort of damage caused by the
measurement procedure, as shown in 14; the top
electrode is stressed due to electromigration after

Figure 11: (F3N3) Histogram of number of complete Set-Reset cycles before device failure, by area,
for 47 devices. The 100×100 µm2 crossbar junctions
that switch for 11+ complete cycles did not fail and
are still operational after testing.

7.2. SEM inspection
A SEM inspection of the devices in sample N3MA1
was performed on a Raith-150 E-beam system. The
focus of the observation was in and around the pillar
area, since it contains the MgO thin film responsible
8

erative method, and it was found to be, respectively
for these two methods, 0.76 ± 0.09 Å/s and 0.71 ±
0.06 Å/s for a 60o pan angle and 0.93 ± 0.03 Å/s
and 0.97 ± 0.09 Å/s for a 30o pan angle. X-ray
diffraction analysis of MgO, Ta and Ru revealed
highly textured materials with a single highly preferred crystallographic orientation, respectively and
using Miller indices notation, {2 0 0}, {1 1 0} and
{1 0 1}, which correspond to average interplanar
distances of 2.08 Å, 2.61 Å and 2.11 Å.
Efforts to minimize platinum redeposition in the
pillar sidewalls were also done, although the electric
results were inconclusive. It was found empirically
that etching the top electrode layers and most of the
MgO film (70%) at 60o and the remainder of MgO
with a slight overetch at 30o yielded best results in
large-area round pillars.
Two different fabrication processes were implemented. In the first, the MIM junction is defined
by ion beam etching before defining the bottom and
top electrodes. In the second process, the bottom
electrode is defined first and aluminium oxide is
used to level the sample surface; the junction is then
defined by depositing the MgO, Ta and Ru films in
a precise overlap with the bottom electrode.
In the first fabrication method, around 60% of individual devices did not show any resistive switching behavior, while those that did show a poor
endurance during the measurement process, with
around 33% of devices lasting only for one or two
complete Set-Reset cycles before ceasing operation;
larger areas seem to be more resilient to testing with
two 100×100 µm2 devices exhibiting a large number
of Set-Reset cycles (∼ 80) and a clear separation of
the ON and OFF states (ROFF /RON ≈ 102 ). Crossbar arrays fared significantly worse: out of 44 measured devices only 6 showed a very limited ability
to perform resistive switching.
SEM observations uncovered the same critical issue in both processes. Liftoff residues originating
from the first passivating and levelling oxides, respectively for the first and second processes, resulted in very sharp protuberances that affect the
topography of the films deposited on top which exacerbate electromigration phenomena near those regions. Thus, successive sweeps cause progressive
degradation and ultimately lead to device failure.
These issues were mitigated in the last iteration
of the two-step process, mainly by increasing the
metallization layer thickness and significantly prolonging the liftoff duration.
This sample showed a marked improvement in
the yield and endurance of the devices. All individual junctions measured have exhibited complete RS
cycles; regarding the crossbar configurations, the
improvements are more limited; even so, the endurance is better than previously, with 4 out of 17

Figure 14: (F3N2) SEM observation of 10×10 µm2
device after measurement-induced failure.

successive cycles and breaks at the interface with
the bottom electrode, due to liftoff residues. Other
issues were detected for smaller junctions, mainly
due to misalignment between both levels and poor
photoresist profile.
The next iteration of the process, used to fabricate sample F3N3, shows extensive improvements
on device morphology. As seen on Fig. 15, since the
top level contour is much smoother, the presence of
liftoff residues is mitigated and the small misalignment does not affect performance, as evidenced in
the electric characterization of this sample.

Figure 15: (F3N3) SEM observation of 5×5 µm2
unmeasured individual device.

8. Conclusions
This thesis focused on the development of magnesium oxide-based memristive structures, in individual and crossbar array configurations. To
that end, several material characterization and process optimization steps were undertook, using a
Pt/MgO/Ta/Ru thin film stack.
The resistivity of the top electrode films, ruthenium and tantalum, respectively with thicknesses
293 ± 48 Å and 337 ± 34 Å, was determined to be
48.9 ± 5.8 and 174.8 ± 17.9 µΩ·cm, respectively.
The MgO ion beam etching rate in Nordiko 3600
was also determined using the standard and an it9

100×100 µm2 devices showing more than 11 full cycles without electric failure.
In conclusion, despite revealing some shortcomings that still persist in the fabrication process,
these results are very promising. Resistive switching has been shown in crossbar arrays of memristors using the Pt/MgO/Ta/Ru stack and developed
with the tools available at INESC-MN. Thus, these
structures present a good basis for future implementations in artificial neural networks.
Future work is necessary, in terms of electric characterization, by using unipolar measurements and
pulsed measurements as well, in the fabrication process, such as using chemical-mechanical polishing
to fully remove liftoff residues and cross-sectional
SEM to directly observe the material hierarchy in
the junction region, and by studying other stack
materials that might improve the electric behavior
of the device.
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