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ABSTRACT

This dissertation investigates the phenomenon of resistive switching (RS) in low-
bandwidth mixed-valence perovskite manganite oxides. In particular, the com-
pounds Prg gCag 4MnO3 and Gd;_,Ca,MnO3 with x between 0 and 1 are stud-
ied. The steps of sample fabrication, crystalline properties and measurements to
verify the quality of the devices are also reported. The thin film memristor devices
were fabricated from target pellets using pulsed laser deposition on single crystal
SrTiO3 substrates. The crystallinity was verified using X-ray diffraction and the
elemental composition by energy dispersive X-ray spectroscopy. The fabricated
thin films were used to create memristor devices by depositing patterned metal
electrodes on them by either DC magnetron sputtering or e-beam physical vapor
deposition.

When the studied materials were combined with a reactive electrode material,
the formed interface exhibited the phenomenon of resistive switching, where the
resistance of the device can be modified non-volatilely by application of electric
field to the terminals of the device. The noble metals Au and Ag were found to
be optimal for the passive interfaces, and Al as the active interface. The RS prop-
erties of the devices made with the optimal electrode configuration were studied
in detail. The devices were found to have asymmetric bipolar RS with promising
characteristics. The studies encompassed varying the calcium doping of the sam-
ples, studying the endurance and timing characteristics of the RS phenomenon as
well as measuring the device characteristics as a function of temperature. The RS
properties were found to vary significantly over the calcium doping range. When
the measurement results were used in a conduction model analysis, the switching
properties were found to be correlated with the trap-energy level of the AI/GCMO-
interface region. Lastly, the GCMO memristor devices were modeled successfully
using a compact model compatible with circuit simulators and the biologically-
inspired spike-timing-dependent plasticity learning rule was demonstrated.

In conclusion, GCMO is a promising new material for RS-based neuromorphic
applications due to its stable switching properties. The unexpected differences be-
tween GCMO and PCMO show that there are still many unexplored RS properties
and behaviors within the manganite family that can be explored in future research.
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THVISTELMA

Téssd viitoskirjassa tutkitaan resistiivisen kytkennédn (RS) ilmiotd matalan elekt-
ronikaistan sekavalenssisissa perovskiittimanganiittioksideissa. Erityisesti tutki-
taan yhdisteitd Pry 6Cag 4MnOs ja Gd; —,Ca, MnOs useilla kalsiumsubstituutioilla
x. Lisédksi raportoidaan néytteiden valmistusvaiheet, kiteiset ominaisuudet ja mit-
taukset laitteiden laadun varmistamiseksi. Ohutkalvomemristorilaitteet valmistet-
tiin kohdepelleteisti pulssilaserpinnoituksella yksikiteisille SrTiO3-substraateille.
Kiteisyys todennettiin rontgendiffraktiolla ja alkuainekoostumus energiadispersii-
viselld rontgenspektroskopialla. Valmistettuja ohutkalvoja kéytettiin memristori-
laitteiden valmistamiseen pinnoittamalla ne kuvioiduilla metallielektrodeilla joko
tasavirtamagnetronisputteroinnilla tai elektronisidteeseen perustuvalla fysikaalisel-
la hoyrystyspinnoituksella.

Kun tutkitut materiaalit yhdistettiin reaktiiviseen elektrodimateriaaliin, muo-
dostuneessa rajapinnassa esiintyy resistiivisen kytkennén ilmio, jossa laitteen re-
sistanssia voidaan muuttaa hallitusti kohdistamalla sdhkokenttd laitteen yli. Eri-
laisia elektrodiyhdistelmid tutkittiin, ja jalometalleista Au ja Ag todettiin opti-
maalisiksi passiivisiksi rajapinnoiksi ja Al aktiiviseksi rajapinnaksi. Optimaalisil-
la elektrodeilla valmistettujen laitteiden RS-ominaisuuksia tutkittiin yksityiskoh-
taisesti. Laitteiden toiminta todettiin epdsymmetriseksi bipolaariseksi resistiivi-
seksi kytkennéksi lupaavin ominaisuuksin. Tutkimukset kattoivat ndytteiden kal-
siumsubstituution muuttamisen, RS-ilmion kestdvyys- ja ajoitusominaisuuksien
tutkimisen sekd laitteen ominaisuuksien mittaamisen limpdtilan funktiona. RS-
ominaisuuksien havaittiin vaihtelevan merkittivisti kalsiumsubstituution funktio-
na. Kun mittaustuloksia kdytettiin johtavuusmallianalyysissi, kytkentdominaisuuk-
sien havaittiin korreloivan Al/GCMO-rajapinta-alueen loukkuenergiatason kans-
sa. Lopuksi GCMO-memristorilaitteet mallinnettiin onnistuneesti kdyttden piiri-
simulaattoreiden kanssa yhteensopivaa kompaktia mallia ja laitteissa demonstroi-
tiin piikittdvien neuroverkkojen piikkien ajoituksesta riippuvan plastisuuden oppi-
missdinto.

Yhteenvetona voidaan todeta, ettd GCMO on lupaava uusi materiaali RS-poh-
jaisiin neuromorfisiin sovelluksiin sen vakaiden kytkentdominaisuuksien ansiosta.
GCMO:n ja PCMO:n viliset erot osoittavat, etti manganiittiperheessd on vield
monia tutkimattomia RS-ominaisuuksia ja kdyttdytymismalleja.

ASTASANAT: manganiitti, ohutkalvo, memristori, resistiivinen kytkenti
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1 Introduction

1.1  Motivation

The advances in information technology and digitalization of society have resulted
in an exponential increase in the total amount of information in circulation [1].
From the hardware point of view, this necessitates new approaches to data pro-
cessing and storage, as the limits are being reached in the conventional charge-
confinement based complementary metal oxide semiconductor devices (CMOS)
[2]. The individual transistor devices are reaching their physical size limits, and
the performance improvements of the last decade are mainly due to the downsizing
and geometry changes of the gate dielectric.

From an architectural point of view the current computers also suffer from the
von Neumann bottleneck, where the processing speed is fundamentally limited
by the bus which connects central processing units and memory [3] (Fig. 1). To
overcome the issue, the the trend has been to build multiple computation units
which process given data in parallel and share a common memory. However,
the separated computation units are not suitable for general purpose computation
without complex interconnects, which enable communication between the units.
This imposes limitations on the maximum number of computation units with cur-
rent two-dimensional chip manufacturing techniques in the terms of latency, yield
and power consumption constraints. To overcome the limitations of the von Neu-
mann architecture, alternative approaches to computation are being explored with
the aim of either complementing or replacing existing systems [4; 5; 6].

Neuromorphic devices and computer architectures show a possible way to
overcome the current limitations by combining memory and computation. Neu-
romorphic circuits often consist of many simple interconnected units which can
both hold state and perform computation locally without depending on the global
state of the system [7]. These architectures often resemble the information pro-
cessing schemes present in biological systems [7]. Various potential emerging
technologies have been proposed to be used in the hardware implementation of
the neuromophic computing, including devices based on phase change, resistivity
change, spin-transfer torque magnetoresistance and ferroelectricity. Out of them,
the resistivity change based resistive switching (RS) has gained steady traction
owing to its promising characteristics, which have been found to be potentially
more performant and efficient than the conventional CMOS-based devices [8; 9].
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Figure 1. a) The von Neumann architecture with distinct processing and memory units. b) An
example of a neuromorphic architecture.

1.2 History of resistive switching

The basic research on resistive switching devices has been active for decades, be-
ginning with the observation of non-volatile /(V')-characteristics in Al/AloO3/Al
thin films in 1962 [10]. However, at the time, fabrication and characterization
methods had not matured enough and the advances in silicon technology and com-
puting overshadowed the interest to investigate the phenomenon further. The first
theory for RS devices [11] was envisioned by Leon Chua in 1964 [12], as an ex-
ploration of a missing circuit element termed as memristor, which behaves like
a non-linear resistor with a memory (the existing elements being the resistor, ca-
pacitor and inductor). Originally the theory postulated a missing circuit element
which relates magnetic flux linkage to the electric charge, but later on the term
was extended to encompass more general memristive systems [13]:

y(t) = g(l’, U, t)
% - f (x » Uy t),
where u(t) is the input signal, y(t) is the output signal, x is a variable describing
the device state and f and g are continuous functions. The theory has been used
as a basis for other models, such as the memdiode model discussed later in the
context of compact modeling, and has been shown to reproduce real devices with
convincing accuracy [14],[IV].

Later on in year 2008, decades after the introduction of the Chua’s memristor
model, a team led by R. Stanley Williams at Hewlett-Packard Labs reported that
they had fabricated a functioning Ti-based memristor [15; 16]. The announcement
caught the attention of the public for the first time, and cemented memristor into
the vocabulary of many scientifically-minded people. At the time various other
materials were also being explored for their potential as RS devices. Naturally,

2



Introduction

compounds which were already being used in semiconductor industry and ma-
terial research were under close attention and yielded promising results, such as
devices based on manganite oxides and HfO» [17; 18]. The advances in RS re-
search have led to demonstrations in memory devices and biologically inspired
computing devices [19] with high switching speeds, robust endurance, low power
consumption, spatial scalability, persistent non-volatility and in some cases, com-
patibility with existing electronics [20; 21]. These characteristics make them an
emerging technology with many favorable properties for use in future electronics.

1.3 Resistive switching in transition metal oxides

Resistive switching is a phenomenon where the resistance of a two-terminal de-
vice can be controlled non-volatilely by applying an electric field to its terminals.
The electric field can be used to either modify the devices state, or to read the
state non-destructively depending on the field amplitude and polarity. The resis-
tance changes resulting from the application of the field are caused by structural
modification of the device, in contrast to the conventional charge-based transistor
technology, where the state is stored in confined electrical charge. As the materi-
als studied in this dissertation are perovskite structured low-bandwidth transition
metal oxides, the scope of the discussion will be constrained to RS devices based
on transition-metal-oxides (TMO). Despite this, the presented explanations are
often applicable to other RS materials.

1.3.1 Physical mechanism

The physical mechanism behind the phenomenon is rather complicated, but the
main causes have been identified and grouped into two main mechanisms, elec-
trochemical metallization based switching and valence-change based switching
[22; 23]. However, even though the base framework for explaining the phe-
nomenon exists, different interpretations are possible, and there is no unified pro-
cedure for measuring RS devices [24]. Additionally, the RS effect is dependent
on the device design, and multiple different phenomena can cause the resistive
switching depending on the sample geometry, fabrication parameters and the de-
vice state. Several models have been presented for the origin of the phenomenon
in oxide-based devices, most of which explain the changes in resistance with the
movement of oxygen vacancies [25; 26; 27; 28; 29; 30].

One of the two possible origins of non-volatile RS in TMO materials is caused
by a local phase change from insulating to metallic (electrochemical metalliza-
tion). The RS devices which utilize electrochemical metallization mechanism usu-
ally consist of capacitor structures of oxide layer between two electrodes, of which
one is made from an active material, most commonly Ag or Cu. Upon application

3
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Figure 2. Simplified 1(V')-behavior for unipolar and bipolar memristor devices. Unipolar
switching does not depend on the polarity of the electric field, while bipolar switching does.

of electric field, the active material supplies cations, which migrate to the bulk
of the oxide material, where they are reduced and nucleate to form metallic fila-
ments [22; 31]. The subsequent application of the electric field then controllably
dissolves and re-forms the weakest point of the percolation path [32], resulting in
high resistance state (HRS) and low resistance state (LRS).

The other origin mechanism in TMO materials is called valence-change based
switching, where the conductive pathway consist of either oxygen or oxygen va-
cancies, depending on the semiconductor type. In the valence-change-based de-
vices the application of electric field causes migration of oxygen at the oxide/elec-
trode-interface, which modulates properties of a Schottky-like barrier at the inter-
face, changing the resistive state [22].

In some cases the switching has been linked to the simultaneous occurrence of
both filament formation inside the RS oxide and interface oxygen stoichiometry
changes [33; 34]. Studies have also observed switching based on phase changes
[35; 32] and the transport of silver and copper ions [36; 37].

The two main mechanisms can result in two types of non-volatile 7(V")-beha-
vior: unipolar switching (often electrochemical metallization) and bipolar switch-
ing (valence-change). In bipolar switching the modification of the device state
depends on the polarity and amplitude of the applied electric field, one polarity in-
duces a change to low resistance state (LRS) and the other to high resistance state
(HRS) (Fig. 2 a). Intermediate resistive states are also possible, and the switching
amplitudes can be asymmetric. In the unipolar switching the device state is only
dependent on the amplitude of the applied electric field, after a switching thresh-
old a conducive filament is formed and the device transitions into LRS, after the
voltage is applied again the filament dissolves at a different threshold resulting in
HRS (Fig. 2 b). The formation and dissolution of the filament are independent
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of field polarity. In unipolar switching, current limitation is important during the
LRS transition in order to avoid device breakdown. Both phenomena can also be
achieved using current-controlled field application instead of voltage control.

The two RS phenomena lie in the mesoscopic physics, which is an interesting
intersection of macro- and microscales. The filament formation theories often
draw concepts from mathematics of fractals and stochastic processes [32] and
exhibit observable quantum effects. As an example, studies have been made which
accurately measure individual quantum conductance steps in oxide RS devices
[38; 39].

The bipolar and unipolar switching behaviors can be distinguished from their
area scaling and capacitance properties in addition to their behavior when sub-
jected to an electric field [22]. The bipolar switching from valence-change hap-
pens over the whole active interface, making it proportional to the interface area,
whereas unipolar switching is localized to filaments in the nanometer-scale, result-
ing in lesser area dependence [22]. In some cases the switching can irreversibly
change from bipolar to unipolar after an application of high field [40]. However,
the bipolar switching tends to have better endurance characteristics, device-to-
device variability, energy requirements [41] and sharper resistance distributions,
which often makes it preferable over unipolar switching. However, the unipo-
lar device performance can often be improved by via device shape and interface
engineering [42].

Both bipolar and unipolar switching can benefit from device engineering, and
many techniques to enhance the RS properties have been discovered [42]. In the
case of manganites, changing the stoichiometry of the oxide material plays a major
role in the resulting interface properties and filament formation [25; 43; 44], as the
flexibility of the perovskite structure allows for substitution with materials of dif-
ferent properties without destroying the crystal structure. Other methods include
the addition of buffer layers, doping of the electrode materials by introducing a
homogeneous mixture, or by introduction of particle clusters. Particle clusters can
be used to control and localize the formation of conductive filaments, these clus-
ters dictate where the filament will form, leading to the possibility to have more
control over the stochastic percolation formation process [45]. Adding an inter-
mediate buffer layer between the RS oxide and electrode has also been found to
improve the RS properties in some cases, as the buffer layer can be used to trap
and control the oxygen movement in the device [45].

1.4 Mixed-valence manganites

The materials studied in this dissertation, Gd{_,Ca,MnO3 and Pri_,Ca,MnOs
(GCMO and PCMO, respectively), both belong to the group of perovskite struc-
tured manganite compounds. The possible structural configurations of perovskite

5
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Figure 3. a) An ideal cubic perovskite structure. b) An example of distorted perovskite
structure. A-sites are shown in teal and the X-sites which make up the octahedra around the
B-site cations are shown in red. Figures from [46].

materials give rise to rich properties and interesting phenomena, such as charge
ordering [47], ferroelectricity [48], Mott-transition [49], high temperature super-
conductivity [50] and colossal magnetoresistance [51].

The perovskite crystal structure gets its name from a mineral CaTiOj3, origi-
nally discovered by Lev Perovski [52]. The crystal structure itself was first defined
by Victor Goldschmidt as a part of his work on crystal tolerance factors [53]. The
perovskite structure is of importance from the galactic scale to nanoscale, as the
perovskite-structured materials are used for purposes ranging from distinguishing
dwarf stars [54] to the electronics applications in photovoltaic cells, sensors [55]
and lastly, the resistive switching devices studied in this dissertation. The simplest
way to describe the perovskite structure is a compound of the form AB X3, where
the A and B are cations or molecules and the X is an anion which interacts with
both A and B (Fig. 3). The B site can also be replaced with a mixture of cations,
resulting into a double perovskite structure.

A more involved description of the ideal perovskite structure is a cubic unit
cell which is made up of six X atoms (often oxygen) which occupy the face-
centered sides of the face-centered cubic (FCC) structure, forming an octahedra
around the B-site cations, while the A-sites reside at the corners of the unit cell
(Fig. 3). In the general description of the structure, distortions of the structure are
also considered, which are the source of many interesting phenomena mentioned
earlier [56]. The main sources of distortion are tilting and deformation of the X
octahedra. These transformations stem from the size mismatch of the sites and the
Jahn-Teller effect, in which the energy of the system is minimized by undergoing
a geometrical distortion [57]. The extent of the effect varies depending on the size
and properties of the elements occupying the A, B and X sites. The structural
deformation can also be caused by B-site spin arrangements, displacement of the
B-sites or B-site vacancies [58].

6
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The distortions of the perovskite structure cause the ideal cubic structure to
turn into either tetragonal or orthorhombic configuration, or in the extreme cases
(small lanthanides) result in loss of perovskite structure and formation of hexag-
onal structure. Work has been done to predict how the different elements affect
the distortion in the resulting perovskite structure. One of the first (and simplest)
empirical models is the Goldschmidt’s tolerance factor, which indicates the degree
of distortion in the perovskite structure and the compatibility of different ion pairs
with the crystalline structure [53]. The formula for the factor is

. rA+Tro
V2(rg +10)’

where 7 4 is the radius of the A cation, rpg is the radius of the B cation and r( is
the radius of the anion, which most commonly is oxygen. The formula assumes
a hard sphere approximation and the rigidity of the X octahedra and thus cannot
be used to explain real materials accurately. However, the scenarios resulting
from different factors are useful for qualitatively explaining the observed behavior
in perovskite materials. Other more complex tolerance factors have also been
proposed for predict the stability of the perovskite structure [59].

Utilizing the Goldschmidt’s tolerance factor ¢, the perovskite structure can be
approximately categorized into three possible tolerance factor configurations, ac-
counting in that at the low and high values of ¢ the perovskite structures do not
manifest. At the high tolerance factor values above the limit for perovskite struc-
ture formation (¢ ~ 1), the system will generally be hexagonal or tetragonal, since
either the A ion is too large or the B ion too small for the ideal cubic structure.
As the t is lowered, there is a range where the size of A and B ions is ideal for
minimum structural distortion, resulting in a cubic structure. The lower end of the
compatible ¢ range (t ~ 0.8) results into a rhombohedral or orthorhombic crys-
talline structure, as the A ions are too small to fit into the space between B ions
[59; 60].

The general formula for mixed-valence manganites studied in this dissertation
is

34+ 24 34+
Ll—a:A:L‘ Mn1—33+25

Mn;* 550575,
where L is a lanthanoid element, and A an alkaline earth element. The mixture
between L and A elements is defined by the doping factor x, which varies in the
range 0 < z < 1. In the AB X3 formalism L and A correspond to A, manganese
to B and oxygen to X. In PCMO and GCMO, the A site of the ABX3 has a
praseodymium, gadolinium or calcium, the B site by manganese, and the X site
is occupied by oxygen.

The element choices in both PCMO and GCMO cause considerable distortion
of the perovskite structure. The comparatively small atomic radius of praseodymi-

um and calcium ions distorts the perovskite structure of the PCMO over the whole
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doping range and maximally at x = 0.7. Due to this, the electron bandwidth of
PCMO is low and tunable by changing the doping x. The distortion effect in the
GCMO is more pronounced due to the gadolinium’s smaller atomic radius. Due
to the distortion of the crystalline structure, the Jahn-Teller-splitting [57] is con-
siderable [61] and both of the studied compounds have multiple possible magnetic
orderings and related phenomena depending on the temperature and doping range.

1.4.1 Pr,_,Ca,MnO;

Above T' > 280 K Pr;_,Ca,MnOs has an orthorhombic Pnma space group, where
the oxygen octahedra and Mn-O-Mn bonds have been turned from their undis-
torted cubic configuration. The degree of distortion varies over the calcium con-
centration x, which affects both electrical and magnetic properties, as well as the
unit cell volume [62]. At the same temperature range, PCMO is a paramagnetic
semiconductor with a gap varying from approximately 0.2 eV at calcium doping
below x < 0.4 to values close to zero at z > 0.5. At higher doping, even metal-
lic conduction is possible. The calcium doping also induces an n-type to p-type
transition at z = 0.3 when the doping is increased above it [63; 62]. At the lower
doping the distortion of the crystalline structure is considerable, which in turn
disrupts many interesting phenomena, such as charge- and orbital ordering which
begin manifesting at concentrations with x > 0.4 at lower temperatures. The
charge ordering is a requisite for colossal magnetoresistance (CMR) and photoin-
duced colossal magnetoresistance [64; 65] which are also present in the PCMO,
and could have interesting uses in both optical and memory devices [66; 62].

1.4.2 Gd;_,Ca,MnO;

The calcium substitution = affects the magnetic properties of GCMO substan-
tially, with marked differences between thin films [67] and bulk samples [68].
The bulk GCMO compounds are ferrimagnetic at the ground state, which can be
caused partly by the polarization of the relatively large and oppositely directed
magnetic moments of the Gd with respect to the Mn ions. The compounds also
show complicated magnetic behavior below the magnetic ordering temperature
(I or Th). The Mn-ion ordering of the GCMO is ferromagnetic in the hole-
doped region of z < 0.5. The charge ordering is also present in the middle doping
of 0.5 < x < 0.7 when the temperature is above T)y. In higher concentrations than
x = 0.7, the ordering of the Mn ions is antiferromagnetic, most prominently at
x = 0.8. Magnetic cluster glass phase of Mn-ions has been found in the electron-
doped region of 0.8 < z < 0.9. The resistive properties of the bulk GCMO
are insulating for all concentrations of GCMO, except for x = 0.9 with almost
metal-like degenerate semiconducting behavior. GCMO has also been found to
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have colossal magnetoresistance (CMR) for fields exceeding 9 T for concentra-
tions 0.8 < x < 0.9, which is interesting, although the fields are higher than those
needed in materials like PCMO [51]. The effect of photoexcitation in CMR of the
GCMO still remains to be studied in detail.

1.4.3 Conduction mechanisms in oxide materials

Conduction models are used to describe the flow of electrical current through
an oxide material. The four commonly discussed models are Ohmic conduc-
tion, space-charge limited conduction (SCLC), Poole-Frenkel (PF) conduction,
and Schottky conduction, which are described briefly below, as they are of interest
in the analysis of materials explored in this dissertation.

Ohmic conduction

In Ohmic conduction, current flow is proportional to the applied voltage, or in
other words, the resistance of the material is constant. This is the simplest type of
conduction and is often referred to as linear conduction [69].

Space-charge limited conduction

In space-charge limited conduction (SCLC), the current is limited by the space
charge in the material. This type of conduction is often seen in semiconductors.
A current flow which is quadratically proportional to the applied voltage is typical
for the space-charge limited conduction [69].

Poole-Frenkel conduction

Poole-Frenkel conduction is a type of bulk conduction that occurs in insulators. In
this type of conduction, the current is limited by the Poole-Frenkel effect, which
describes trap-assisted electron transport in an electrical insulator under the influ-
ence of an electric field. The Poole-Frenkel effect occurs when applied electric
field reduces the energy needed for electrons to enter the conduction band, as a
result, the role of thermal fluctuations in electron transport is reduced [69].

Schottky conduction

Schottky conduction is a type of conduction which occurs in metal/semiconductor-
interfaces. In this type of conduction, the current is limited by the Schottky effect,
which describes a potential barrier formed at the junction between the metallic
material and the semiconductor. The barrier height is defined by the difference of
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the metal-vacuum work function and the semiconductor vacuum electron affinity
[70]. For an n-type semiconductor the vacuum electron affinity has to be smaller
than the metal-vacuum work function of the metal, and the other way around for
an p-type semiconductor [69].

1.4.4 Resistive switching in mixed-valence manganites

There exists a lot of promising RS research on mixed-valence manganites. These
compounds are versatile for RS applications, since as the doping level z of A
cations changes, the compounds go through significant changes in the RS prop-
erties. Out of them, Pr;_,Ca,MnO3z with x = 0.3 is one of the most com-
monly studied manganite compounds, which has been proven suitable for both
memory and neuromorphic applications with crossbar arrays consisting of RS de-
vices [21; 71; 72; 73; 74; 75],[1]. Other members of the mixed-valence manganite
family, such as La;_Ca,MnO3 (LCMO) [76] and La;_,Sr,MnO3 (LSMO) [77]
share a similar RS mechanism [26], but have distinct RS characteristics which vary
over the calcium substitution range. Manganite-based RS devices in general have
been shown to possess small device-to-device variability [74], formingless oper-
ation [I], well-controlled analog resistance states [78], all of which are beneficial
in building both memory- and neuromorphic circuits [79].

The manganite-based RS devices consist of metal-oxide-metal structures, in
which one of the metal-manganite interfaces acts as the active RS interface. The
active interface is usually made from a reactive material, such as Al, Ti or TiN.
The resistive switching in manganite-based devices obeys the general description
for metal oxide based devices, where the switching is attributed to the electric
field assisted migration of oxygen vacancies near the metal/oxide-interface [26],
and the phenomenon tends to have similar characteristics between different man-
ganites [26; 22; 80]. Due to the differences in the oxidation energies between the
materials, the metal-manganite interface forms a rectifying oxide layer and de-
pletes the structure of the perovskite manganite from oxygen in the region near
the interface [81; 22].

The formation of AlO, layer and oxygen-deficient perovskite region near the
oxide layer has been observed in multiple manganite materials [25; 82; 83; 84; 85].
The modification of manganite bulk oxygen content is limited to the oxide/elec-
trode interface due to the lower electric field inside the bulk in cases where the
interface resistivity is substantially higher than the bulk resistivity.

1.5 Applications of resistive switching

Individual RS devices can be combined to create memory devices in many possible
ways, one of them being the crossbar array. Crossbar arrays are structures with m
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Desired path

Figure 4. Crossbar array and the sneak-path problem. Sneak paths form when the current flow
deviates from the intended path through low resistance state cells [32].

inputs and n outputs, which produce a 2D grid of m X n intersections (Fig. 4)
[86]. These crossbar arrays can then be used to construct resistive random access
memory (RRAM), which works by selecting rows and columns of the array and
then sending a current through a selected RS cell, which modifies the state of the
device. Some RS devices, including the ones studied in this dissertation can vary
their resistance between a continuum of states. Due to this, the state density of the
RRAM can be further increased by discerning multiple resistive states in each RS
cell, as in the current transistor-based memory cells. Contrary to transistor devices,
the RS devices often store the state non-volatilely, which is a clear advantage over
the conventional charge-trap-based devices.

Despite the advantages, the crossbar array approach has problems which need
to be addressed before it is ready for a widespread use. One of the largest issues is
the sneak-path problem, where during the reading operation of one cell, the read-
ing current passes through adjacent cells, resulting in misreads, especially when
neighboring cells are in low resistance state (Fig. 4). Multiple solutions to the
issue have been proposed, one of the most promising being complementary resis-
tive switching (CRS), where two RS devices with differing threshold voltages are
connected in series [87]. Other approaches include diode-based solutions where a
simple to fabricate and low forward voltage drop Schottky-diode is built into each
RS cell. These Schottky-diodes act as selectors, which prevent passing of current
or modification of state below a threshold voltage [88]. The memristor can be
added to a transistor device, forming a 1TIR device where one electrode of the
memristor is connected to the drain of the transistor. The memristor can then be
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accessed depending on the transistor state. However, this approach increases the
circuit complexity and often requires separate manufacturing steps for the memris-
tor and transistor manufacturing. Memristors are also inherently analog devices,
and efficient integration to existing electronics requires additional circuitry in the
form of efficient analog-to-digital and digital-to-analog converters and column de-
coders [89].

The oxide-based RS circuits have also been shown to be suitable for applica-
tions outside of memory devices. The advances in machine learning have created
a need for more efficient hardware information processing using often biologically
inspired approaches in a new field called neuromorphic computing [90]. Memris-
tor arrays can be adapted well for this purpose [71] and provide a possible path
to efficient hardware-based machine learning. Crossbar-based devices have been
used to demonstrate RS in information processing applications, such as, matrix-
vector multiplication [91] and convolution kernel operations [92; 93], leverag-
ing the fact that the crossbar networks obey Kirchhoff’s laws, and modifying the
memristor weights enable O(1) computation of matrix products (multiply and ac-
cumulation, MAC). The above mentions enable the use of RS in use-cases like
compute acceleration devices. Furthermore, many of these computation methods
can function with high resistive state error tolerances [94], which counteract the
downsides of many RS devices. There have also been promising results in mim-
icking the functionality of biological neurons and synapses [95; 96; 97; 19; 98; 99]
with minimal amount of additional circuitry [100; 101; 102].

The RS devices have also found use in other domains. One of them being radi-
ation resistant devices, which could be used in spacecrafts and aviation without the
fear of radiation induced bit-flips, since the devices store the state in physical struc-
ture rather than in charge traps [103]. Other proposals include true random number
generators [104]. Some RS devices, such as the ones studied in this dissertation
can also function at low temperatures. However, despite the wide applications and
promising results, more research is still needed to understand the physics behind
the phenomenon, which will maximize the potential of these devices by enabling
structured and rigorous engineering of the device characteristics.

12



2 Experimental details

2.1 Physical vapor deposition

Physical vapor deposition (PVD) is an umbrella term for vacuum deposition tech-
niques in which can be used to create thin films, which can be used in various
applications ranging from optical coatings to novel semiconductor devices. The
PVD techniques are characterized by a process which begins with the material
to be deposited in a condensed phase, after which it is turned into a vapor phase
and then returned into a condensed phase at the target substrate. The memris-
tor devices made during this dissertation work were all products of various PVD
deposition processes.

2.1.1 Pulsed laser deposition

Pulsed laser deposition (PLD) is a method of depositing epitaxial thin films of
material by using laser ablation. The setup consists of a vacuum chamber, a tar-
get material and a substrate on which the thin film made of the target material is
deposited (Fig. 5). The deposition is done by focusing a high-power laser beam
at the target pellet and firing it with short laser pulses in the timescale of nanosec-
onds. During the deposition the high energy fluence of each laser pulse causes
evaporation of particles from the target material into a plasma plume. The surface
of the substrate is positioned inside the space occupied by the plasma, and as a re-
sult, material from the plume gets deposited to it during each pulse. The shape and
density of the plasma plume depends on the target material and the quality of the
vacuum, and decreases in size as the partial pressure of the possible background
gases increases.

In addition to the laser ablation, the steps before and after the deposition are
equally important and should be done using a controlled procedure. These steps
include the ramping up and ramping down of the temperature, and possible in-situ
annealings. During the ramp-up, the substrate is heated to a controlled temperature
before the deposition, which both enables and accelerates the chemical reactions
happening at the surface of the substrate during the deposition. The thermal mo-
tion at a properly optimized temperature also helps the surface atoms to reach the
state of minimum energy with higher probability, which in turn results in more
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Figure 5. An illustration of a typical pulsed laser deposition system. The system is comprised
of equipment for maintaining vacuum, heating the substrate and laser ablating the target pellet.

epitaxial crystalline structure. When making oxide thin films, oxygen is usually
introduced into the vacuum chamber as a background gas in order to achieve a
desired oxygen stoichiometry, which can be a requisite for effects like colossal
magnetoresistance or superconductivity [51; 105].

The other parameters to consider are the positioning of the substrate with
respect to the plasma plume and frequency, focusing and energy density of the
pulsed laser beam. Optimizing the growth parameters is important, as incorrect
deposition parameters can result in uneven layer growth, formation laser droplets
which manifest as large particles on the surface of the deposited film or a com-
plete absence of crystalline structure. Other factors affecting the film growth are
the stoichiometry, grain size and preparation process of the target material. With
the right operating parameters, the method allows deposition of smooth and epi-
taxial thin films with well-defined thicknesses and complex crystalline structures.
However, due to the size of the plasma plume, the method is best suited for re-
search purposes, where the area of the manufactured samples is small.

2.1.2 Magnetron sputter deposition

Magnetron sputtering is a thin film deposition technique which utilizes a spatially
confined gaseous plasma in material deposition. In magnetron sputtering, the tar-
get material is consumed by a bombardment of high-energy ions originating from
a plasma cloud, these collisions eject particles from the target material, which in
turn travel through the vacuum onto a substrate material, forming a thin film on its
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Figure 6. An illustration of a DC magnetron sputtering system used in this dissertation.

surface.

At the beginning of the process, a vacuum is pumped into a chamber, after
which the chamber is flooded with a background gas and set to a regulated pres-
sure. The gas is typically made of a high molecular weight gas, such as argon, in
order to maximize the kinetic energy of the collisions. The gas is then ionized into
plasma by applying a high voltage. The geometry of the used sputtering device has
the cathode located behind the sputtering target and the anode is connected to the
chamber grounding, which includes the substrate holder (Fig. 6). After the appli-
cation of the field, the electrons in the gas are accelerated away from the cathode
and collide with the nearby atoms. The collisions cause further ionization of the
sputtering gas which, eventually turns into plasma. The positively charged ions
of the plasma are accelerated towards the cathode, which results in high-energy
collisions with the target material, causing ejection of material with high-enough
kinetic energy to reach the substrate [106].

In magnetron sputtering, the electrons are confined near the surface of the
sputter target material using strong magnets, which leads to increased density of
the plasma and thus more collisions, which result in higher deposition rates. The
magnetic confinement also prevents direct impact of electrons with the grown thin
film, which is beneficial, since the electron bombardment could be detrimental for
the fabricated thin film. The specific magnetron sputtering method used in this
dissertation work was the direct current (DC) magnetron sputtering, which uses a
constant current to accelerate electrons. This method can only be used with con-
ductive target materials. Insulating materials become charged in a short duration
of time, which diminishes the deposition rates. In order to alleviate this prob-
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Figure 7. An illustration of an electron-beam physical vapor deposition process.

lem, an alternating electric field can be used to undo the charging effect (Radio
Frequency sputtering, RF) [106].

Contrasting the PLD, magnetron sputtering can be used to deposit materials at
low temperatures, and the requirements for deposited materials are less demanding
due to the absence of high-energy laser ablation. The method can also be used to
create thin films up to the 5 ym range due to the comparatively fast deposition
rates, and the deposited area is technically limited only to the line of sight from
the deposition target. However, the epitaxiality of the deposited films is often less
than of those made with PLD, or the created films are completely amorphous. The
sputtering might also remove elements from the target material at differing rates,
resulting in stoichiometry differences between the target and the deposited film,
and in case of vacuum contamination with air or gassing from the used substrate,
the resulting films will be oxides instead of pure elements.

2.1.3 Electron-beam physical vapor deposition

Electron-beam physical vapor deposition (EBPVD) (Fig. 7) is a PVD method
which works by bombarding the target material ingot with electrons in high vac-
uum, which causes the atoms in the target to eject in a gaseous phase. These atoms
then deposit on all the surfaces of the vacuum chamber which are in the line of
sight of the target. The electron bombardment is achieved by heating a tungsten
filament, from which the ejected electrons are guided to the target ingot. The guid-
ing is done by holding the ingot at a positive voltage, and a magnetic field is used
to steer the electrons in an arc. The tungsten filament is kept out of sight of the
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target in order to avoid chemical reactions with the target material. When the elec-
trons hit the ingot, most of the kinetic energy is turned into heat, but some portion
is lost to X-ray and secondary electron emission, and the method thus requires
appropriate radiation shielding during the deposition. The heating effect of the
bombardment either melts or sublimates the ingot material, causing material flux
which is used in deposition. The method was used to deposit electrode materials
on top of the manganite thin films during the dissertation work, both magnetron
sputter deposition and EBPVD resulted in similar electrode properties.

2.2 Thin film characterization
2.2.1 X-ray diffraction

X-ray diffraction (XRD) is a structural characterization method which can deter-
mine atomic and structural properties of a crystalline material by taking advantage
of the scattering of x-rays from a periodic lattice. In a periodic crystal lattice, the
measured diffractogram forms sharp peaks at locations where the Bragg’s law (1)
is satisfied.

A= thklsine, (1)

where dp,; is the distance between the lattice layers, h, k, [ are the Miller indices,
A is the wavelength and 6 the angle between the incident rays and the surface of
the lattice. The oxide thin films measured in this dissertation work were all of
either cubic, tetragonal or orthorhombic structure, in which the spacing between
the lattice layers obeys the equation:

1 h?  K* 2

2, T Ete @
where a, b, c are the lattice parameters. When the indices and locations of the
peaks of the epitaxial thin film and the substrate are known, the precise values
of the peaks from the known substrate material (SrTiOs with a diagonal cubic
cell dimension of 5.52 A) can be used to correct the zero point of the diffraction
measurements of the grown material. After the correction, the indexed peaks can
be used to calculate the lattice parameters a, b, ¢ along with the broadness of the
diffraction peaks, which can be used to estimate the quality of the films in terms
of epitaxiality and crystalline strain.

The X-ray measurements were made using a Bragg-Brentano-geometry diffrac-
tometer (Panalytical Empyrean) (Fig. 8). Copper was used as the anode ma-
terial, which has a K- in the range of the wavelength of the measured sam-
ples’ lattice parameters (1.54 A). The measured characteristic radiation of cop-
per was monochromatized by filtering out the K g-peak using commercial Bragg-
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Figure 8. An illustration of an X-ray diffractometer with Bragg-Brentano-geometry.

BrentanoHD mirror optics from Malvern Panalytical on the incident side. On the
incident side Soller slits of 0.04 rad (0.02 rad in XRR measurements) and 1/4 de-
gree antiscatter slits were used to limit the spread and scattering of the incident
beam. The diffracted side had 0.04 rad Soller 7.5 mm anti-scatter slit and Pixcel
3D two dimensional detector. The measurements were made using a 5-axis go-
niometer which allowed maneuvering the sample in all three axes using angles ¢,
x and w.

X-ray reflectivity

X-ray reflectivity (XRR) is a technique which can be used to determine the thick-
ness, mass density, and roughness of single and multilayer stacks of thin films.
The analysis can be made on both amorphous and crystalline materials. When X-
rays hit the surface of the material at grazing angles of incidence, total reflection
will occur at or below a critical angle, ., which depends on the electronic density
of the material:

0. = arcsin(1/n,), 6.= A\\/p/m,

where n, and A are the refractive index and wavelength of the X-rays and p the
electron density of the material. Above the critical angle X-rays begin to penetrate
the material and the reflectivity is rapidly lost.

The roughness of the surface causes decrease in the reflectivity, and if the
thin film on top of the surface has a differing electronic density compared to the
substrate material, the reflected X-rays from the interface between the thin film
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and the substrate and from the surface of the thin film will interfere with each
other either constructively or destructively. This interference causes an oscillation
pattern to appear in the detected intensity as a function of grazing angle [107; 108].

The electron density of the material can be deduced from the measured inten-
sity pattern, since the intensity of X-rays scattered by the sample is proportional
to the square of the modulus of the Fourier transform of the electron density. As
a result, the layer thicknesses and roughnesses of the characterized materials can
be determined from the recorded pattern [108]. The film thickness can also be de-
termined from the oscillation period in the measured intensity pattern amplitude
over the grazing angle from angles above the critical angle 6., which was used in
this dissertation to verify the thin film consistency of memristor devices.

2.2.2 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) is a method which was utilized to
verify the calcium doping concentrations of the fabricated oxide thin films. In
brief, the method works by focusing a beam of electrons to the studied sample.
The electronic configuration of the atoms in the vicinity of the sample surface
is initially at the ground state. The electron beam excites electrons of the inner
shells of the atom, which causes formation of electron holes. These electron holes
are then filled by electrons from the higher-energy shells. The energy difference
may then be released as X-ray emission. A detector is then used to measure both
the count and the energy of the emitted photons. The elemental composition of
the sample can then be inferred from the measured energy spectrum, since the
energy differences between shells are characteristic to the atomic composition of
the measured material.

2.3 Device patterning and preparation

The fabrication of the resistive switching devices used in this dissertation re-
quires patterning of thin films and electrode materials. Stencil lithography and
photolithography were tested to pattern the devices, and stencil lithography was
chosen as the used patterning method for the samples discussed in this work.
Stencil lithography is a method where a stencil (shadow mask) is placed above
the substrate on which material will be deposited. The stencil blocks parts of
the substrate during the deposition, and is removed after the deposition is com-
plete. The resulting pattern of material is the inverse pattern of the stencil mask.
The method is quite robust, and can be used to pattern a wide variety of materi-
als without the need for chemical treatment, unlike resist-based photolithography
methods. However, the pattern precision is limited by the tooling of the stencil
mask, which in practice means simple and connected shapes at micrometer-scale

19



Ville Lahteenlahti

HV curr det 'mode | usecase WD HFW mag ® | spot | ——400 ym——— ]

p4 15.00kVv 1.6nA ETD SE OptiPlan 9.1 mm 1.59mm 80x |12.0 Apreo

Figure 9. Photolithography patterned GCMO thin film, which can be overlaid with another
key-patterned material to produce devices with relatively small interface areas.

feature resolution. The method also suffers from the shadowing effect caused by
the gap distance between the mask and the substrate, which blurs the edges of
the pattern. In addition to deposition, stencil lithography is equally suitable for
removing material exposed through the mask by sputter bombardment.

Other patterning method tested in this work was photolithography (Fig. 9).
Photolithography improves on stencil lithography by decreasing the pattern size.
In the used positive resist photolithography a photosresist layer is prepared on the
substrate by spin coater and the resist is hardened by heating, after which a mask
is placed on the substrate to block off areas of the resist. Parts of the resist are then
exposed to ultraviolet light, which makes the exposed parts more soluble to the
photoresist developer. After the exposure, the resist is developed with a developer
which depends on the photoresist polymer (in our case a NaOH-solution of 0.15
mol/dm?). The developer removes the photoresist from the unmasked areas along
with the base material, in case it is soluble as well. In this work the remaining
photoresist material was used as a sacrificial layer in a separate sputter material
removal step. The pattern features obtained from photolithography are sharper
than those obtained by stencil lithography, as the theoretical resolution limitations
are reduced to the optical diffraction limit and the result quality of the chemical
etching process.

2.4 Data acquisition

The data acquisition was an important part of the work done in this dissertation.
The measured materials have electrical hysteresis and fast switching in resistivity
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measured in orders of magnitudes and their properties are highly dependent on
multiple paramaters related to timings, electric field and temperature. There are no
established software tools for memristor data acquisition, and thus the software to
prepare the measurement devices for the measurements, execute the measurement
sequences, analyze the results and plot them was written from the ground up,
excluding the measuring of spike-timing-dependent plasticity.

The electrical characteristics of the memristor devices were measured using
a Keithley 2614b source-measure unit (SMU). The used sourcemeter can source
and measure both current and voltage with two channels which can function in-
dependently. The temperature controlled studies were done using the Keithley
2614b connected to the sample chamber of a physical property measurement sys-
tem (PPMS) made by Quantum Design. The spike-timing-dependent plasticity
(STDP) measurements were recorded using an ArcOne memristor characteriza-
tion platform. The platform can measure the device state and supply short volt-
age pulses with greater timing control than the 2614b at resistances below 10°
Q). The used measurement devices were interfaced using the VISA-protocol and
controlled via programs written in Python, LabVIEW and Lua.

The control flow of the sweep measurements ran on the Keithley 2614b with
an embedded Lua-interpreter, this was done in order to achieve full control of the
timings and sweep shapes. The device collected the datapoints into a buffer, which
was periodically sent back to the measurement computer. The sweep functionality
was achieved by constructing a list of desired voltage steps on the measurement
computer, then sending the list to the device and using the list in combination
with the hardware timers of the Keithley 2614b to enact the sweep. The timings
were adjusted to take into account the worst-case rise-times of the source and
appropriate integration times for all measurement and sourcing ranges.

2.4.1 Measurement sequences

Various different measurement sequences were used depending on the device prop-
erties under investigation. The main characterization was done using I (V')-sweep
measurements, the pulse width and amplitude optimization measurements were
used to determine optimal sweep measurement parameters, endurance measure-
ments verified that the devices stay stable and withstand prolonged use, tem-
perature measurements captured device characteristics for in-depth conduction
model analysis and the spike-timing-dependent plasticity (STDP) measurements
demonstrated that the devices can be used in novel neuromorphic computation
approaches.
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Figure 10. Pulse amplitudes used in sweep measurements, a read pulse of fixed amplitude
was applied after each voltage pulse. The figure shows 5 measurements of differing voltage
amplitudes, each of them composed of 3 repeated loops.

Sweep measurements for device characterization

The I(V')-sweeps for memristor devices were measured by sweeping the voltage
in a sequence of steps 0 — Viyue — —Vinin — 0 with logarithmic amplitude
progression, 100 ms step width and a 100 ms low-voltage read between each step
(Fig. 10). Datapoints were measured during and after the writing pulse. The
during-pulse datapoints were used in presented I(V')-curves and the after-pulse
datapoints in remnant resistance calculations, which were also used when deter-
mining switching ratios. The measurements on thin film resistivity used 4-point
probes method in order to remove the contribution from electrode interfaces and
wiring.

The characterization of each device began by measuring the I(V')-behavior
with two different approaches, at first by applying measurement sweeps with in-
creasing voltage amplitudes till the device broke, and then using the limit param-
eters obtained from a broken device as the initial parameters for another device,
where the amplitude was decreased till the switching was not present. The re-
sults were compared and the voltage amplitude was chosen from the region be-
tween best switching properties from both approaches. Once voltage amplitudes
with maximal switching ratio and good repeatability were found, the results were
noted and a new device with optimized parameters was used in final measurements
which were used in analysis.

Pulse width and amplitude optimization measurements

The pulse width used in sweep measurements was optimized by measuring the
change in device resistance in the linear region over many different pulse widths
and voltage amplitudes. Between each pulse width and voltage amplitude combi-
nation the device was set into a stable HRS or LRS base resistance level with a
fixed pulse. The sequence consisted of beginning from low voltage, doing 3 pulse

22



Experimental details

® Pulse width
0.00012 -

0.00010 A

0.00008 -
® Voltage

Pulse Width (s)

0.00006 -

0.00004 -

0.00002 -

0 100 200 300 400 500 600 700
n

Figure 11. A measurement sequence used for optimizing pulse width and voltage amplitude.

width sweeps for repeatability and then moving to the next voltage level (Fig. 11).
The pulse widths include a small constant delay from the measurement device,
which causes a short delay for the pulse to initiate.

Device endurance measurements

The device endurance was measured by first verifying the repeatable switching
in the device with optimal voltage amplitudes, after which the device was sub-
jected to the repeated measurement sequence described below. First, the device
state was read from the linear voltage amplitude region, then a fixed width and
amplitude pulse was applied to the device to induce it into the HRS, the device
state was read again at linear region and finally the device was put to LRS with a
fixed LRS pulse. The described sequence was repeated for a prolonged time, and
results were collected for analysis of the switching stability. The data was col-
lected after each pulse (current-aware measurement) as opposed to current-blind
measurements, where the device state is collected only during some set number
of cycles, as is recommended by the best practices for RS device measurements
[24]. This allowed us to verify that the switch between resistive states never failed
to happen.

Device preparation for temperature measurements

The temperature measurements concentrated on measuring the positive polarity
HRS I(V')-behavior across a wide range of temperatures 7" and different calcium
concentrations x. The goal was to prepare the devices into as homogeneous and
repeatable state as possible. Thus, the switching in each device was first stabi-
lized by cycling them with above described voltage sweep cycles with optimal
voltage amplitudes until the switching was stable at room temperature, 3 sweeps
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Figure 12. Waveforms used for post- and presynaptic pulses and their resulting waveform.

were determined to be enough. After the switching was confirmed to be stable
and repeatable, the device was put to HRS and the temperature was raised to 350
K. Following that, the positive voltage amplitude polarity HRS quadrant was mea-
sured for each temperature step using dense measurement points and long inte-
gration times in order to minimize noise and allow adequate fitting at low voltage
amplitudes.

STDP measurements

The device was connected to the ArcOne memristor characterization platform,
which allowed input of pulses of precise timing and amplitude. The measurement
program took in the pre- and postsynaptic pulse waveform shapes and simulated
the resulting superposition of the two waveforms with varying time difference
between the beginning of the pulses (Fig. 12). Each resulting waveform corre-
sponding to different delay between the pulses was then fed into the device, and
the change from base conductance was recorded, in-between the waveforms the
device was set back the the base resistance state. The result of the measurements
was the characteristic STDP shape, which is discussed further in section 5.3.
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3 Thin film properties

The materials investigated in this dissertation were Gd;_,Ca,;MnOg over the cal-
cium doping range 0 < x < 1 and Pr;_,Ca,;MnOs at a single concentration of
x = 0.4, both of which have RS properties which depend on the used thin film fab-
rication method, calcium concentration and used electrode materials [109]. Dur-
ing the dissertation work, the PCMO was used as a reference material in order to
determine optimal characterization methods and to provide a reference for GCMO
memristors. Later on the knowledge gained from the PCMO devices was used to
study the effects of calcium concentration z in the RS and conduction properties
of GCMO.

3.1 Memristor fabrication process

In order to create functioning RS devices, the thin films need to be of high quality,
and the fabrication process has to be repeatable. Thus, the steps to create the de-
vices are outlined below. Both PCMO and GCMO used the same base fabrication
method with differing parameters. The thin films were deposited on 5 x 5 x 0.5
mm? (100) SrTiO3 (Crystal GmbH) substrates by pulsed laser deposition (PLD)
using A = 308 nm XeCl-laser. The pulse duration was 25 ns, the pulse repetition
rate 5 Hz and the pressure of flowing oxygen in the chamber 0.175 torr. The laser
fluence was 2 J/cm? for GCMO films and 1.3 J/cm? for PCMO films. The film
growth temperature was 700 °C for GCMO and 500 °C for PCMO, with in situ
post-annealing treatment of 10 minutes in an atmospheric oxygen pressure. The
PCMO films were deposited from a target with z = 0.4 and the GCMO films were
made from targets spanning the whole calcium doping range in increments of 0.1,
and for concentrations x = 0.85 and x = 0.95 [68]. The GCMO thin films used in
the initial characterization steps were made using a constant pulse count of 1500
pulses. The final films used in RS measurements used calibrated pulse counts to
reach the thickness of 100 nm for each calcium concentration. Both film manu-
facturing methods result in devices with same RS characteristics. More details on
the PLD fabrication and target material creation process for GCMO can be found
in [110; 67] and for PCMO in [111].

The active and passive interfaces of the memristor devices were patterned
metal electrodes. The electrode fabrication process consisted of depositing 0.5
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mm diameter metal electrodes on top of the manganite thin film. The electrodes
were deposited using either room temperature Ar-ion DC magnetron sputtering
or EBPVD, both of which yielded devices with similar RS properties. The thick-
ness of the electrodes was 100 nm, which was determined from calibrated depo-
sition times. The accuracy of calibration was verified with X-ray reflectometry
(XRR). The pattern thickness and edge shape were also tested using atomic force
microscopy (AFM) and scanning electron microscopy (SEM). The separation dis-
tance between the electrodes was approximately 200 pm. The wiring from mea-
surement device to memristor devices was made by connecting the sample casing
to the electrodes with a wedge bonder (TBT, model HB05) with a 40 pm thick
aluminum wire. The interface between electrode and wire was tested to be Ohmic
for each electrode material used. The wiring from sample holder to the measure-
ment device was made using a grounded coaxial cable of short length in order to
minimize external electromagnetic interference.

The end results of the fabrication process were memristor devices of planar ge-
ometry (Fig. 13), which were determined to be consistently reproducible. In addi-
tion to the planar geometry devices used in the measurements, work was also car-
ried out on designing a path for miniaturization of the devices by photolithography-
based patterning and capacitor geometry, of which the incomplete results are pre-
sented. The alternative patterning method involved Ar-ion sputtering of GCMO
thin films with a pattern of developed photolithography resist on them. Since the
thickness of the photoresist layer (in the order of microns) greatly exceeds the
thickness of the GCMO films (100 nm), the GCMO thin film was consumed first.
This resulted in patterned films with photoresist layer on them. The photoresist
was then dissolved, resulting in patterned GCMO thin films with minimum stripe
width of 2 pm (Fig. 9). The devices based on this method were not used in the
main body of the research due to the obstacles encountered in multilayer deposi-
tion and pattern alignment. However, a similar method could be used as a possible
starting point in adapting the fabrication process used in this dissertation to pro-
duce smaller devices for future research.
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Figure 14. Lattice parameters of manufactured GCMO thin films over the calcium substitution
range.

3.2 Assessing device quality

The combination of measurement methods discussed in the previous section pro-
vides an effective way of inspecting the surface morphology, crystalline struc-
ture, chemical composition and electrical properties of the fabricated devices. Be-
fore the main measurements of the dissertation, the grown GCMO and PCMO
thin films were verified to be well-crystallized and epitaxially textured by X-ray
diffraction (XRD). The elemental composition and calcium content of the GCMO
samples was verified with energy-dispersive X-ray spectroscopy (EDS). The EDS
measurements agree with the nominal calcium content of the films with no sys-
tematic deviation [II], and the calcium content can be distinguished between steps
of 5 %. The reproducibility of the RS was confirmed by testing multiple thin
film devices made on separate substrates. The characteristics were found to be
consistently similar.

The results of the XRD analysis for GCMO thin films grown on the STO
(100) substrate are shown in the Fig. 14. The lattice parameters over the calcium
doping range were determined from 6 — 26-scans from different directions. The
(007) was used to get the out-of-plane b and (0kk) and (hh2h) for the in-plane
lattice parameters a and c. The lattice parameters a and c are referred as a singular
in-plane lattice parameter as they cannot be distinquished in the made thin film
measurements. The a and c directions match the diagonal dimension of the lattice
parameter of the STO substrate (5.52 A) (Fig. 14), which is expected, since the
perovskite structure of the GCMO grows rotated 45° with respect to the STO
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substrate, which minimizes the lattice mismatch. The lattice constants were found
to follow their bulk counterparts over the whole calcium range [110]. 20 — ¢
scans of (224) peaks were also measured, and they showed that the films were
fully textured. More details on the XRD analysis of GCMO can be found in [110;
67],[II]. The lattice parameters of the PCMO x = 0.4 samples were measured to
be a =5.4354 A, b=7.6511 A and ¢ = 5.4277 A. An extensive XRD analysis of
the PCMO thin films can be found in [111],[1].

3.3 Phase diagram of the GCMO

The initial work on the GCMO in this dissertation was begun by supplementing
the previously measured magnetic phase diagram of GCMO thin films [67; 68]
with electrical transport measurements and studies on the conduction mechanism.
The results were combined into a full phase diagram of the GCMO (Fig. 15)
[II]. The thin film samples of GCMO were found to differ from the bulk in both
magnetic and transport properties.

At the hole doped region (0.1 < z < 0.4) the high temperature state was
a paramagnetic insulator, and a ferrimagnetic insulator in the low temperature
range. Compared to the base compound GdMnO3, even a small amount of cal-
cium doping was enough to change the compound from antiferromagnetic state
into a ferrimagnetic state. A metamagnetic transition, where external field changes
the magnetic state from antiferromagnetic to ferromagnetic was also observed by
measuring the transition from magnetic hysteresis loops (magnetization versus
external magnetic field) of the films in the hole doped region (0.1 < z < 0.3) at
temperatures below 100 K. At the middle doping region (0.4 < z < 0.7) and low
temperatures the films behave like soft ferromagnets. At higher temperatures the
material is in a charge-ordered state, with the ordering temperature close to room
temperature. The high doping region from 0.8 < 2 < 1.0 is more involved and
differs from the widely studied CaMnQO3. The behavior at low temperatures is an
antiferromagnetic insulator for x = 0.8 and 1.0, measured by observing an anti-
ferromagnetic transition in the zero field cooled (ZFC) curves, while the x = 0.9
has a hysteresis loop of a soft ferromagnet. At higher temperatures the material is
in a conductive paramagnetic phase. The x = 0.9 also has a distinct minimum in
the resistivity versus temperature curves (Fig. 16). The low temperature behavior
of x = 0.9 also has irreversible thermal hysteresis. This first order phase tran-
sition could be attributed to a change from a glassy kinetically arrested metallic
ferromagnetic phase to a stable antiferromagnetic insulator phase [1I,V].
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Figure 15. The magnetic phase diagram of GCMO. Figure from [ll].
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4 Resistive switching properties

As a preliminary work before the main measurements of the dissertation, several
interface materials were tested for RS properties with the PCMO. Work func-
tion difference between the active oxide material and the electrode metal can be
used as a reasonable predictor of the degree of rectification of the RS interface,
although other factors, such as the surface chemistry of the materials, can also
have a considerable effect on the final interface. The work function of a p-type
Prg.6Cag 4MnOs3 is approximately similar to the values reported for other con-
centrations: ¢ ~ 4.9 eV [112] for x = 0.3 and ¢ ~ 4.8 eV for x = 0.5 [25],
although measurement setup affects the obtained work function considerably. For
PCMO/metal-interfaces a more rectifying interface is expected for the Al (¢ =
4.06 - 4.26 eV [113]) and Ti (¢ = 4.33 eV [113]) than for the Ag (¢ =4.26 - 4.74
eV [113]) or Au (¢ =5.10-5.47 eV [113]). The measurements also agree with the
reasoning, and the noble metals silver and gold formed an Ohmic interface with
PCMO z = 0.4, while metals like aluminum and titanium form a highly rectifying
interface. Out of the electrode materials tested on PCMO (Cu, Ti, Al, Ag, Au, In),
Al was the most rectifying.

The final devices used in measurements were designed to have only one ac-
tive interface by choice, since single active interface localizes the phenomenon to
one region, which is realistic for applications and simplifies the characterization.
The chosen electrode materials were aluminum as the reactive interface and either
gold or silver as the passive interface. Interfaces made from gold and silver do
not contribute to the switching and form an Ohmic interface with both GCMO
(Fig. 17 a) and PCMO (Fig. 17 b). The linearity of the passive interfaces with
GCMO and PCMO was confirmed by fabricating devices with only passive inter-
faces (Au/oxide/Au, Ag/oxide/Ag, Au/oxide/Ag). These interface combinations
were then confirmed to have no switching and negligible resistance contributions.
The aluminum interface was chosen since it was the most reactive out of the tested
materials.

Before the RS measurements are discussed, it is worthwhile to study the possi-
ble conduction paths in memristor devices with planar geometry (Fig. 13), which
were used in the main body of the dissertation work. The planar configuration
consists of a thin film deposited on a substrate, and electrodes with fixed separa-
tion distance and thickness on top of the film. In the devices used, the separation
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distance was 200 pum and the oxide film thickness 100 nm. There exist multiple
possible regions which can contribute to the overall conductive properties of pla-
nar devices. One of the possible conduction paths is the current flow through the
interface between the oxide material and the substrate (STO) which exists in pla-
nar device geometry. However, it can be concluded that the contribution is linear
and insignificant compared to the Al/oxide-interface, as the non-linear conduction
happens only when an Al-interface is present (Fig. 17).

The linearity of the noble metal interfaces can also be seen from the con-
stant logarithmic derivative with a value of one (Fig. 25), corresponding to the
Ohmic conduction, which is discussed in more detail in section 5.1. Due to the ob-
served linearity, even if the current flow happens through the substrate/manganite-
interface, the contribution is linear and insignificant compared to the Al-interface
contribution. Additionally, the measured resistance of a bare STO (100) substrate
over the 200 um distance is over 10° €2, which is more than the resistance mea-
sured from the GCMO and PCMO samples with Ohmic Au-interfaces (Fig. 18)
or with four-point probe measurements (Fig. 16). The manufactured devices also
had no noticeable variation in switching behavior when the electrode separation
distance was varied, indicating that the dominant switching effect is not caused by
filamentary conduction paths inside the bulk of the manganite material. Together
these observations imply that the RS-effect is confined to the vicinity of the Al-
interface and is not based on metal ion movement in the case of Ag-electrodes. An-
other hint to oxygen vacancy based valence-change switching at the electrode in-
terfaces is the presence of ’table-with-legs” profile on AI/PCMO/Al-devices (Fig.
17), which has been previously obtained by simulating dielectric with a changing
oxygen vacancy profile between two electrodes [26].
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Figure 18. Resistances of GCMO with Ohmic Au-electrodes and Al-interfaces (HRS and LRS)
over the calcium substitution range z at room temperature. R, and R, show results from the
conduction model fit, R, coincides with the Ohmic interface and R, with the HRS. b)
Comparison of the switching ratio over z for AIlGCMO, Ti/PCMO |25], Ti/LSMO [43] and
Au/LSMO [44]. Figure from [llI].

4.1 Characterization of resistive switching

A typical example of a stable switching for GCMO is shown in Fig. 17 a) and
for PCMO in Fig. 17 b). The switching in the devices is bipolar, where the
high and low resistive states can be achieved by the application of opposite volt-
age polarities, similar to what has been reported for other manganite compounds
[22; 114; 72; 25; 26; 27; 29; 30]. The negative polarity induces the transition to
HRS and positive to LRS. The voltage amplitudes for RS are asymmetric, and the
transition to the negative polarity induced HRS happens at a lower amplitude than
the positive polarity induced LRS transition. Unless otherwise stated, the shown
sweep measurements related to electrical properties of GCMO are averages of 50
stable sweeps, and multiple devices on separate substrates were used to confirm
similar switching properties. The HRS and LRS voltages were chosen to obtain a
reasonable compromise between a high switching ratio and device reliability.
The resistance of a pristine GCMO and PCMO devices is initially between
the HRS and LRS resistances and does not require electroforming (introduction
of temporary high current in order to introduce the presence of RS), although the
first loops do show irregular step changes. Similar forming-free behavior has been
observed for both bipolar and unipolar switching in other PCMO studies and has
been found to be affected by both electrode materials and the growth conditions
[115; 109]. As the switching in the devices does not require a high-field forming
step or current limitation, the device homogeneity is good, and the devices show
predictable behavior with similar HRS and LRS resistance values across samples.
No switching is observed when the applied voltage is below a threshold, which
for the PCMO x = 0.4 devices on both polarities is V;;, = 3 V, and for the GCMO
between 1 V < Vi, < 6 V on positive polarity depending on the calcium doping
x. Using the region below this threshold during measurements is important, as it
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Figure 19. The I(V) loops and linear-region resistance loop measurements for each calcium
substitution level of GCMO. Required switching voltages decrease at higher = and the switching
becomes more asymmetric. Figure from [lll].

enables non-destructive reading of the resistive state. As such, the low voltage read
was set to -200 mV for PCMO and 450 mV for all calcium dopings of GCMO.
The read polarity and amplitude differ for the two materials because the used non-
switching linear region was optimized for higher read current in GCMO, which
reduces noise and required integration time in measurements.

4.2 Effect of calcium composition

The doping effect on the manganite layer was one of the main interests of this dis-
sertation. To study the effect, I(V')-loops of the GCMO/Al-interface as a function
of calcium substitution level x are shown in the Fig. 19 and the corresponding
switching ratios in the Fig. 18 b. The switching ratio is defined as the ratio of sta-
ble minimum and maximum resistances measured at the read voltage (450 mV),
which is in the linear region and below the switching threshold for all concentra-
tions. The calcium substitution x greatly affects the RS properties of the GCMO
(Figs. 18 and 19). The resistivity of the Au-interface is lower at higher x, with
minimum at z = 0.85. The resistance values of the Au-interfaces coincide with
the four point probe measurements on GCMO thin films (Fig. 16).

The non-volatile bipolar RS is present in the range 0.4 < x < 0.95, and
the switching properties peak in the range 0.7 < = < 0.95. The concentrations
with low = have high bulk resistivity and require large voltage amplitudes to in-
duce switching. The required switching voltages decrease and the asymmetry in
switching voltages increases at substitution levels above x = 0.7. The optimal
calcium concentration for RS was found to be near x = 0.85, which is the point
where the maximum HRS resistance, the lowest switching voltages and the lowest
bulk resistivity are reached (Figs. 18 and 19). The HRS remains above 107 Q in
all switching samples, which is beneficial in reducing the sneak-path currents in
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crossbar arrays, although full mitigation requires additional measures [116].

4.3 Comparison to other manganites

In order to highlight the differences between the GCMO and other manganite ma-
terials, the switching ratios obtained from AlI/GCMO over the calcium concentra-
tion range x were compared with other studies on manganites (Fig. 18 b). The
other materials used in the comparison were Ti/LSMO [43], Au/LSMO [44] and
Ti/PCMO [25]. The comparison was made against studies which included a series
of devices made with different calcium concentrations, which allowed the deter-
mination of the optimal = for each material/electrode combination. The switching
ratio was used in the comparison, since absolute values, such as resistances and
threshold voltages depend on the size and geometry of the device. The included
systems (single crystal La; _,Srq.+,MnO, and polycrystalline Pr; _,Ca,MnO3 were
chosen in order to highlight the similarity of the phenomenon in Mn-based devices
and to show how the GCMO differs from the rest. Some compared materials use
Ti as the interface material, which forms a rectifying interface similar to Al. The
authors of the T/LSMO study point out that the Al-switching in LSMO is equiv-
alent to the Ti-switching, with a slightly lesser switching ratio [43].

Compared to the LSMO and PCMO samples, the high optimum calcium dop-
ing of the GCMO is unusual for manganite RS devices, since studies on other
materials tend to indicate that a moderate hole-carrier concentration of manganite
oxide is a prerequisite for the RS and that a heavy hole doping reduces the effect
[25; 44; 43]. In LSMO and PCMO the maximum switching ratio is achieved at
the half doping and the optimal region for the GCMO is at x = 0.9, a composition
where the other materials do not show switching. The result is worth noting, since
the compared materials share similar structural and magnetic properties, and the
physical mechanism behind the redox-based RS process has been thought to to
be similar for all manganite-based devices [26; 22; 80]. Conversely, the results
on the GCMO indicate that this conclusion cannot be generalized to all mangan-
ite family-based devices. The ability of the GCMO to operate at high calcium
dopings also makes it possible to manufacture RS devices with reduced rare-earth
metal usage and demonstrates that the understanding of RS in manganites is still
incomplete.

4.4 Endurance characteristics

Reliability is an important factor in the design of new electronics and a known
weakness of the RS-based devices. It is also an important factor of reproducibility
of research results. For this reason, the endurance characteristics of the fabricated
devices were analyzed. Both GCMO and PCMO devices were tested by pulsing
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Figure 20. Repeated alternating HRS and LRS pulses on the PCMO device (a) and the GCMO
z = 0.85 device (b). Figures from [I,1l].

them with repeated alternating HRS and LRS write voltages, with a readout in-
between the writes. The read voltage was selected to be in the Ohmic voltage
region, which ensures a correct reading of the non-volatile state and to avoid pos-
sible accidental writes. The used calcium doping for the GMCO was x = 0.85,
which had been found optimal during the RS characterization.

Devices made of GCMO were tested for 2-10° repeated HRS-LRS cycles (Fig.
20 b) and the PCMO devices for 10° (Fig. 20 a). The PCMO devices had initially
large changes in HRS and LRS resistances, after which the switching ratio sta-
bilized. HRS and LRS states stayed distinguishable with respect to the previous
state over the whole experiment, although a visible drift towards lower resistances
was seen after 5- 10% writes. The GCMO devices did not show the resistance drift
observed in the PCMO devices and were thus more robust. The observed drift
in the PCMO can be explained with the used constant write voltages. A similar
effect has been observed in other RS compounds [117], where the local electric
field inside the bulk region is lower than at the interface, which causes some va-
cancies to get stuck inside the bulk instead of returning to the interface region.
This lowers the amount of vacancies at the interface over repeated cycling with
constant write voltage amplitudes, which in turn lowers the interface resistance. It
can be corrected by introducing a feedback loop which adjusts voltage amplitudes
dynamically for the optimal switching ratio during operation [118; 117].

The impact of temperature in switching properties of in GCMO was also ex-
plored, first by observing the switching loops over different temperature ranges
and later by more in-depth investigation on how the materials’ conduction model
parameters change over the temperature range. The exploratory analysis was made
by varying the operating temperature of the device in the range from 100 K to
350 K. Lowering the operating temperature reduced the volatile portion of the
switching in GCMO x = 0.95, which can be seen in the flattening of the traced
LRS-curve in-between the state transitions (Fig. 21). Lowering the temperature
increases the minimum LRS resistance, which is sensible, due to the increase in
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Figure 22. Multilevel switching in PCMO (a) and GCMO z = 0.8 (b) with varying negative
voltage amplitude. Figures from [1,1l].

bulk resistivity. The devices remained functional over the whole tested operat-
ing temperature range. The small volatile component of the switching present
at higher temperatures could potentially be exploited in spiking neural networks,
where information is stored temporally in the volatility of the state. The effect can

be modeled using the dynamic memdiode model (DMM)[119] shown in section
5.2.1.

4.5 Control of resistive states

The dependence of the HRS-resistance on the HRS writing voltage amplitude was
measured in PCMO in order to demonstrate multistate switching (Fig. 22 a). The
HRS write amplitude was varied to give rise to multiple different intermediate
resistance states spanning from the HRS resistance to the LRS resistance. The
applied LRS write placed the device into a known and stable state which worked
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GCMO z = 0.85.

as a reference point. The remnant resistance measured between the writes (Fig.
22) shows a continuous dependence between the write amplitude and the resistive
state. As a result, the resistance of the device can be tuned to a desired value
between the limiting HRS and LRS resistances.

Similar studies were repeated with GCMO in addition to more finely con-
trolled timing measurements. The controllability of the RS state in GCMO devices
was investigated by measuring the HRS to LRS switching ratio as a function of
programming pulse width and voltage amplitude for concentration z = 0.8 (Fig.
23). The results from these measurements were used to determine optimal pulse
widths and voltage amplitudes which induce the largest switching ratio without
damaging the device. The used read voltage for GCMO devices was 450 mV,
which was in the linear region. Once the optimal parameters for the GCMO were
found, they were used to study the multistate capabilities (Figs. 22 b and 24). The
control of the state was repeatable, and both HRS and LRS could be controlled by
changing the HRS amplitude, LRS amplitude or both of them simultaneously. The
results were used to construct a compact model of the device, which is discussed
in more detail in section 5.2. For improved usability in memory and neuromorphic
applications, the demonstrated resistive states of both GCMO and PCMO can be
extended by introducing more steps in the writing voltages [98; 19].
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Figure 24. Multilevel switching loops for GCMO z = 0.8 with increasing minimum and
maximum voltages along with a fitted compact model which reproduces the switching
characteristics convincingly, which is discussed in more detail in section 5.2. Figures from [IV].
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5.1 Conduction behavior

Better understanding of the physical origin of the RS in the studied devices re-
quires a deeper analysis of the conduction mechanism at the metal-oxide-interface.
The exploratory analysis was done by interpreting the measured I (V')-curves with
the power exponent representation [120]. The method displays the power expo-
nents over the whole measurement range (Fig. 25), which allows for a more in-
depth determination of the dominant conduction mechanism than the commonly
used method where individual power exponents are obtained by fitting to manually
selected regions of interest. The power exponent analysis is done by considering
the quantity:

7 = d(n([I[))/d(In(|V])), 3)

which shows changes in the conduction exponent by taking the logarithmic deriva-
tive of current with respect to voltage, similar to the reduced activation energy
method, which has been successfully used in determining thermal transport prop-
erties in manganites [121],[II]. Different non-linear (NL) elements and their com-
binations [69] produce distinct ~(V'/2)-relations, which can be used to differ-
entiate between different conduction models. For example, an Ohmic interface
(I o V) will result in a constant v = 1, while a space-charge limited conduction
(SCLC) (I o V'?) dominated interface will have a constant of v = 2. Conduction
mechanisms which have an exponential dependence between current and voltage,
such as the Poole-Frenkel (PF) conduction and Schottky conduction, will result in
a straight line which will only differ in the y-intercept value (0 for Schottky and 1
for PF) [120].

However, since the electric transport in both GCMO and PCMO devices is
not dominated by a single conduction mechanism, the w(Vl/ 2) will take on vary-
ing shapes due to different dominant conduction mechanisms over the voltage
range. In both of the studied materials, the positive polarity has a peak-shaped
~v-dependence in both HRS and LRS, which is characteristic for a combination of
Ohmic- and Poole-Frenkel-conduction [120]. The «-dependence of the materials
at the negative polarity has two different modes of conduction depending on the
resistive state.
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Figure 25. Voltage sweep ~(V'1/2)-curves of Ohmic Au-interfaces and AI/GCMO/Au for

x = 0.85 (a) and Ag/PCMO/AI for x = 0.4 (b). The RS and non-linear conduction happen only
when an Al-interface is present. The inset in (a) shows the equivalent circuit used in model fits,
which consists of a non-linear element NL with series and parallel linear resistances R, and R,.
Figures from [L,1II].

In addition to the polarity, the resistive state affects the y-behavior as well.
In the LRS at both polarities the LRS ~-characteristics are close to symmetrical
at amplitudes below the RS transition, indicating a bulk-dominated conduction
mechanism. This can be seen from the negative polarity LRS ~-curve, which
initially mirrors the peak shape observed at the positive polarity, until the transi-
tion to HRS begins. After the transition from LRS to HRS the behavior changes
from peak-shaped to linear conduction with a constant slope and an y-intercept
of approximately O at the negative polarity, indicating a formation of a rectifying
barrier. The linear y-dependence of the negative polarity HRS can be interpreted
as a Schottky-like conduction. The mechanism for simultaneous presence of both
conduction mechanisms has also been modeled theoretically [122].

The PCMO and GCMO devices display similar characteristics (Fig. 25),
which highlights the similarity of conduction mechanisms in manganite memris-
tors. Between the devices, the LRS in PCMO is symmetrical up to higher ampli-
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tude than in GCMO, which is consistent with the lower LRS to HRS transition
voltage amplitude of GCMO. At the positive polarity the peak voltage of -y is sim-
ilar in both GCMO and PCMO at calcium concentration x = 0.4, but the GCMO
has a higher maximum amplitude in -y, owing to its steeper state transition.

5.1.1  Conduction model

To explain the peak-shaped 'y(Vl/ 2)-behavior in the positive polarity of the de-
vices, a more complex circuit needs to be introduced. The positive polarity curves
of devices with an aluminum interface can be reproduced by creating an equiva-
lent circuit consisting of a non-linear conduction element with Ohmic series and
parallel resistances s and R, (Fig. 25). The non-linear element representing
the contribution of the aluminum interface can be thought of as a bulk-limited
Poole-Frenkel conduction in series with a Schottky diode [122]. The model can
be expressed as an implicit equation for I and V' at constant temperature:

I=A(V-I-R,) [exp (B V—I-Rs)} +%, (4)

P
with A = Appexp (-qp/kpT), B = ¢*/? /kpTy/mege’d, where T is the temper-
ature, App is a normalization factor which also depends on temperature, ¢ the
electron charge, ¢ the trap energy level, kp the Boltzmann constant, ¢y the vac-
uum permittivity, ¢’ the real part of the dielectric constant, d the distance where
the voltage drop is produced, R, the series resistance and R, the parallel resis-
tance [120]. The series resistance R represents the Ohmic RS-state dependent
contribution from the oxide layer and the bulk i.e. R, is high in HRS and low in
LRS. The parallel resistance R, represents the Ohmic contribution from regions
of the interface which do not contribute to the switching, an I, higher than the
bulk resistivity is a requirement for RS.

The resistive switching influences the AlO,, layer, which translates into mod-
ulation of the rectifying barrier of the NL-element [123] and determines its contri-
bution to the total resistance of the device. In the LRS the oxide layer represented
by the R; is thinner and the amount of rectification is reduced. Conversely, in the
HRS the barrier is thicker and the interface becomes more rectifying. When the
NL element is forward biased the PF contribution dominates over the Schottky
mechanism and while in the reverse bias the dominating mechanism can be either
Schottky or PF depending on the RS state.

The introduced circuit model can be used in analysis when the RS devices
are in a state where the Poole-Frenkel-based conduction dominates. Based on
the qualitative analysis presented earlier, the studied materials have a dominating
PF-contribution with linear series and parallel resistances R, and R, at positive
polarity over both HRS and LRS, and at the negative polarity before the LRS
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to HRS transition. Out of the PF-shaped curves the HRS has higher maximum
exponent than the LRS. Similar peak shape has also been seen in other perovskite
compounds in addition to PCMO and GCMO, such as the La;_,Sr,CoO3 [124].
The negative polarity HRS was excluded from the model-based analysis, since the
conduction resembles rectifying Schottky conduction instead of PF-conduction
(Figs. 25). The highly rectifying interface and the stochastic transition from PF to
Schottky-like conduction is difficult to reproduce using physical models [14].

5.1.2 Model fit results

The conduction model (4) can be used to separate Ohmic components from the
positive (V') curve and examine the underlying Poole-Frenkel conduction, which
combined with the temperature measurements gives an access to the Poole-Frenkel
trap energy level ¢. The fitting for free parameters A, B, Ry and R, of equation
(4) was made by numerically solving the implicit equation by iteratively mini-
mizing the error with respect to the experimental data by using a combination
of basin-hopping and Broyden-Fletcher-Goldfarb-Shanno (BGFS) algorithm. The
data used in the fits was collected from the positive polarity where Schottky-like
conduction was not present.

In PCMO the used calcium concentration was x = 0.4. The fits were made at
the positive polarity for both HRS and LRS in order to gauge how well the model
was able to reproduce the two extremes of the possible RS states. The obtained
results agree with experimental observations and reproduce the + behavior (Fig.
26). The series resistance values R are close to the measured experimental val-
ues of 6.8 - 10%  for HRS and 5.6 - 10  for LRS, and the parallel resistance R,
is close to the resistance measured from Ohmic Ag/PCMO/Ag interfaces, which
corresponds to a situation where the oxide layer R¢ and the PF-element are not
present. From the parameter A it can be qualitatively deduced, that the trap en-
ergy level ¢ is larger in HRS than in the LRS (Agrs ~ 10710 vs. Ajgs ~ 1079),
which is in line with the proposed modification of the AlO, interface layer thick-
ness, which also reduces the oxygen content of the perovskite structure near the
interface at HRS.

In GCMO, the whole calcium series was analyzed using the method described
earlier. The comparisons between the calcium concentrations were made on the
positive voltage polarity of the HRS, because there is a continuum of possible RS
states, out of which HRS represent the maximal difference from the non-switching
Ohmic interface (Fig. 25). The room-temperature fits were measured for sam-
ples in range 0.1 < z < 1.0. The model coincided with the experimental data
at room temperature and reproduced the experimental (V")-relation for voltages
above 400 mV (Fig. 26). The series resistances R coincide with the resistance of
GCMO with Ohmic electrodes (Fig. 18). The parallel resistances 2, were also in
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Figure 26. Fitted and experimental values of ~(V1/2) and I(V) over the doping = at room
temperature for GCMO (a) and PCMO (b). In GCMO the transition is more abrupt at higher
substitutions. The PCMO result shows that the LRS behavior is closer to Ohmic conduction.
Figures from [L1].

the same order of magnitude as the HRS states in switching AI/GCMO interfaces
(Fig. 18).

Temperature dependence

The PF trap energy level ¢ was determined over the GCMO calcium doping range
by measuring the I(V')-properties as a function of temperature. The samples were
set to the HRS at 300 K, after which they were measured over the temperature
range. The I(V')-measurements used the maximum voltage amplitude which did
not induce switching at the used temperatures. The measurements consisted of
initially going to the maximum temperature of 350 K, after which the temperature
was lowered to 250 K in steps of 25 K. Experimental data from each temperature
measurement was fitted to the conduction model (Fig. 27). Fitting for ¢ was made
for concentrations which had RS and a linear Arrhenius relation In(A) — 1 /T, this
corresponded to the = range from 0.4 to 0.95 (Fig. 28). The trap-energy level for
in the range from 0.4 to 0.6 is close to 1 eV. In the x range from 0.6 to 0.8 the value
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Figure 27. Fitted and experimental values for v(V1/2) and I(V) for z = 0.4 over the
temperature range. Figures from [lll].

of ¢ decreases to 0.3 eV and begins to increase again at « above 0.8. The lowest
point of ¢ at x = 0.8 coincides with the region of the highest switching ratio
(Fig. 18), which suggests that the magnitude of resistive switching is related to
changes in trap-energy level. The minimum also has the lowest threshold voltage
needed for inducing HRS to LRS transition and corresponds to the lowest point in
bulk resistance of GCMO (Fig. 18). The RS in AI/GCMO seems to be correlated
with low bulk resistance and shallow traps at the active interface, which is useful
knowledge for the further optimization of the interface layer.

5.2 Compact modeling

The RS behavior of GCMO can be accurately modeled with compact modeling
(Fig. 24). Compact models of circuit elements are models that are sufficiently
simple to be incorporated in circuit simulators, but also sufficiently accurate to
be useful to circuit designers. Compact models focus on the representation of
the system, but not how it functions physically. In case of memristor devices,
the models should be compatible with experiments by reproducing the hysteretic
behavior and other related phenomena.
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5.2.1 The memdiode model

The compact model which was used to model the I(V')-curves of the memristor
devices (Figs. 29 d and 30 a ) consists of equations which model the memristive
system by modeling the current conduction and hysteretic behavior by assuming
that the system consists of multiple small filamentary conduction paths which can
be ruptured and formed controllably.

Memdiode current equation

In order to model the current passing through the memristive device, we consider
the device as an ensemble of individual conductive pathways, which have a distri-
bution of confinement barrier heights ¢:

(V) = :—Z exp(—2a¢) sinh(aeV)

The total current passing through the device as a function of voltage V' requires
considering the effective total barrier height ¢.g, which we can do by assuming
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that the individual barrier heights are normally distributed:

) [_ (¢ — %)1

f(o) =

2no 202

With this assumption, the total current I at voltage V' with effective barrier height
®eff can be gotten by taking a superposition of all individual conductive pathways:

+o0 e
10V)= [ 1(@)ilV.6)d6 = 1% exp(~2a6u) sinh(ac?)

—0o0
The resulting equation implies that the current dependence on V' is exponential
in HRS and linear in LRS (o« — 0), which is in agreement with experimental
measurements (Fig. 25). The equation can be seen as two back-to-back connected
diodes when modeled as circuit elements.

Memdiode state equation

As with the memdiode current equation, the memdiode state equation also as-
sumes that the memristive device consists of multiple individual conductive path-
ways, which have a normal distribution of individual set voltages Vg:

1

s

(Vs — Vso)?
202

f(Vs) =

exp

The number of active conductive pathways can be normalized by taking a convo-
lution over the individual set voltages Vg:
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AV) = o H((V —-Vg) f(Vs)dVs,

—00

where H is the Heaviside step function. The result is the following equation,
which implies that the number of conductive pathways as a function of V' follows
the logistic curve:

V) =5 [1 b orf (V\_@ZSOH ~ {1+ exp [—n (V — Vio)]} !

From this result we get:

d
— =M1 - A
and arrive into the final form of the memdiode state equation [125]:
dh  dA dV A% .
_ = —_— = — - = 1 —
i~ avar - M NG = A=A

which is a differential equation for a voltage-controlled current source, where A
is the memory state (Fig. 31), which corresponds to the Strukov’s window func-
tion A ~ A(1 — A) [15; 126; 127]. The derived candidate memory equation does
not take into account the ionic movement over time when the voltage stays con-
stant. Our static model predicts % = 0 when the supplied voltage V' remains
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Figure 31. a) Memdiode state equation equivalent circuit. b) Equivalent circuit with ion
movement over time taken into account.

constant, which is not correct for every real RS device. The time dependence
can be taken into account by using the dynamic memdiode model (DMM)[119],
which takes into consideration ionic hopping by including time constants for set
and reset events:

I(V) = Ip(\) sinh(aeV)
X 1-X A

dt  Tser  TRES
where the time constant equations describing ion hopping frequency are:

TseT = Tos exp (—7os|V)
TrES = Tor €xp (—7or|V]) .
However, the static model provides an adequate approximation to model the gen-

eral behavior of the device, and as such was used to model the non-dynamic be-
havior of the GCMO.

Memdiode memory equation

The memory equation describes the hysteretic behavior of the device using Ridge
functions. The Ridge functions obey f(x) = g(x - a) for some g : R — R and
a € R%i.e. the function is an affine transformation composed with a function of
one variable. To form the memory equation, we begin with the Krasnosel’skii-
Pokrovskii (KP) hysteresis operator [128], which is defined as:

L [to, Ao] V() = min {A~[V(£)], max [Ao, AT[V(£)]] },

where \(t) = L [to, A\o] V(t) and A (t9) = Ao. The A~ and AT are taken to be
sigmoidal functions which satisfy the condition:

1
A(m):{ T — 00 .
0 z— —
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The operator adheres the Takdcs principle of self-similarity of the inner loops:
A (Vi) = AA(V}) + B, which makes it suitable for modeling the observed self-
similar hysteretic loops of the memristive devices (Fig. 24).

With the KP operator as a basis, we arrive into a form of the memory equation
which is an affine transformation of A*, and can be used in the device simulations
[119; 129]:

Xo—1 A+ AF=Xo
Az) = AAJ{A e e . 5)
ﬁA (x) <0
where A = A*(0) and \g = A(0) and i is the time derivative of z. The A* can
be any sigmoidal function satisfying A (z — o0) = 1 and AT (z — —o0) = 0.
The equation (5) generalizes the method introduced in [125] by introducing soft
transitions into the hysteron structure.

Solving the memory state evolution (5) for an arbitrary input signal V' (¢) = V;
requires discretizing it using A = A, A\g = A—1, AT = AT and ATy = ATt — 1
so that the current memory state (¢) depends on the previous state (¢-1) as expected
for a Markovian behavior:

At—1

/\t:{”\t—l_l[AﬂVt)—l}Jrl}H(Vt)Jr{w

e AW H 1) ©)

The choice of A* affects the resulting switching dynamics. It is used to describe
the creation and destruction of conducting channels in the RS device. Our compact
model uses the logistic hysteron, justified by the derivation above:

A (z) = {1+exp [—ni (z— vi)] }_1 , (7)

where 7+ are the set and reset transition rates and v* the set and reset threshold
parameters, —oo < z < oo and 0 < AT () < 1.

5.2.2 Applying the model to the GCMO device

The RS behavior of GCMO can be accurately modeled with the introduced mem-
diode model. The model is tied to the GCMO memristor device with the following
equations:

Il == 101 sinh [Oél (Vb - IlRl)] (8)
Iy = Iz {exp (o (Vo — I2R2)] — 1} )
I3 = Ip3A (Vo) V2, (10)
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where I = I} + I 4+ Is and Vj = V — IR, and the three current equations /1,
I3 and I3 are associated with the tunneling (memdiode state equation), Schottky-
like conduction, and the soft-breakdown conduction in the AlO,, layer (memdiode
memory equation) respectively (Fig. 29) [20; 130; 69; 131; 132],[III], without
ruling out the possibility of the Poole-Frenkel conduction. The «j, Ip; and R;, ¢ =
1,2, 3 are fitting parameters, R the GCMO bulk resistance found from the vertical
current increase happening at the HRS to LRS transition voltage Vi, which can
be seen from the Vy = V — IR curve of the device (Fig. 29 b). The equations
(8) and (9) are independent of memory state, but the third equation (10) with A
from equation (5) and 0 < A < 1 takes into account the reversible changes in the
effective area of the micro-filaments caused by the oxygen vacancy movement at
the interface. The equations (8)-(10) constitute the compact model as a system
of non-linear equations, which were formulated as a circuit model and solved
numerically using a Spice simulator.

Results and qualitative assessment

The resulting LTSpice model is presented below:

* Model parameters

.subckt GCMO + - R

.params

HO=0 rs=215 CHO=le-4 del=0.01 vp=0.1
1i01=6E-9 al=2.3 rsl=20K

1i02=1E-12 a2=15.9 rs2=350

103=9e-4 a3=3

nset=7 vset=2 nres=6 vres=0

Memory equation

BH 0O H I=if(ddt (V(A,-))>=0, ((D(V(H))=-1)*S(V(A,-))
+ +S(D(V(A,-)))-D(V(H)))/(S(D(V(A,-)))-1),
+ D(V(H))/R(D(V(A,-)))*R(V(A,-))) Rpar=1
CH H O{CHO} ic={HO}

* I-V curve

RS + A {rs}

RS1 A B {rsl}

BD1 B - I=i0l*xsinh (alxV (B, -)

RS2 A C {rs2}

BD2 C - I=i02x* (exp(a2+V(C,-))-1)

BPL A - I=V(H)+*103%V (A, -)**a3

* Read current

BI 0 R I=i0lxsinh(alxvp)+i02« (exp(a2xvp)-1)
+ +V (H) *i03*xvp=*+*a3

* Auxiliary functions

.func D(x)=delay (x,del)

.func S(x)=1/(l+exp (-nsetx (x-vset)))

.func R(x)=1/(l+exp(-nresx (x-vres)))

.ends

* o+ o+ + o+ o+
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Figure 32. Input signal and simulation results for a read current vp = 0.1V. Figures from [IV].

Visualized results of a simulation with input signal similar to voltage sweeps used
in real devices can be seen in the Figs. 24 and 32. The simulation loops were
driven by a damped sinusoidal voltage instead of triangular waveforms in order to
improve the stability of the simulation. The results show that the proposed model
can be used in a circuit simulator and reproduces the hysteretic behavior of the
real GCMO devices. The compact model can be used as a part of a larger system,
which allows exploring the usage of GCMO memristors in a variety of circuit
design applications ranging from memory devices to neuromorphic systems.

5.3 Spike-timing-dependent plasticity

Spike timing dependent plasticity (STDP) is a type of synaptic plasticity that is
dependent on the timing of the pre- and post-synaptic voltage spikes supplied into
a spiking neuromorphic device [133] consisting of a synapse and neuron (Fig. 1
b). The STDP learning rule leads to Hebbian learning, where the timing of the
pre- and post-synaptic spikes determines the strength of the synaptic connection.
STDP can be used as a learning rule in neuromorphic computing, where it can be
used to learn temporal relationships between input spikes, resulting in ability to
perform unsupervised learning tasks, such as pattern recognition [134].

In order to implement STDP in hardware, a memristor device with temporal
volatility, or a clocked non-volatile memristor circuit with well controlled resistive
state is used [135]. In our devices, the STDP is achieved with a clocked circuit,
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Figure 33. Spike-timing-dependent plasticity (STDP) in a GCMO z = 0.7 memristor device.
The memristor was subjected to a series of pre- and post-synaptic spikes with different
amplitudes and timings. The results show the typical STDP behavior, with the synaptic strength
(conductance ratio) increasing when the pre- and post-synaptic spikes are close in time and in
correct temporal order, and decreasing when they are not in right order. Spikes which are
temporally far apart have no effect in device state.

where each clock cycle represents a discrete step in time. Pre- and post-synaptic
spikes are represented as waveforms of individual pulses of the shape seen in
the Fig. 12, which are fed through the device, affecting the device state. As a
result, we can observe the characteristic STDP behavior, as seen in Fig. 33. The
synaptic strength (conductance ratio) of the device increases when the pre- and
post-synaptic spikes are close in time and in correct temporal order, and decreases
when the post-synaptic spike is not not causal with the pre-synaptic spike. Spikes
which are temporally far apart have no effect in device state.

The results indicate that the GCMO-based memristor circuit can be used to
learn temporal relationships between input spikes, similar to how STDP works in
biological synapses. Furthermore, the results can be fitted to a simple exponential
model:

Apre e AT if At >0
Apost €28/t if At < 0

(o - {

where Ape and Apose are the maximal changes in conductance, and 7. and Tpost
the time constants [134], and the obtained parameters can then be used in a neu-
ronal dynamic simulation, such as the leaky integrate-and-fire-based unsupervised
learning network proposed by Diehl and Cook [134]. Such demonstration was
done in [136], based on the groundwork and an omitted spiking neural network
(SNN) simulation developed during this dissertation work.
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6 Conclusions

To summarize, resistive switching devices were fabricated from the mixed-valence
manganites PrggCag4MnO3 and Gd;_,Ca,MnOs3. The devices exhibit bipo-
lar switching with multiple intermediate resistive states when fabricated with an
asymmetric combination of passive Ohmic interface and a rectifying Al-interface.
The switching was shown to be non-volatile and repeatable between samples and
measurement runs. The optimal RS concentration for GCMO with operating volt-
ages and switching ratio taken into account was determined to be near x = 0.9.
This is an unusual result compared to other similar manganites, where the optimal
value is close to the half-doping, and no switching is observed at high calcium
substitution values.

An analysis of the conduction model for both GCMO and PCMO suggests an
interplay of bulk-limited Poole-Frenkel conduction and interface-limited Schottky
conduction, which depends on the device state. The negative polarity HRS con-
duction was Schottky-like, while other states obeyed Poole-Frenkel conduction
with linear series and parallel resistances. Temperature measurements performed
on GCMO showed changes in the Poole-Frenkel trap energy ¢ in the range from
0.3eV to 1.0 eV. The lower ¢ values were associated with low bulk resistivity good
RS properties in terms of high switching ratio. The results suggest that the switch-
ing is caused by modulation of the AlO, barrier thickness due to a field-assisted
oxygen vacancy migration.

The resistance states of both GCMO and PCMO show a well-defined depen-
dence on the write voltages, which allows for a selection of resistance values be-
tween two limiting values when a suitable programming sequence is used. The
switching behavior of the GCMO memristor was also successfully modeled with
a compact model, reproducing the hysteretic behavior of the device.

The work of this dissertation shows that the GCMO-based devices are on par
with the other manganite RS materials. The high optimal calcium doping of the
GCMO could lead to competitive RS devices with reduced rare-earth metal us-
age, and the well-controlled resistive state makes them a good candidate for both
memory and neuromorphic applications.
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ABSTRACT

Thin films of Prg gCag4MnO3 were prepared by pulsed laser deposition with an asymmetric pair of Ag and
Al metal electrodes in order to study their resistive switching properties. The devices exhibited stable
voltage controlled bipolar switching which proved to be reliable and non-volatile. The resistive states
show a well-defined dependence on the write voltage, which was used to achieve several intermediate
states, indicating that the devices could be utilized in hardware implementations of neuromorphic
computing. The switching mechanism was attributed to the electric-field assisted migration of oxygen
vacancies at the Al-electrode interface, resulting in a formation and modulation of a rectifying interfacial
AlOy layer. The current-voltage characteristics were analyzed by means of the power exponent repre-
sentation, which hinted to a device state dependent interplay of bulk-limited Poole-Frenkel conduction
and interface-limited Schottky conduction. A deeper understanding of resistive switching characteristics
in Ag/ProsCap4MnO3/Al will lead towards further advances in manganite-based neuromorphic circuits.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

Neuromorphic

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Present day's computers suffer from the von Neumann bottle-
neck, in which the processing speed is limited by the bus which
connects memory and the central processing unit [1]. Neuro-
morphic computer architectures show a possible way to bypass this
limit since they do not divide memory and computations into
separate units, which enables highly parallel computations [2—4].
In possible hardware implementations of neuromorphic
computing, devices that behave more similarly to biological syn-
apses and neurons are preferable over the traditional CMOS
(complementary metal-oxide-semiconductor) solutions, which are
not efficient for these tasks since the technology was designed for a
different purpose [5,6].

The implementation of these new technologies will require the
utilization of new and more efficient materials. In particular, metal
oxides, which have gained a lot of attention for their rich chemical
and physical properties and versatile applicability in many areas,
such as energy storage, solar cells and sensors [7—14]. Metal oxides
have also found their place in resistive switching (RS) devices
[15,16]. Due to the RS property present in many metal oxides, they

* Corresponding author.
E-mail address: visalah@utu.fi (V. Lihteenlahti).
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now present a notable portion of promising memristive materials
[17].

Oxide based resistive switching devices are suitable for
mimicking neurons and storing synaptic weights [18—23]. Indeed,
neuromorphic circuits containing RS elements are starting to show
promising results, particularly in the field of spiking neural net-
works, where the RS oxide can reproduce dynamics found in bio-
logical systems with minimal amount of additional circuitry [24].
However, more research is still needed to understand the physics
behind the RS in order to maximize the capabilities of these sys-
tems [25,26].

Among the oxides which present the RS behavior, the perovskite
oxide Pri_yCayMnOs has been proven to be versatile, exhibiting both
bipolar [22] and unipolar [27] switching with and without forming
[28,29]. The interface-type bipolar switching in particular has been
found useful in neuromorphic applications, which has led to PCMO-
based implementations of single neurons as well as neuromorphic
arrays [26,30—32].

Even though the RS in PrixyCayMnOs; has been extensively
studied [17,28,29,33—38], new ways to improve the switching
properties are still being found by the means of interface engi-
neering with buffer layers and oxygen treatments [22,39]. In
addition, the core of the work on RS in PCMO has been performed
with x = 0.3, although it has been shown that other concentrations
can result in better RS properties [36]. The conduction model of

0925-8388/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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bipolar switching has also been usually attributed to the trap-
controlled space-charge-limited current (SCLC) conduction
[33,38,40—44] with exponentially distributed traps, although the
use of a more in depth analysis method [45] gives an alternative
explanation. Thus improving the understanding of RS and con-
duction mechanisms in PCMO is still possible and a remains as a
path towards realization of more robust neuromorphic devices.

In this work we studied the RS characteristics of Pri_.yCayMnOs3
with an optimal concentration of x = 0.4, hereafter labeled PCMO.
In PCMO, the bipolar switching is determined by the interfaces [28].
Due to this, we studied the interface properties of Metal/PCMO/
Metal structures with different metallic electrode combinations.
The utilized metals were Ag, Au and Al, of which we found that only
the Al interface produces a strong bipolar RS effect. The switching
attained by using Al/PCMO/Ag interfaces exhibits multiple states
and was both reliable and non-volatile. The cause of the switching
is attributed to oxygen vacancy migration at the Al/PCMO interface.
The conduction model is analyzed, hinting to an interplay of bulk-
limited PF conduction and interface-limited Schottky conduction
depending on the device state and polarity of the electric field.

2. Experimental details

ProgCag4MnO3 thin films with thicknesses of approximately
100 nm were deposited on 5 x 5 x 0.5 mm? (100) SrTiO3 substrates
by pulsed laser deposition (PLD) using excimer XeCl 308 nm laser.
The pulse duration was 25 ns, repetition rate 5 Hz, laser fluence
1.3J/cm? and the pressure of flowing oxygen in the chamber 0.175
torr. The films were grown at a temperature of 500°C, with in situ
post-annealing treatment of 10 min in atmospheric oxygen pres-
sure. The used rate for cooling and heating was 25°C/min. The
grown films were verified to be well-crystallized and epitaxially
textured by X-ray diffraction (Fig. 1a) with lattice parameters
a=5.4354A, b=7.6511A and c=5.4277 A. More details on the
growth process can be found in Ref. [46].

0.5 mm diameter Au and Ag metal contacts were deposited on
top of the films using room-temperature Ar-ion sputtering. Wiring
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Fig. 1. a) XRD diffractogram of (Ikl) peaks. b) I-V loops for PCMO with combinations of
Ag and Al interfaces, symmetrical Ag-interfaces show Ohmic conduction, while in-
terfaces containing Al show non-linear conduction and rectifying behavior. c) Mea-
surement geometry.

was done with a wedge bonder using a 40 um diameter Al-wire.
Measurements were performed in a planar configuration as sche-
matized in the inset of Fig. 1c using a Keithley 2614b source/mea-
sure unit. The separation distance between the electrodes was
approximately 200 um.

Loop measurements of electrical characteristics were done at
room temperature by sweeping the voltage in a sequence of steps
0— Vimax— — Vipin—0 with logarithmic amplitude progression,
10 ms step width and a 10 ms low-voltage read between each step.
Multiple films were studied, and the characteristics were found to
be consistent between the samples.

All combinations of Al, Ag and Au Metal/PCMO/Metal interfaces
were measured, and only combinations containing Al were found
to produce switching. Both Ag and Au interfaces formed a linear
Ohmic contact with PCMO (Fig. 1b), and thus didn't contribute to
the switching. When Al interface was present, the conduction was
non-linear.

Since the work function of p-type [36] PrggCag.4MnOs is close to
values reported for other concentrations: ¢ = 4.9 eV [47] for x=0.3
and ¢ = 4.8eV for x=0.5 [36], a more rectifying interface is ex-
pected for the Al (¢=4.06—4.26eV [48]) than for the Ag
(¢ =4.26—4.47 eV [48]) due to the differences in work functions,
which is in agreement with the measurements (Fig. 1b).

In the case of Al/PCMO/AI, the conduction reproduced the “ta-
ble-with-legs” profile (Fig. 1b), which has previously been obtained
by simulating dielectric with a changing oxygen vacancy profile
between two electrodes [49]. The presence of the table-with-legs
shape indicates that both of the Al interfaces are active in switch-
ing, and introducing asymmetry in the electrodes will enhance the
bipolar switching properties.

When asymmetry was introduced into the electrodes by using
Au/PCMO/AI or Ag/PCMO/AI (Fig. 1b) the RS properties were greatly
increased as predicted by the simulations. Thus we selected the
combination of rectifying Al and Ohmic Ag interfaces for further
studies. The combination ensures us that the RS is dominated by
the Al/PCMO interface and only one of the two interfaces is active in
switching.

3. Results and discussion
3.1. Bistable switching

A typical example of a stable bipolar switching is presented in
Fig. 2. The device can be switched between HRS (high resistance

state) and LRS (low resistance state) in a closed loop by applying
positive and negative voltage sweeps. Negative polarity induces the

10° |

Resistance (Ohm)

-10t  -100 107 101 100 10t
Voltage (V)
Fig. 2. A single bipolar switching loop showing device resistance as a function of

applied voltage. Positive polarity induces the LRS while the negative polarity resets
device into the HRS.
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transition to HRS and positive to LRS. The resistance of a pristine
device is initially between the HRS and LRS resistances and doesn't
need electroforming in the conventional sense, although the first
loops show irregular step changes. Similar forming-free behavior
has been observed for both bipolar and unipolar switching in PCMO
and has been found to be affected by both electrode materials and
growth conditions [28,29]. As there is no high-voltage forming
process or current limitation involved, the device homogeneity is
good and the devices show predictable behavior with similar
resistance values across different samples. The HRS and LRS volt-
ages were chosen to obtain a reasonable compromise between a
high switching ratio and reliability. The voltages needed for
switching could be further reduced by miniaturizing the device
dimensions. It is worth noting that no switching is observed if the
applied voltage is below certain threshold which for our geometry
is Vi, =3 V. This is of great importance since neuromorphic devices
require a possibility of non-destructive reading of the resistive
state.

We didn't notice any variation in the behavior of the devices
when changing the electrode separation distance, indicating that
the dominant switching effect is not caused by filamentary con-
duction paths. The measurements rule out the involvement of Ag-
ions, as well as intrinsic switching PCMO bulk, since it has been
shown that the bulk PCMO switches with unipolar behavior [29].
This leaves oxygen vacancy movement near the interface region as
the main culprit for changes in conductivity.

Within the generally accepted framework for the origin of the
RS in oxides [27,36,49—52], the bipolar switching is attributed to
the electric field assisted migration of oxygen vacancies [49] near
the Al/PCMO interface. Due to differences in the oxidation energies
when the devices are in the pristine state, an oxide layer is formed
at the interface, generating a Schottky-like barrier [35].

Passing a current through the device produces a large electric
field at the interface due to the high resistivity of the barrier. The
electric field enables movement of oxygen vacancies towards or
away from the interface, which modulates the oxide layer thick-
ness, resulting in either lowered or increased conductivity across
the entire device. The process is reversed by applying an opposite
voltage which causes migration of mobile oxygen vacancies to the
opposite direction. The effect is limited to the interface due to the
lower electric field inside the bulk. In addition, electric transport
inside the PCMO bulk is a result of double-exchange interaction,
which relies on oxygen atoms, thus introducing more oxygen va-
cancies decreases the conductivity [53]. Aluminum oxide formation
at metal-manganite interfaces has been observed experimentally
and changes depending on the RS state [37,54,55].

3.2. Conduction mechanism

In order to better understand the physical origin of the RS, we
need to study the conduction mechanism in more detail. For this,
we utilize the power exponent representation [45] which allows for
a more in-depth determination of the dominant conduction
mechanism than the commonly used method where power expo-
nents are obtained by fitting to manually selected regions of in-
terest. The analysis considers a quantity y = d(In(|1}))/d(In(|V|)) for
the whole voltage range, giving power exponents for all the data-
points. Different non-linear (NL) elements [56] produce distinct y
to |V| dependencies, which can be used to differentiate between
conduction models. For example, an Ohmic junction (IeV) will
result in a constant y = 1, while a SCLC (I« V2) dominated interface
will have a constant of y = 2. Conduction mechanisms that have an
exponential dependence between current and voltage, such as
Poole-Frenkel (PF) and Schottky, will present a straight line which
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Fig. 3. A y(V) plot where y = d(In(|1]))/d(In(|V|)), showing the power exponent at each
point of the bipolar switching loop of Fig. 2 with the same correspondence between
the curves I-IV. The inset shows an equivalent circuit for the system, consisting of a
non-linear element (NL) with parallel and series resistances R, and Rs.

will only differ in the y-intercept value (0 for Schottky and 1 for PF).

The analysis of the IV characteristics for both the HRS and LRS is
presented in Fig. 3. Starting the loop in the HRS and at the positive
polarity (curve I) we can distinguish 3 main regions. At low voltages
there is a clear Ohmic behavior where y is 1. At intermediate
voltages (200 mV—3 V) there is a peak with a maximum exponent
of 6 and then a stabilization to an exponent between 1 and 2.
Switching towards the LRS begins at a voltage of around 12 V. Once
in the LRS (curve II) the situation is fairly similar, but the peak is less
pronounced, with a maximum of 2. The LRS at the negative polarity
(curve III) mirrors the positive polarity LRS dependence until the
switching to HRS begins at a voltage of 3 V. After the switch from
LRS to HRS, the conduction mechanism of the negative polarity
changes (curve IV) and the curve resembles a line with an intercept
value between 0 and 1.

It is clear that LRS and HRS have different characteristics. On one
hand the LRS is symmetrical indicating a bulk-dominated conduc-
tion mechanism. On the other hand, the HRS presents rectifying
behavior and shows a linear y-dependence in the curve IV, sug-
gesting that a Schottky-like barrier is dominant in this state. To
properly explain the peak shape of y(V), a more complex circuit
needs to be introduced. For this we consider an equivalent circuit
(Fig. 3) consisting of a switching non-linear element (NL) with
Ohmic series and parallel resistances Rs and Rp. The non-linear
element (NL) representing the contribution of the Al/PCMO inter-
face can be thought as a bulk-limited PF conduction in series with a
Schottky diode [57]. The series resistance Rs represents the
contribution from the oxide layer and the parallel resistance R, the
contribution from regions of the interface which do not contribute
to the switching.

The resistive switching influences the AlOy layer, which trans-
lates into changing the Schottky barrier of the NL-element [58] and
determines whether or not it has a significant contribution to the
total conductivity. In the LRS the barrier is thinner and the amount
of rectification is reduced. Conversely, in the HRS the barrier is
thicker and the interface becomes rectifying. When the NL element
is forward biased the PF contribution dominates over the Schottky
mechanism and while in the reverse bias the dominating mecha-
nism can be either Schottky or PF depending on the RS state.

Indeed, in the real device the forward biased HRS curve I and
both of the LRS state curves II and III have a distinct shape which
corresponds to a PF conduction with Ohmic series and parallel re-
sistances Rs and R, (Fig. 3) and the reverse biased HRS curve IV
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resembles rectifying Schottky conduction. Out of the PF-shaped
curves the HRS has a higher maximum exponent than the LRS. In
terms of the equivalent circuit, this means that in the HRS the ratio
of non-linear resistance to parallel resistance R, is higher, thus we
can determine HRS and LRS solely from the y(V) curve shape [45].

3.2.1. Conduction model fitting

By considering a model consisting of a PF-element with series
and parallel resistances Rs and R, we can form an implicit equation
for I and V:

[=AV - I-Rs)[exp<B«/V— I-Rs)} +V7R—:'Rs, (1)

3/

q 2
" keT(meoe'd)"?’

where T is the temper-

with A = App exp(— %),B

ature, App is a constant, g the electron charge, ¢y the trap energy
level, kg the Bolzmann constant, gy the vacuum permittivity, ' the
real part of the dielectric constant, d the distance where the voltage
drop is produced, Rs the series resistance and R, the parallel
resistance [45].

Table 1
Fit results for parameters A, B, R, and Rs for HRS and LRS.
State A B(vV1/2) Ry (Q) Rs (Q)
HRS 8.0-10°10 12.87 1923 6.0-106
LRS 1.4.10-6 6.79 1586 5.0-10%
—— LRS Model a)
10-4 4 LRS Exp.
—— HRS Model
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Fig. 4. Comparison between experimental values and a fitted PF conduction model
with series and parallel resistances for a) V-I and b) V'/2-y at positive polarity.

Equation (1) has 4 fit parameters A, B, Rs and Rp. By performing a
fit to the measured HRS and LRS I-V curves at positive polarity
(Table 1) we obtain results which agree with experimental obser-
vations and reproduce the y behavior (Fig. 4). The series resistance
values R are close to the measured experimental values of 6.8-10°
Q for HRS and 5.6-10% Q for LRS, and the parallel resistance R; is
close to the resistance of 1575 Q measured from Ohmic Ag/PCMO/
Ag interfaces, which corresponds to a situation where the oxide
layer R and the PF-element are not present. From the parameter A
we can qualitatively deduce that the trap energy level ¢ is larger in
HRS than in the LRS.

The results from the conduction model fitting further reinforce
the proposed switching based on an AlOy interface layer. The
changing non-linear interface resistance is associated with the
oxide layer at the Al/PCMO-interface. The HRS corresponds to a
thicker AlOy layer with high resistance and an asymmetric contact
where the conduction is limited by the Schottky barrier. In the LRS
the oxide layer is reduced, weakening the rectifying contact enough
to make the symmetric PF conduction dominate.

3.3. State retention and endurance

Since reliability is a very important factor in the design of new
electronic elements and a known weakness of the RS-based de-
vices, we analyzed the endurance and state retention of our de-
vices. To do so we utilize a single write pulse protocol with
asymmetrical voltages of 18 V and —16 V. The results for repeated
alternating HRS and LRS writes are presented in Fig. 5a. The resis-
tance was read with a voltage of —200 mV between the writes. The
read voltage was selected to be in the Ohmic region to secure a
correct reading of the non-volatile state and to avoid possible
accidental writes.
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Fig. 5. a) Device resistance over 10° repeated writes. b) State retention measurements
for HRS and LRS over a timespan of 100 h.
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The endurance tests were done with over 105 repeated writes
without losing the RS. Initially the device showed large changes in
HRS and LRS resistances, after which the switching ratio stabilized.
HRS and LRS states stayed distinguishable with respect to the
previous state over the whole experiment, although a visible drift
towards lower resistances was seen after 5- 10 writes. The drift
was caused by the constant write voltages and has been observed in
other RS compounds [59]. The local electric field inside the bulk
region is much lower than at the interface, which causes some
vacancies to get stuck inside the bulk instead of returning to the
interface region. This effect lowers the amount of vacancies at the
interface over repeated cycling with constant write voltage am-
plitudes, which lowers the interface resistance. It can be corrected
by introducing a feedback loop which adjusts voltage amplitudes
for the optimal switching ratio during operation [59,60].

State retention over time was tested by applying LRS or HRS
state to the device and then measuring the resistance over a
timespan of 100 h (Fig. 5b). The HRS and LRS states stay mostly
unchanged after the initial relaxation. The resistance drift is small,
which is beneficial for the multilevel RS since multiple levels
require the device to be stable. The initial relaxation could be
beneficial for neuromorphic applications, as it can be used to
implement leaky-integrate-and-fire neurons [20].

3.4. Multilevel switching

The dependence of the HRS-resistance on the HRS writing
voltage amplitude was used to achieve analog multilevel switching

hm
-
o
2
T
1
wv
<
1l

Resistance (O

=
o
o
T

]
]
il

+18 V

,_.
S
T
‘ T
)
|}
\
\
Il

- o ” o=
1 1 Il 1 Il
0 10 20 30 40 50
Number of cycles

Fig. 7. Demonstration of the multilevel capabilities of the devices. Switching was done
by applying constant voltage pulses.

(Fig. 6). In order to do this, we utilized the pulsing protocol depicted
in Fig. 6, which consists of several negative writing pulses of
different amplitudes and an erase pulse of higher positive ampli-
tude. After each writing (or erasing) pulse we measured the
remnant resistance with a small probe voltage of —50 mV which
was low enough not to affect the resistive state.

The HRS write amplitude was varied to give rise to multiple
different intermediate resistance states spanning from the HRS
resistance to the LRS resistance. The applied LRS write placed the
device into a known and stable state which worked as a reference
point. The remnant resistance (Fig. 6 inset) measured between the
writes shows a well-defined dependence to the write amplitude on
the negative polarity. As a result, the resistance of the device can be
tuned to a desired value between the limiting HRS and LRS re-
sistances. Additionally, multilevel switching was demonstrated
with constant amplitude voltage pulses of 100 ms (Fig. 7).

As long as the resistance can be changed in small increments, an
error correction algorithm can be used to fine-tune the resistance
for improved accuracy [60]. For conventional discrete memory
applications, the demonstrated 4 states can be extended by intro-
ducing more steps in the writing voltage. The devices are also
suited for neuromorphic applications as the switching doesn't have
discontinuities in the negative polarity, which allows the storing of
synaptic weights [21,22].

4. Conclusions

To summarize, RS devices were manufactured from the perov-
skite PrggCap4MnO3 with an asymmetric pair of Ag and Al metal
interfaces. The devices exhibited stable bipolar switching with
multiple intermediate resistive states. The switching was shown to
be non-volatile and repeatable. The conduction model analysis
indicates an interplay of bulk-limited Poole-Frenkel conduction and
interface-limited Schottky conduction depending on the device
state, hinting to a modulation of the AlOy barrier thickness due to
field-assisted oxygen vacancy migration. The resistance states show
a well-defined dependence on write voltage which allows for a
selection of resistance values between two limiting values when a
suitable programming sequence is used. The multilevel switching
makes the device a candidate for neuromorphic memory applica-
tions, although further work is needed in optimizing the devices
and taking advantage of their conduction mechanisms in order to
better mimic the special functionalities of biological systems.
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We report on results of electrical transport properties of Gd;_,Ca,MnO; (0 < x < 1) thin films fabricated on top
of SrTiO; substrates by pulsed laser deposition. The lowest studied doping level (x < 0.1) was enough to trigger a
transition from the antiferromagnetic state present in the parent compound (x = 0) to a ferrimagnetic state. Up

T;‘i“ ‘f““}s to x = 0.3, the system exhibits a high temperature insulator paramagnetic state and a low temperature insulator
Electrical transport ferrimagnetic one. At higher concentrations, the electrical and magnetical properties of the films differ drasti-
Magnetoreslstance

cally from the bulk form which shows a strong antiferromagnetic behavior. At mid Ca substitution
(0.4 < x < 0.7), samples show a high temperature charge ordered state with ordering temperatures around room
temperature and a low temperature glassy state which was not observed in their bulk counterparts. In contrast,
high x samples show a high temperature conductive paramagnetic state and a low temperature insulator anti-
ferromagnetic phase. More interestingly, sample x = 0.9 shows a distinct minimum in the resistivity versus
temperature plots and a region of thermal hysteresis which indicate a first order transition. Magnetoresistance
measurements display a strong irreversibility which we attributed to phase separation effect of a kinetically
arrested ferromagnetic metallic phase and a stable antiferromagnetic insulator phase. Based on the above ob-
servations and previous magnetic results, we have reconstructed a phase diagram and characterized the prop-

Phase diagrams

erties of each phase.

1. Introduction

The exceptional electrical transport properties of mixed valence
perovskite manganites R,;_ AMnO; (R = rare earth cation,
A = alkaline earth cation) have created a surge in interest due to their
possible technological capabilities [1]. This is largely due to the colossal
magnetoresistance effect (CMR) which stems from an intrinsically in-
homogeneous ground state usually comprised of metallic ferromagnetic
(FMM) and insulating antiferromagnetic (AFI) domains [2,3]. This
place them as key materials for applications in a variety of systems such
as magnetic random access memories (MRAM) [4,5], magnetic sensors
[6,7], and various spintronics devices [8,9]. Furthermore, interfaces
made of these materials have shown non-volatile and reversible re-
sistance properties, making them also suitable to perform as resistive
random access memories (RRAM) [10,11].

It is well known that all the physical properties of manganites are
extremely sensitive to the ionic size of both the rare-earth metal and the
alkaline cation [12]. The more the lattice distorts from the cubic per-
ovskite structure, the lower the electron bandwidth will be. While the
higher bandwidth compounds (La, Pr, or Nd) have been intensively
investigated [2,12,13], much fewer studies have been performed on the

E-mail address: alejandro.schulman@utu.fi (A. Schulman).
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heavier R systems, which have a very distorted perovskite structure
[14-16]. Due to the small size of the Gd** ion, the Gd;_,Ca,MnO;
(GCMO) family is considered a low bandwidth manganite and is usually
characterized by an insulating behavior [17-19]. There are very few
comprehensive studies on the physical properties of Gd;_,Ca,MnO;
compared to other manganite compounds, possibly due to its lack of
transition to the metallic state and a large neutron absorption cross
section which makes it very difficult to establish a reliable phase dia-
gram.

It is known that for low x concentrations (0 < x < 0.4), the system
shows a paramagnetic insulator behavior with a transition to a ferri-
magnetic insulator state at low temperatures which can be interpreted
as two interacting magnetic networks with a Mn-based and a Gd-based
ferromagnetic sublattices with opposite orientations [18,20,21]. Ad-
ditionally, Kimura et al. [22] showed that ferroelectricity can be in-
duced by applying magnetic fields as low as 1T. This strong magneto-
dielectric coupling could be of interest for the design of future magneto-
optic devices [23]. For mid x values (0.4 < x < 0.7), there is an in-
sulating charge (and orbital) ordered state (CO/OO0) at high tempera-
tures where the carriers are localized in a checkerboard pattern
[13,24]. Also, this substitution shows a metal-insulator transition
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without a phase transition at high temperatures [17,25]. Nonetheless, it
has been shown that a transition to a metallic phase (IMT) can be in-
duced by the application of an external electric field even at room
temperature [26]. High x concentrations (0.8 < x) present a low tem-
perature antiferromagnetic state and hints of a competing ferromag-
netic phase that leads to frustration and a glassy state [27-29] but very
little information was found on the electrical transport properties in this
substitution range at low temperatures [24].

Moreover, when such materials are prepared in thin film form, their
physical properties can be different from the ones observed in bulk form
and are usually sensitive to the choice of deposition method, para-
meters and substrate [30]. It is why is very important to construct a
phase diagram with samples fabricated in similar conditions, especially
for thin films. In our previous study [31], we surveyed the magnetic
phase diagram of this family in thin film form. We found that transition
temperatures of the CO/00 phase of mid range concentrations were
shifted almost 100 degrees towards higher temperatures and that con-
centration x = 0.4 also presented the CO/OO phase which was not
present in its bulk counterpart. Since a detailed study of the electrical
transport properties as a function of composition and external factors
(e.g. temperature and field) is still lacking; we have combined our
previous study of magnetism with electronic transport measurements
and reconstructed the completed phase diagram by characterizing each
phase with its associated electrical and magnetical properties.

2. Experimental details

Epitaxial thin films of Gd;_,Ca,MnO; (0 < x < 1) (GCMO) were
deposited by pulsed laser deposition (PLD) on top of SrTiO; (STO)
substrates. For all the concentrations we utilized 1500 pulses of XeCl-
laser (A = 308 nm) with energy density 2 J/cm? and frequency of 5 Hz.
The deposition temperature was 700 °C and the oxygen partial pressure
was kept at 23 Pa, post-deposition annealing was performed in situ at
atmospheric oxygen pressure for 10 min also at 700 °C. Phase purity
and film crystallinity were examined by X-ray diffraction (XRD), and all
samples were found to be single phase and of good quality, specifics of
the deposition process and crystal structure can be found in our pre-
vious works [26,31]. To further assess the quality of the samples and
their strain state, reciprocal space mappings (RSM) were collected with
a Panalytical Empyrean diffractometer equipped a PixCel 3D detector.
Electrical transport properties were measured using the four-probe
method in a 9 T Quantum Design physical properties measurement
system (PPMS). For this, four Au electrodes were sputtered on top of the
samples with a distance between electrodes of 250 um. Au electrodes
were chosen because they form an ohmic junction with the GCMO
samples if low enough bias is applied [26]. All the magnetotransport
measurements were carried out in a configuration where the applied
magnetic field is perpendicular to the sample surface.

3. Results and discussion

Our samples are grown as a single phase along the (00 1) direction as
the out-of-plane direction, and the in-plane lattice is rotated 45° with
respect to the STO lattice, as expected for these types of structures. In
order to deepen the analysis of the crystal structure of the films, we
performed reciprocal space mappings around the GCMO (116) reflec-
tion. In Fig. 1 we present the results for just three concentrations
(x = 0.2, x = 0.5 and x = 0.9) but all samples display similar results.
None of the samples showed any twinning, although the presence of
nano-twinned domains cannot be discarded as it will not be distin-
guishable with these types of scans. In fact, such domains were very
recently observed in GdMnOj; thin films using high resolution trans-
mission electron microscopy [33]. Fig. 1 show that the GCMO (116)
reflection is not aligned with the substrate (031) reflection along the
Qpu10) direction. This strongly indicates that the samples are not fully
strained. In Fig. 1, it can also be seen that the film’s reflection changes

Journal of Magnetism and Magnetic Materials 498 (2020) 166149

525=02 10°

— 5.1} 10*
e !

~=5.0 10°

=

T 49 } / 10?

= i

4.8 10

47 10°

15 117 15 1?1 1.5 1771
Q[11o1 (A ) Q[11o1 (A ) Q[11o1 (A )

Fig. 1. Reciprocal space map around the (116) Bragg reflection for the x = 0.2
(left), x = 0.5 (center) and x = 0.9 (right) films.

from an elliptic to a circular shape by increasing the doping from 0.2 to
0.5, a broadening of the peak can be expected when trying to deposit an
orthorombic structure on top of a cubic substrate [32] as it is the case
for the samples in the low substitution range, while the higher Ca
concentrations showed a tetragonal structure. The evolution of the out-
of-plane lattice parameters can also be observed in Fig. 1 and show
identical results to the ones obtained by the 6 — 26 scans along the
(001), (Okk) and (hh2h) directions [31]. Results are summarized in
Fig. 2(b) along with their bulk counterparts. Although there is a nom-
inal mismatch between the films and the STO substrate that varies with
Ca concentration, we found that the lattice parameters of the films
follow closely the values observed in the bulk samples, indicating that
the majority component of the films is fully relaxed in accordance with
what was observed in Fig. 1.

Sample surface was probed by AFM to further assess the quality of
the samples. They were found to be very smooth with a root mean
square roughness between 0.69 nm and 0.95 nm for all samples.
Thickness of the samples was determined from X-ray reflectivity mea-
surements (XRR) from the positions of the interference minima [34].
The results can be found in [31] and they show that the films become
thicker as the Ca concentration increases. This was not expected as we
utilized exactly the same deposition parameters for all samples. This
was caused by an unintended difference in the densities of our home-
made PLD targets.

The lower the Ca concentration, the denser the targets are and the
lower the films growing rate. Another cause for this could have been a
difference of the deposition rate of the Gd as compared to Ca, which
would result in an enrichment in Ca with respect to nominal con-
centration. To check for this effect, we have estimated the chemical
compositions of all the samples by energy dispersive spectroscopy
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Fig. 2. (a) EDS analysis of the spectra obtained for the x = 0.4 film. (b) Lattice
parameters of the films and bulk samples as function of the Ca substitution. The
dashed line indicates the STO diagonal value (5.52 A) as it is assumed that the
film crystal lattices are rotated 45° with respect to the STO.
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Fig. 3. Temperature dependence of the four wire resistivity for the whole stu-
died concentration range (0 < x < 1).

(EDS). In Fig. 2(a), we show the spectra for sample x = 0.4 as an ex-
ample, since all samples showed equivalent results. The EDS analysis
confirmed the elemental compositions of all samples, which showed a
composition similar to the nominal values and no systematic deviation
of the nominal compositions in function of x was observed.

Fig. 3 shows the temperature dependence of the resistivity for all
studied concentrations. It is clear that the resistivity changes con-
sistently as the doping is modified until an insulator-to-metal transition
can be observed for x = 0.9 at low temperatures. At first glance, the
samples display very similar semiconducting-like behavior. However,
detailed analysis of the curves reveal great differences in the conduction
mechanism depending on the value of x. The resistivity data was ana-
lyzed using the procedure suggested by Zabrodskii and Shlimak [35].
As for all manganites in the insulator state, the resistivity data can be
fitted to the general hopping law expression: p(T) = p; T‘exp(%)P,
where p; is a prefactor, the exponents s and p determine the dominant
type of conduction mechanism. For example, exponents s = 0 and
p = 1 indicate a thermal activation of the charge carriers from valence
band to the conduction band across the band gap, while s = 1 and
p = 1 indicate that the adiabatic Emin-Holstein model or small po-
laronic hopping is dominant. The case of an exponent s = 0 and p lower
than 1 is characteristic of the variable range hopping conduction
(VRH). In the VRH case, p relates to the dimensionality of the con-
duction. The type of VRH can also be differentiated by the value of the
exponent p (with p = 0.25 for a Mott type and p = 0.5 for the Efros and
Shklovskii type (ES)). The Mott type takes place when Coulomb inter-
actions are negligible while the theory of VRH conduction in the pre-
sence of a Coulomb gap is described by ES-VRH model [36,37]. To
determine the dominant conduction mechanism, we utilize the so-
called reduced activation energy w = —d(log(p))/d(log(T)) [35,38].
In the cases where s = 0, the conduction mechanism can then be ob-
jectively determined by analyzing the slopes of w vs. temperature in a
double logarithmic scale, as showed in the inset of Fig. 4. The best fit of
the slope directly produces the exponent p which are presented in
Fig. 4. For the thermally activated mechanisms that have s # 0 and
p = 1, we still expect to see an exponent p close to 1, due to the low
temperature range that we are measuring and the typical band gap of
the manganite system. Nevertheless, all the cases where exponent p ~ 1
will be further analyzed to determine their respective conduction me-
chanism. While all the samples were analyzed successfully by this
method, we show the w vs. log (T) plots for only half of them (the even
numbered) in the inset of 4 as an example. The results of the complete
analysis is summarized in the main panel of Fig. 4 and show four dis-
tinct doping regimes: 0 < x <04, 04 <x<0.7, 0.7 <x<0.85 and
085 <x<1.

In the low Ca concentration region (0 < x < 0.4), the obtained
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Fig. 4. Exponent p versus x. It can be seen that different concentrations have
different conduction mechanisms. Samples x = 0.4 and x = 1.0 exhibit two
exponents which corresponds to different temperature ranges, a small polaron
conduction for high temperatures for both samples, and ES-VRH and Mott VRH
at low temperatures for x = 0.4 and x = 1.0 respectively. Inset: dependence of
the logaritmic derivative d(log(p))/d(log(T)) plotted in a double logarithmic
scale. The curves are shifted for clarity.

exponent is close to 1 which indicates a thermally activated conduction,
either similar to bad-gap semiconductors (with s = 0) or polaronic in
nature with s = 1 or s = 3/2 for adibatic and non-adiabatic polaronic
conduction, respectively. After plotting the curves in the correct axis, it
is clear that the conduction mechanism in this substitution range can be
well explained by the adiabatic Emin—-Holstein model [39] which gives
a resistivity of the form p(T) = p;Texp(Ea/kzT), where p; is a tem-
perature independent pre-factor, ks the Boltzmann constant and E, the
hopping energy. This thermally activated model is very common on
manganites in their high temperature paramagnetic phase and is related
to the electrons’ coupling with the elastic lattice polarons originated
from the strong Jahn-Teller effect of Mn** ions [40]. The small polaron
mechanism implies that differently to the band-gap semiconductors, the
highly temperature-dependent quantity is the mobility instead of the
carrier density which is consistent with the Hall effect measurements
[41]. Unlike other manganites, the GCMO in this substitution range
does not exhibit a metal-insulator transition or a large magnetoresis-
tance near the Curie temperature, probably due to the small ionic size
of Gd**. To calculate the polaron hopping energies, we replotted the
resistivity curves as In(p/T) vs. 1/T (Fig. 5(a)), which yields a straight
line where E, can be directly obtained from the slope (see inset of
Fig. 5(a)). We observe a decrease in the hopping energies with in-
creasing Ca substitution and this can be explained by taking into ac-
count that an increase in x causes a larger bandwidth. This in turn
causes a charge delocalization due to a decrease of the electron—phonon
interactions, and thus, the energy required to liberate a free carrier is
reduced, which is consistent with the trend observed in Fig. 3. Values
for the inferred E, are very similar to reported ones in other manganite
compounds in the high-temperature paramagnetic insulator phase
[42-45].

Sample x = 0.4 displayed a crossover of conduction mechanisms. At
around 180 K the exponent changes from 1 to 1/2, as can be seen in the
inset of Fig. 4. The electronic transport below the transition point
corresponds to the ES-VRH mechanism. Interestingly, between the
concentrations 0.4 and 0.7 a high temperature charge-order phase was
observed in the magnetic measurements. Therefore, the observed
transition from small polarons to VRH conduction in the x = 0.4
sample, is most likely related to this different magnetic phase. Indeed,
in half-doped manganites, the Coulomb interaction is believed to be the
source for the charge ordering [46]. Fig. 5(b) shows the fit for p = 0.5
in samples with Ca concentration between 0.4 and 0.7. For x = 0.4 and
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Fig. 5. (a) Arrhenius-type plot (In(o/T) vs. 1/T) for the resistivity in the 0 < x < 0.4 range showing a good fit to the adiabatic, small-polaron hopping model. In
sample 0.4 a transition to another transport mechanism is clearly observed at around 180 K. Inset: Hopping energies obtained with the fitting according to the small

polaron model. (b) Semilog plot of the resistivity vs. T-7 for 0.4 < x < 0.8 concentrations with the linear fit showing the ES-VRH conduction regime, and a com-

parison with sample x = 0.8 which does not show signs of charge-order effect or ES-VRH conduction at any temperature. (c) Semilog plot of the resistivity vs. T4 for
x = 0.8 and x = 1.0, indicating that Mott VRH is the dominant conduction mechanism for this Ca concentrations in the AFM phase. The inset show the fit to the SP

conduction model for sample x = 1.0 at higher temperatures.

0.7, it can be seen that the transition temperatures are much lower than
for samples with x = 0.5 and 0.6, which is consistent with the magnetic
phase diagram. We also observe that sample x = 0.8 does not follow
the ES-VRH theory in any temperature range which is also consistent
with magnetic measurements since this composition does not show the
charge-ordered phase. In contrast, sample x = 0.8 shows the metallic-
like phase in the paramagnetic phase and for the insulator anti-
ferromagnetic phase we found that the exponent was closer to 1/4 (see
Fig. 4) which signatures the dominance of the Mott VRH conduction
mechanism, as can be seen in Fig. 5(c). The parent compound CaMnO;
shows similar results to the ones reported elsewhere [2,47-49] and, it is
known that this sample is a Mott insulator with a transition to a G-type
antiferromagnetic state at around 100 K. As expected, once the sample
is in the AFM state, the dominant transport mechanism becomes Mott-
VRH as is evidenced by the reduction of the observed exponent from 1
at higher temperatures to 1/4 below the transition. The high tem-
perature transport mechanism was also found to be dominated by the
Emin-Holstein model as shown by the straight line present in the inset
of Fig. 5(c). This is also supported by the fitting where we obtained an
activation energy of around 590 eV which is well consistent with values
reported earlier [50].

Sample x = 0.9 shows a very interesting behavior that was not ob-
served for the same concentration in bulk form [24]. While at high
temperatures it shows signs of polaronic conduction (see Fig. 4 and the
inset of Fig. 6) similar to samples with low Ca concentration (x < 0.4);
at lower temperatures, an unexpected metal-insulator transition was
observed (Fig. 6), followed by a resistivity minima and an upturn at
lower temperatures. Interestingly, the sample shows a clear thermal
hysteresis that signifies the first-order nature of the transition. This
transition can be dramatically influenced with the application of mag-
netic field and the resistivity shows a history effect, i.e. distinct paths
can be achieved by utilizing different measurement protocols. We ex-
plored three different protocols, as shown in Fig. 6: (i) Resistivity was
measured during both cooling and warming at zero magnetic field. (ii)
Resistivity was measured during the warming path at zero field after
cycling the magnetic field at 10 K (the response of the resistivity during
the magnetic cycling is presented in Fig. 7 (top). (iii) Resistivity was
measured during cooling and warming while applying a magnetic field
of 9 T.

It can be seen that at high temperatures all paths are identical and
that the bifurcation between curve (i) and (ii) appears at the transition
temperature, while the bifurcation of curve (iii) occurs at a higher
temperature. This behavior can be explained through a phase separa-
tion scenario with a coexistence between an insulating anti-
ferromagnetic phase and a metallic ferromagnetic one. When a mag-
netic field is applied in this coexistence region, the FMM domains will
spread rapidly and the resistivity will possess a metallic behavior which
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Fig. 6. Resistivity of the sample x = 0.9 as a function of temperature in both
zero field (i) and in presence of 9 T (iii) perpendicular to the surface of the
sample. Curve (ii) shows the warming up at zero field after cycling the field up
for the magnetoresistance effect at 10 K (Fig. 7 (top)). A large difference be-
tween the different measuring protocols is clearly noticeable. Inset shows that
adiabatic small polaron hopping is dominant conduction mechanism in the high
temperature paramagnetic phase.
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Fig. 7. Magnetic field dependence of the resistivity of the sample x = 0.9 at
various constant temperatures.

has a non-volatile character. This is due to the critically slow dynamics
of the phase transition as the transformation from high temperature to
low temperature phase is thwarted on the measurement timescale [51].
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As a result, a glass-like arrest of a long range ordered state at low
temperatures is observed [52]. With this assumption of a two phase
component system the resistivity can be described through an effective
medium approximation [53], where f is the fraction of volume of the
FMM phase and (1 — f) is the fraction of volume of the AFI phase. In
this scenario, the application of a magnetic field increases f (decreasing
(1 — f) which generates a strong negative CMR. Since the FMM is
arrested and cannot go back to the equilibrium, the coexistence remains
to the lowest measured temperature. Moreover, when the field is
switched off at a temperature much lower than the transition, the CMR
effect is maintained as demonstrated by the difference in the (i) and (ii)
curves. Another verification of this arrested phase is the observed
logarithmic dependence of the time relaxation (not shown here), which
is a typical signature of glassy states. Although similar arrested phases
have been observed in other manganite materials such as
NdgsSrpsMnOs [54] and GdgsSrysMnOs [55], in most cases in biblio-
graphy the arrested phase is present only at half doping and rarely at
high substitution ranges as in this case [2].

To study this arrested phase in more detail, we performed iso-
thermal measurements of p vs. H at temperatures above and below the
transition temperatures (Fig. 7). Above the transition, no hysteresis was
observed and the sample shows a small negative magnetoresistance of
around 2%. As expected, the behavior at lower temperatures is much
more complicated. The virgin curve (path 1 in Fig. 7) is different than
the subsequent cycles and it shows the transition from the AFI to the
arrested FMM phase. The resistivity change was found to be irrever-
sible, since reversing the field only partially restores the sample to the
original AFI phase, indicating the non-volatile property of the CMR
effect. The difference between the virgin curve and the stable cycles
decreases with increasing temperature because the thermal energy
starts to compete with the energy barriers between the FMM and AFI
phases which will result in a lowering of the arrested FMM fraction.

By combining all the transport measurements results along with
previous magnetization studies [31], we were able to reconstruct a
phase diagram as shown in Fig. 8. We were able to identify the domi-
nant conduction mechanism for all concentrations and link them with
their respective magnetic phase. The resulting phase is somewhat si-
milar to other low bandwidth manganites, especially Tb;_,Ca,MnO;
[14] where a CO/OO phase near room temperature was observed at
half doping levels and a mixture of phases is present at higher dopings.

The adding of Ca to GAMnO; introduces a hole in the vicinity of the
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350 —@- Tc,N(this work) PM
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_250F = .
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- 150 SP
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Fig. 8. Phase diagram (in the x — T plane) for Gd, _,Ca,MnO;. PI, PM, FiMI, AFI,
CO, Mott-VRH, ES-VRH and SP abbreviations denote paramagnetic insulator,
paramagnetic metal, ferrimagnetic insulator, antiferromagnetic insulator,
charge-order, Mott variable range hopping, Efros and Shklovskii variable range
hopping, and small polaronic conduction, respectively. The crosshatched region
denotes the range over which the coexistence between the AFI phase and an
arrested FMM phase was found. The various lines are simply guides to the eye.
Previously obtained transition temperatures measured by magnetic measure-
ments are also included for comparison.
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Ca’* jon, which in turn is compensated by adding an electron from the
Mn, thus creating a Mn**. This process creates a transition from the
AFM phase existent at x = 0 to a ferrimagnetic (FiM) one for
0 <x < 04. This was verified by the magnetization measurements
which show the magnetization changing sign towards negative results
for x < 0.5. This is the result of the Gd spins being anti-parallelly or-
iented with respect to the Mn spins. We also noticed that in this region
the Curie temperature rises as the value of x increases which could be
attributed to an increase of the Mn-O-Mn angle as well as a decrease in
b cell parameter [24], indicating a reduction in the Jahn-Teller dis-
tortion [56,57].

Mid concentration samples showed a clear signs of ES-VRH con-
duction consistent with the observed charge-ordered phase. At lower
temperatures the samples show a transition to an ordered ferrimagnetic
state which is a sharp contrast to bulk results which displayed AFM
ordering. It is possible that the AFM ordering is also present in the film
samples and that the true ground state is a mixture of phases. More
studies are needed to understand the nature of the ground state and the
difference between bulk and thin film properties.

When comparing samples with both high and low Ca substitution,
we noticed that they both possess a high temperature paramagnetic
state but with wildly different electronic transport properties. While
low x concentrations show semiconducting behavior, high x samples
exhibit a low conductivity behavior which is a common feature in
lightly electron doped Ca-based manganites [15,58,59].

At low temperatures for sample x = 0.8, the AFM ordering becomes
predominant. Sample x = 0.9 show a different behavior as x = 0.8 did
not show any sign of a metal-insulator transition or CMR effect in the
whole studied temperature range even though it possesses a magnetic
transition at around 100 K. The x = 0.9 sample shows a very distinct
behavior when compared with the rest of the series and their bulk
counterparts, although more studies are necessary to understand the
exact nature of the coexistence region and the properties of the arrested
FMM state which seems to have a glassy behavior. Unfortunately, due
to the large neutron cross section of Gd, it is very difficult to determine
the true magnetic ground state of the system and therefore other
complementary techniques such as electron magnetic resonance [60] or
X-ray Magnetic Circular Dichroism (XMCD) are necessary to achieve
this task.

4. Conclusions

We have presented detailed electronic transport results on epitaxial
Gd;_y CayMnO; thin films in the whole substitution range (0 < x< 1).
For x < 0.4 the curves show an insulator behavior with a conduction
mechanism dominated by small polaronic hopping. Sample x = 0.4
shows a transition from small polaronic hopping to ES-VRH at around
180 K which is related to the magnetic transition between a para-
magnetic state and a charge-ordered one. Samples with 0.4 < x< 0.7 all
exhibit the high temperature high order phase accompanied with ES-
VRH conduction while x = 0.8 shows a high temperature paramagnetic
state low conductivity behavior and a low temperature anti-
ferromagnetic state characterized by Mott-VRH conduction. Sample x
= 0.9 showed a very intriguing behavior where the system shows a
clear thermomagnetic history dependence in its electronic transport
properties and a non-volatility of the magnetic field induced resistivity
change. The observed phenomena have been explained through the
phase separation scenario and a kinetic arrest of the electronic phase.
This leads to a coexistence of an AFI and kinetically arrested FMM
phases at low temperatures. The sample can be stabilized in the me-
tastable FMM phase by applying magnetic field where the sample re-
mains in the arrested phase even if the field is removed. Based on all the
experimental results, the phase diagram has been constructed and the
dominant characteristic of each phase has been established.
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ABSTRACT: We report on the resistive switching (RS) properties of Al/
Gd,_,Ca,MnO; (GCMO)/Au thin-film memristors. The devices were studied
over the whole calcium substitution range x as a function of electrical field and
temperature. The RS properties were found to be highly dependent on the Ca
substitution. The optimal concentration was determined to be near x = 0.9, which
is higher than the values reported for other similar manganite-based devices. We
utilize an equivalent circuit model which accounts for the obtained results and
allows us to determine that the electrical conduction properties of the devices are
dominated by the Poole—Frenkel conduction mechanism for all compositions. 1
The model also shows that lower trap energy values are associated with better RS 10+
properties. Our results indicate that the main RS properties of Al/GCMO/Au E
devices are comparable to those of other similar manganite-based materials, but

there are marked differences in the switching behavior, which encourage further
exploration of mixed-valence perovskite manganites for RS applications.
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B INTRODUCTION

In recent years, many memory technologies have emerged with
the goal to replace traditional charge storage-based memory
technologies, which are approaching their physical limits of
scalability. The most prominent of them are random access
memories based on phase change, resistivity change (RRAM),
spin-transfer torque magnetoresistance, and ferroelectricity.
Out of them, the resistive switching (RS)-based RRAM has
been recently gaining traction due to its promising character-
istics. The research on RRAM devices has been active since the

kernel 01:)erati0ns,l which pave the way for efficient
hardware-based machine learning.

A lot of promising research, including many of the
mentioned demonstrations have been performed using
mixed-valence perovskite manganites R;_ A MnOs, where R
is a rare-earth cation and A is an alkali or alkaline earth cation.
These compounds are versatile for RS applications since as the
concentration of divalent A cations x changes, the compounds
go through significant changes in the RS properties.
Manganite-based RS devices have been shown to possess
good device-to-device Variability,13 forming-less operation,14

early 00’s, and many candidate materials and explanations for
the phenomenon have been proposed.'

In RS, the resistance of the device can be controlled with an
electric field in a nonvolatile way, enabling two-terminal
devices with good spatial scalability and minimal supporting
circuitry. The phenomenon is based on controllable and
reversible structural modification, which is most commonly
achieved by the movement of oxygen vacancies.' This
contrasts with conventional transistor-based memory tech-
nologies, where the state is stored nonstructurally in the
electrical charge. The advances in RS research have led to
device demonstrations with high switching speeds, robust
endurance, low power consumption, and compatibility with
existing electronics.”® RS devices have also found use in
information processing applications, such as neuromorphic
computing,” matrix-vector multiplication,'’ and convolution

© 2021 American Chemical Society

A4 ACS Publications

and well-controlled analogue resistance states,'® all of which
are beneficial in building neuromorphic circuits.'®

The most commonly studied manganite compound is
Pr,_,Ca,MnO; (PCMO) with x = 0.3, which has been proven
suitable for both memory and neuromorphic applications with
well-performing single devices and large-scale crossbar arrays
integrated into existing semiconductor technology.**'¥'*!7~*?
Other members of the mixed-valence manganite family, such as
La,_,Ca,MnO;* and La,_,Sr,MnO; (LSMO),”" share a
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similar RS mechanism®* but have distinct RS characteristics
which vary over the calcium substitution range. Currently,
many of the possible cation combinations remain unexplored,
and the optimal manganite material for neuromorphic
applications remains undecided.

Manganite-based RS devices usually consist of metal-oxide-
metal layer structures, in which one of the metal-oxide
interfaces acts as an active electrode where the RS happens.
The active interface is made from a reactive material, such as
Al, Ti, or TiN, which forms an insulating oxide barrier layer
with the manganite"* (Figure 1 inset). The properties of the
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Figure 1. Averaged I(V) curves for Al/GCMO/Au and Au/GCMO/
Au interfaces with x = 0.85 over 50 repeated measurements; the
lighter shade indicates individual measurements. The conduction in
Au interfaces is Ohmic, and the switching happens at the Al interface.
The inset shows the measurement configuration and the active
aluminum switching interface with the oxygen-deficient GCMO
region and the AlO, barrier layer.

barrier are modified with a controlled electric field. The field
causes oxygen vacancy drift at the interface and the perovskite
structure in the vicinity of the interface.”* These changes in
turn enable nonvolatile control of the resistivity and
capacitance of the RS device."?*

In this article, we report the RS properties of
Gd,_,Ca,MnO; (GCMO) (0 < x < 1) for the first time.
GCMO is studied with aluminum as the active electrode, and
the resulting devices are characterized and analyzed over the
whole calcium substitution range as a function of temperature
and electric field. As a mixed-valence perovskite manganite,
GCMO is structurally similar to PCMO, but the Gd cation has
a smaller ionic radius than Pr, which entails a more distorted
structure. This causes a lower bandwidth and more insulating
bulk, which is beneficial in RS applications due to lower
leakage currents. The calcium concentration series of the
GCMO is found to have optimal RS properties at high calcium
doping, which cannot be predicted from previous studies on
other manganite materials.

B EXPERIMENTAL DETAILS

Gd,_,Ca,MnO; thin films with a thickness of approximately 100 nm
were deposited on 5 X 5 X 0.5 mm® (100) SrTiO; (Crystal GmbH)
substrates by pulsed laser deposition using 4 = 308 nm XeCl-laser.
The pulse duration was 25 ns, repetition rate 5 Hz, laser fluence 2 J/
cm? and the pressure of flowing oxygen in the chamber 0.175 Torr.
Each sample was deposited using 1500 pulses. The films were grown
at 700 °C with in situ postannealing treatment of 10 min in
atmospheric oxygen pressure. The films were made from deposition

targets which were fabricated for the whole calcium range in
increments of 0.1 and for concentrations x = 0.85 and x = 0.95.>°
The grown films were verified to be well-crystallized and epitaxially
textured by X-ray diffraction (XRD). The elemental compositions of
the samples were verified using energy-dispersive spectroscopy, which
showed compositions similar to the nominal values and no systematic
deviation.”® More details on the fabrication process and XRD analysis
can be found in refs 27 and 28.

The Al/GCMO/Au RS devices were made by depositing 0.5 mm
diameter metal electrodes on top of the films using room-temperature
Ar-ion DC sputtering. Wiring was done with a wedge wire bonder
using a 40 um diameter Al wire. The separation distance between the
electrodes was approximately 200 ym. The reproducibility of the RS
was confirmed by testing multiple thin-film devices made on separate
substrates. The characteristics were found to be consistently similar.

Electrical measurements were performed in a planar configuration
as schematized in the inset of Figure 1 using a Keithley 2614b
sourcemeter. The I(V) loops were measured by sweeping the voltage
in a sequence of steps 0 — V., — —V.;, = 0 with logarithmic
amplitude progression, 100 ms step width, and a 100 ms low-voltage
read between each step. Each room-temperature loop measurement
was repeated 50 times in order to confirm the stability of the RS
device. The voltage amplitudes for inducing high resistance state
(HRS) and low resistance state (LRS) were chosen to give maximum
switching ratio without damaging the device. The voltages represent
extremes, and the optimal values for applications could be lower.
Datapoints were measured during and after the writing pulse. The
low-voltage current read was set at 450 mV, which was determined to
be in the Ohmic region for all calcium concentrations.

B RESULTS AND DISCUSSION

The fabricated devices were designed to have only one active
interface. This was achieved by using gold and aluminum
electrodes. The gold interface does not contribute to the
switching and forms an Ohmic interface with GCMO (Figures
1 and 2). Similarly, when Kelvin probe measurements are done

—_ 7 g
g 10
(0]
2
© 10°-
-
()
b R (fit)
(0] Rp (fit)
o« 103 - Au-electrodes
-@-LRs
—-@- HRS
0.0 0.2 0.4 0.6 0.8 1.0

X

Figure 2. Resistance values for GCMO with Ohmic interfaces (Au
electrodes) and Al interfaces (HRS and LRS) over the calcium
substitution range x at room temperature. R, and R;, show results from
the conduction model fit (Figure 6 inset); R, coincides with the
Ohmic interface, and R, coincides with the HRS.

on the bulk of the GCMO thin film, the conduction is linear
and the switching is not present, narrowing the switching
phenomenon to the vicinity of the aluminum interface.

The aluminum electrode forms a rectifying AlO, layer and
depletes the perovskite structure of GCMO from oxygen in the
region near the interface (Figure 1 inset). The effects of the
interface layer and oxygen depletion compound create an
insulating interface. The extent of these effects can be
modulated by applying an electric field to the device, which
moves oxygen vacancies in and out of the interface depending

https://doi.org/10.1021/acsami.1c02963
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on the polarity of the field. The movement of oxygen vacancies
modifies the AlO, layer and the oxygen deficiency level of the
interfacial GCMO, which leads to nonvolatile hysteresis in the
I(V) properties.”” Both the AlO, layer and the formation of
oxygen-deficient perovskite region have been observed in other
manganite oxides.”*** 3>

The switching in the devices is bipolar, where the high and
low resistive states can be achieved by the application of
opposite voltage polarities, similar to what has been reported
for other manganite compounds.”'”?***3*73¢ The voltage
amplitudes for RS are asymmetrical, and the transition to the
negative polarity-induced HRS happens at a lower amplitude
than the positive polarity-induced LRS transition. The pristine
state of the devices is close to the LRS. The switching between
HRS and LRS happens gradually, which makes it possible to
program intermediate states. The switching in the devices does
not require a high-field forming step or current limitation,
contrary to many other RS materials.

Effect of Calcium Doping. The calcium substitution x
greatly affects both the bulk and RS properties of the GCMO
(Figure 2). The Au interface remains Ohmic over the whole
substitution range and does not contribute to the switching.
The resistivity of the Au interface is lower at higher x, with the
minimum at x = 0.85. The resistance values of the Au interface
coincide with the existing four-point measurements on GCMO
thin films.*

The averages of 50 stable I(V) loops of the Al interface as a
function of calcium substitution level x are shown in Figure 3

|Current| (A)

[ B R B (R
-20 -15 -10 =5, 0 5 10

Voltage (V)

Figure 3. Averages of SO repeated I(V) loops for each calcium
substitution level. Required switching voltages decrease at higher x,
and the switching becomes more asymmetric.

and the corresponding switching ratios are shown in Figure S.
The switching ratio is defined as the ratio of stable minimum
and maximum resistances measured at 450 mV, which is in the
linear region and below the switching threshold for all
concentrations. The switching is linked to the nonlinearity of
the Al interface, since below x = 0.4, the samples show nearly
Ohmic behavior and the switching is weak.

The nonvolatile bipolar RS is present in the range 0.4 < x <
0.95, and the switching properties peak in the range 0.7 < x <
0.95. The concentrations with a low x have high bulk resistivity
and require large voltage amplitudes to induce switching. The
required switching voltages decrease, and the asymmetry in
switching voltages increases at substitution levels above x = 0.7.

The optimal calcium concentration for RS was found to be x
= 0.85, which is the point where the maximum HRS resistance,

108+

Q)

Bias resistance (

15 20

0 5

10
10* Cycles

Figure 4. Device endurance of the calcium substitution x = 0.85 over
2 X 10° repeated alternating HRS and LRS pulses. The reading was
done between the pulses at the Ohmic region with 450 mV voltage
amplitude.

5 —— GCMO/AI
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- g=
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Figure S. Switching ratio over x for Al/GCMO, Ti/PCMO,z4 Ti/
LSMO,’;7 and Au/LSMO.*® The ratio for GCMO was determined
from after-pulse measurements of switching loops at 450 mV, where
the samples were Ohmic. Results for Ti/LSMO reprinted with
permission from®” Copyright 2006 AIP publishing. Results for Ti/
PCMO reprinted with permission from™* Copyright 2009 American
Physical Society. Results for Au/LSMO reprinted with permission
from® Copyright 2013 Elsevier.

the lowest switching voltages, and the lowest bulk resistivity are
reached (Figures 2 and 3). The optimal concentration of x =
0.85 was also confirmed to withstand over 2 X 10° repeated
cycles between HRS and LRS (Figure 4). The HRS remains
above 107 Q in all switching samples, which is beneficial in
reducing the sneak-path currents in crossbar arrays, although
full mitigation requires additional measures.*

The range of calcium substitution where nonvolatile
switching is present coincides with changes in the magnetic
properties.26 The phase diagram has a gradual transition from
insulating to metallic state (where the derivative of resistivity
with respect to temperature is positive), which begins at x =
0.5 and ends at a region between x = 0.95 and x = 1.0, after
which the bulk becomes insulating at x = 1.0. The conditions
for magnetic charge ordering also set in at x = 0.4 and
disappear approximately at x = 0.7, with effect being the
strongest at half-doping.

Other Manganites. In order to highlight the differences
between GCMO and other manganite materials, the switching
ratios obtained from Al/GCMO over the calcium concen-
tration range x were compared with other studies on
manganites (Figure S). The switching ratio was used in the
comparison, since absolute values, such as resistances and

https://doi.org/10.1021/acsami.1c02963
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threshold voltages, depend on the size and geometry of the
device.

The other materials used in the comparison were Ti/
LSMO,*” Au/LSMO,*® and Ti/PCMO.** The comparison was
made against studies which included a series of devices made
with different calcium concentrations, and this allowed the
determination of the optimal x for each material/electrode
combination. The authors of the Ti/LSMO study point out
that the Al switching in LSMO is similar to the Ti switching
with a slightly lesser switching ratio.”’

The behavior of the GCMO is different from the LSMO and
PCMO samples. What can be seen is that the optimal ratio is
in a different part of the phase diagram. While LSMO and
PCMO have the maximum at half-doping, the optimal region
for the GCMO is at x = 0.9, a composition where the other
materials do not show switching at all. This is remarkable since
the compared materials share similar structural and magnetic
properties, and the physical mechanism behind the RS process
has been established as universal for the family of Mn-based
devices."?>*"

RS in PCMO-based devices has been extensively studied,
and most works tend to agree that a moderate hole-carrier
concentration of manganites is a prerequisite for the RS and
that heavy hole doping suppresses the effect.”* Our results on
GCMO indicate that we cannot generalize this conclusion to
the whole manganite family-based devices. This unexpected
result demonstrates that the understanding of the physics
beneath this phenomenon is still incomplete, and RS materials
are being neglected due to their similarity to those already
reported.

Conduction Model. The effects of x in the RS and
conduction properties were studied in more detail by analyzing
the conduction mechanism from the measured I(V) curves.
The quantity y = d(In(lI))/d(In(IV1)) was utilized to analyze
changes in the conduction exponent. Different nonlinear (NL)
elements and their combinations®' produce distinct y(V'/%)
relations, which can be used to differentiate between different
conduction models. An Ohmic interface (I o V) will result in a
constant y = 1, while a space-charge limited conduction (I
V?) dominated interface will have a constant of y = 2.
Conduction mechanisms that have an exponential dependence
between current and voltage, such as Poole—Frenkel (PF) and
Schottky, will present a straight line which will only differ in
the y-intercept value (0 for Schottky and 1 for PF).*

However, since the electric transport in our devices is not
dominated by a single conduction mechanism, 7(V'/?) will take
on varying shapes (Figure 6) due to different dominant
conduction mechanisms over the voltage range. The positive
polarity has a peak-shaped y-dependence in both HRS and
LRS resulting from an interplay of PF and Ohmic conduction
mechanisms. The y-dependence of the negative polarity has
two different modes of conduction depending on the resistive
state. The change from LRS to HRS in the negative polarity y
initially mirrors the positive polarity, until the transition to
HRS begins. In the negative HRS, the y-relation changes into a
Schottky-like conduction with a constant slope and a y-
intercept of approximately 0. The simultaneous presence of
both Schottky and PF conduction models has previous
support.* The negative polarity was not utilized in the final
model analysis due to the highly rectifying interface and the
stochastic transition from PF to Schottky-like conduction,
which is difficult to reproduce using physical models.**

—— 1. HRSoLRS
15- — 2 (rs
—— 3.LRS=HRS
10- — 4.HRS
~ Au

15 -10 -05 00 05 10 15
sgn(V):|V|2

Figure 6. Voltage sweep 7(V'/?) curves of Ohmic Au interfaces and
Al/GCMO/Au for x = 0.85. RS and nonlinear conduction happen
only when an Al interface is present. The inset shows the equivalent
circuit used in model fits, which consists of a NL element with series
and parallel linear resistances R; and R,,.

In order to properly explain the peak-shaped y(V'/2)
behavior in the positive polarity of GCMO, a more complex
circuit needs to be introduced. The positive polarity curves of
Al/GCMO can be reproduced by creating an equivalent circuit
consisting of a NL conduction element with Ohmic series and
parallel resistances R, and R, (Figure 6). The NL element
representing the contribution of the Al/GCMO interface can
be thought of as a bulk-limited PF conduction in series with a
Schottky diode.”> The circuit can be used in the positive
polarity, where the PF-based conduction dominates. A similar
peak shape has also been seen in other perovskite compounds,
such as PCMO'* and LSCO.*

The model can be expressed as an implicit equation for I and
V at constant temperature

I=A(V - I-R)[exp(B/V — I.R)] + Y-IR
Ry m
. 3 9¢ 7 i
with A = Apg exp(—kB—T) and B = PRl where T is the

temperature, Apy is a normalization factor which also depends
on temperature, q is the electron charge, ¢ is the trap energy
level, ky is the Boltzmann constant, ¢, is the vacuum
permittivity, €’ is the real part of the dielectric constant, d is
the distance where the voltage drop is produced, R is the series
resistance, and R, is the parallel resistance.”” The series
resistance R; represents the Ohmic RS-state dependent
contribution from the oxide layer and the bulk, that is, R, is
high in HRS and low in LRS. The parallel resistance R,
represents the Ohmic contribution from regions of the
interface which do not contribute to the switching; an R,
higher than the bulk resistivity is a requirement for RS.

Model Fit. The model makes it possible to separate Ohmic
components from the positive I(V) curve and examine the
underlying PF conduction, which combined with temperature
measurements gives access to the PF trap energy level ¢.

The fitting for free parameters A, B, R, and R, of eq 1 was
done by numerically solving the implicit equation and
iteratively minimizing the error with respect to the
experimental data by using a combination of basin-hopping
and Broyden—Fletcher—Goldfarb—Shanno algorithm. The
data used for the fits was the nonrectifying positive polarity
in the HRS. The HRS was used because there is a continuum
of possible states between HRS and LRS, out of which HRS
represents the maximal difference from the nonswitching
Ohmic interface (Figure 6).

https://doi.org/10.1021/acsami.1c02963
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The room-temperature fits were made for samples in the
range 0.1 < x < 1.0. The model coincided with the
experimental data at room temperature, reproducing the I(V)
relations for voltages above 400 mV (Figure 7). The series
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Figure 7. Fitted and experimental values for y(V'/?) and I(V) over the
calcium range at room temperature. The transition becomes more
abrupt at higher substitutions.

resistances R coincide with the resistance of GCMO with
Ohmic electrodes (Table 1) (Figure 2). The parallel
resistances R, were of the same order of magnitude as the
HRS states in switching Al/GCMO interfaces (Figure 2).

Table 1. Table with Parameters R, R, and ¢ from the
Model Fit and Experimentally Measured Resistances Ry,
from Symmetric Au Interfaces at Room Temperature

x R (@) R, (@) ¢ (eV) Ry, (@)
0.0 3.7 X 10°
0.1 3.6 X 10° 3.7 X 10° 19 x 10°
0.2 49 x 10* 83 X 10° 3.7 x 10*
0.3 24 % 10* 2.4 % 10° 8.9 x 10°
0.4 1.0 x 10* 2.8 X 10° 1.00 5.0 X 10°
0.5 2.6 X 10° 3.5 X 107 0.99 13 x 10°
0.6 1.1 x 10° 6.8 X 10° 0.98 1.0 x 10°
0.7 8.4 X 10* 1.1 X 107 0.85 42 X 10
0.8 2.6 X 10 9.9 X 10° 0.30 1.8 x 10
0.85 2.4 X 10* 2.1 x 107 0.44 14 x 10*
0.9 6.7 X 10 2.1 X 107 0.67 1.5 x 10?
0.95 3.3 X 10* 2.0 X 10° 0.70 1.7 X 10
1.0 2.9 X 10° 1.1 x 10° 3.1 % 10°

Temperature Dependence. We determined the PF trap
energy level ¢ by measuring the I(V) curves as a function of
temperature. The measurements were performed in a physical
property measurement system. The samples were set to the
HRS at 300 K, after which they were measured over the
temperature range with the Keithley 2614b sourcemeter. The
I-V measurements were run using a maximum voltage
amplitude, which did not induce switching at any temperature.
The measurements consisted of initially going to the maximum

temperature of 350 K, after which the temperature was lowered
to 250 K in steps of 25 K. Experimental data from each
temperature measurement was fitted to the conduction model
(Figure 8). Fitting for ¢ was performed for concentrations
which had RS and linear Arrhenius relation In(A) — 1/T; this
corresponded to the x range from 0.4 to 0.95 (Table 1)
(Figure 9).
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Figure 8. Fitted and experimental values for y(V'/%) and I(V) for « =
0.4 over the temperature range.
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Figure 9. Arrhenius plots and PF trap energy levels ¢ from the model
fit. The substitution values x where trap energy level ¢ deviates from 1
eV also correspond to good RS properties.

The trap energy level for x in the range from 0.4 to 0.6 is
close to 1 eV. From 0.6 to 0.8, the value of ¢ decreases to 0.3
eV and begins to increase again at higher x. The lowest point
of ¢ at x = 0.8 coincides with the region of highest switching
ratio (Figure S), which suggests that the magnitude of RS is
related to changes in the trap energy level. The minimum also
has the lowest threshold voltage needed for inducing HRS to

https://doi.org/10.1021/acsami.1c02963
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LRS transition and corresponds to the lowest point in the bulk
resistance of GCMO (Table 1) (Figure 2). The RS in Al/
GCMO seems to favor low bulk resistance and shallow traps at
the active interface. These findings could be useful as heuristics
for finding optimal RS parameters in other similar materials.

Bl CONCLUSIONS

In summary, we have demonstrated that the RS effect is
present in the Al/Gd,_,Ca,MnOj-interface at certain calcium
substitution values. The devices showed bipolar switching
when combined with an asymmetric combination of Ohmic
interface and a rectifying Al interface. The optimum
concentration for RS with operating voltages and switching
ratio taken into account was determined to be near x = 0.9.
This conclusion completely opposes the behavior in similar
manganites, where the optimal value is close to half-doping and
no switching is observable at high substitution values.

The positive polarity of Al/GCMO was found to obey PF
conduction with linear series and parallel resistances and the
negative polarity HRS conduction was Schottky-like. The
temperature measurements showed changes in the PF trap
energy ¢ in the range from 0.3 to 1.00 eV. The lower ¢ values
were associated with good RS properties, high switching ratio,
and low bulk resistivity.

These RS studies show that the GCMO-based devices are
on par with the other manganite-based RS materials and open
the question on whether the other unexplored members of the
manganite family could be used for RS as well. The next step in
the GCMO-based memristor devices is to use the knowledge
gained from our research to optimize the devices up to their
fullest potential and to study their properties from the
neuromorphics standpoint. This will lead to the development
of new technologies in the form of more robust and energy-
efficient memory devices and neuromorphic circuits.
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Abstract—This letter reports a compact behavioral
model for the hysteretic conduction characteristics of
Al/Gdo.1CaosMnO3(GCMO)/Au resistive switching devices
suitable for SPICE simulations. The devices are
nonvolatile, forming-less, compliance-free, and self-
rectifying multistate memristive structures that make
them of maximum interest for neuromorphic computing
and memory applications. The proposed model relies on
two coupled equations, one for the electron transport and
a second one for the vacancy displacement. First, the
fixed and variable current components that contribute to
the total electronic flow are identified and modelled. They
are tunneling- and diode-like conduction with series
resistance through the sub-oxide layer formed at the
GCMO/AI interface in combination with localized soft-
breakdown conduction. Second, the memory equation
accounts for the reversible movement of vacancies that
causes the generation and self-healing of these micro-
filaments. Importantly, the proposed model uses a novel
approach for solving the internal state of the device based
on the so-called generalized hysteron or memory map
whose application can be extended to other structures
and dynamics in addition to the ones discussed here.

Index Terms—GCMO, memristor, resistive switching

I. INTRODUCTION

EROVSKITE manganites such as Pr;Ca,MnOs; (PCMO),

La;«Ca,MnO; (LCMO), La;Sr,MnO3 (LSMO), and Gd,-.
xCaMnO3(GCMO) are considered good candidates as active
layers in memristive devices [1-5]. In general, they exhibit
good reproducibility, are forming-less and compliance-free,
and allow precise control of the resistance state, features of
utmost importance for neuromorphic and memory applications
[6,7]. As expected, the electrical behavior of these materials
largely depends on the substitution range x. In this letter, we
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focus the attention on GCMO devices with x=0.9, which has
been demonstrated to provide the highest resistance window
[8]. It has also been observed that the Au and Al metal
electrodes are associated with ohmic and rectifying contacts
with the GCMO layer, respectively [8]. The devices exhibit
asymmetrical switching voltages (Fig. l1a) and generation of
micro-filaments (Fig. 1b) in the AlOy barrier (Fig. 1c) at the
transition voltage V=3V. The displacement of oxygen
vacancies enables the formation and breakdown of these
micro-filaments providing the nonvolatile memory effect [9].
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Fig. 1. a) Experimental /-V curve (R=265 Q). b) Detail of the current increase
at V7. ¢) Structure of the investigated devices. d) Equivalent circuit model.

The aim of this letter is to show that a Spice compact model
for this complex behavior is feasible. To this end, in Section II
the device fabrication process and measurement details are
presented. In Section III, the experimental /-V curves are
investigated in connection with the model equations. In
Section IV, the Spice script for the proposed model is
described, ending with the conclusions of this work.

1. DEVICE FABRICATION AND MEASUREMENTS

The devices investigated are Al/Gdo.1CagoMnO3(80 nm)/Au
structures deposited on SrTiO; (STO) substrates by pulsed
laser deposition (A=308 nm from a XeCl-laser) [8]. The pulse
duration was 25 ns (1500 pulses), with a repetition rate of 5
Hz, laser fluence of 2 J/cm?, and oxygen pressure of 0.175
Torr. The oxide was grown at 700 °C with in situ
postannealing treatment of 10 min in atmospheric O, pressure.
The quality of the film was assessed using X-ray diffraction
(XRD) and energy-dispersive spectroscopy. The metal
electrodes (0.5 mm diameter) were deposited using room-
temperature  Ar-ion DC  sputtering. The electrical
characterization was performed with a Keithley 2614b
sourcemeter. The low-voltage current read was set at V,=450
mV, which corresponds to the linear conduction region.
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Fig. 2. a) Experimental and model (1-3) /-V curves. b) Hysteron (solid line)
and minor loop (dashed line) corresponding to (5) and (4), respectively.

I1l. MODEL EQUATIONS

We start by analyzing the I-V curves of our devices. In view
of Fig. 2a, the electron transport can be expressed by the
following system of equations (see also Fig. 1b):

I]=Imsinh[al( Vo—1, RI)] (1)
1,=I, {e.\'p[(x:( Vo= 1, Rz) ]— l} )
L=(Vy) 1V} 3)

where Vo=V-IR and I=I,++Is. We associate [y, I, and I3 with
tunneling, Schottky-like, and soft-breakdown conduction in
the AlOy layer, respectively [7-12]. Poole-Frenkel conduction
is also a possibility which cannot be ruled out [8]. &, foi, and
R;, i=1,2,3 are fitting parameters. R is the GCMO bulk
resistance and it is found from the vertical current increase
ocurring at Vr. Notice that while (1) and (2) are independent
of the memory state of the device 0<A<l, (3) takes into
account the modulation of the effective area of the micro-
filaments caused by the reversible movement of vacancies.
More in general, the method considers the /-V curve expressed
as I=(V)y+A(V)-g(V) where f and g are two specific functions.
Ain (3) is given by the affine transformation of A* [13]:

Ay—1 At =)

0 0 .
At (x) + =20
Ar-1 AF-1
1) = @
— A= () <0
an
where A can be any sigmoidal function satisfying
Af(x—>0)=1 and A*(x—>-0)=0. This generates different

switching dynamics. A*=A*(0) and Ap=A(0). x is the
derivative of x with respect to time. For the sake of simplicity,
in this work, we used the logistic hysteron [14]:

Ai(X)={l+exp[—qi(,\-_vi)])—l ©)

where 77 is the transition rate and V* the set/reset parameter.
Notice that (5) corresponds to Strukov’s window function
A~A(1=A)[15]. (4) generalizes the method proposed in
[14] by introducing soft transitions within the hysteron
structure. In order to solve the memory state evolution for an
arbitrary input signal V(f)=V,, we discretize (4) using A=4,,

A= A1, =A%, and A5=A%, so that the current memory state
(¢) depends on the previous state (z-/) as expected for a
Markovian behavior. (1)-(5) constitute a system of non-linear
equations that must be solved numerically. This is carried out
in Section IV using the Spice simulator.
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Fig. 3. Experimental and simulation results. a), d), g) illustrate different
bipolar applied signals; b), e), h) show the corresponding I-V curves; ¢) ,e) ,i)
demonstrate the ability of the model to simulate the read current (/@0.45V) as

a function of the applied bias. Each loop was performed 5 times.
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IV. SPICE IMPLEMENTATION AND SIMULATION RESULTS

This Section thoroughly describes the implementation of the
proposed hysteretic conduction model. Experimental (black
lines) and simulation (color lines) results obtained for
increasing and/or decreasing amplitude voltage signals are
presented in Fig. 3. In order to check the robustness of the
reported approach, the experimental voltage, and not an ideal
sweep, was used as the model input. The model script (Fig.
4a) is written as a subcircuit in the LTspice language [16]. It
contains five modular sections which can be modified
according to the transport properties and transition dynamics.

a ) .subckt GCMO +- R

.params =
+HO=0 rs=215 CHO=1e-4 del=0.01 vp=0.1
+i01=6-9 a1=2.3 rs1=20K
+102=1E-12 a2=15.9 s2=350
+03=9e-4 23=3
+nset=7 vset=2 nres=6 vres=0
BH O H I=if(ddt(V(A,)>=0,((D(V(H))-1)*S(V(A-))
++S(D(V(A,~)))-D(V(H)))/(S(D(V(A,-)-1), -
+D(V(H))/R(D(V(A,-)))*R(V(A,"))) Rpar=1
CH H 0 {CHO}ic={HO}
RS+A{rs}
RS1AB {rs1}
BD1 B - 1=i01*sinh(a1*V(B,")| "
RS2AC{rs2}
BD2 C - 1=i02*(exp(a2*V(C,))-1)

Model

parameters
Memory
equation

|-V curve

BPL A - I=V(H)*i03*V(A,)**a3

BI O R I=i01*sinh(al*vp)+i02*(exp(a2*vp)-1)
++V(H)*i03*vp**a3

func D(x)=delay(x,del)

func S(x)=1/(1+exp(-nset*(x-vset)))

func R(x)=1/(1+exp(-nres*(x-vres)))

3 Read

_|' current
Auxiliary
functions

.ends
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Fig. 4. a) Model script for LTspice. b) Input signal. ¢) Simulation results for
the /- characteristic and the read current at vp=0.1V.

While + and — in the subcircuit header refer to the physical
terminals of the device, R provides the read current. First
section in Fig. 4a defines the model parameters. HO is the
initial memory state, CHO the capacitor used to store the initial
memory state, del the delay parameter used to recall the
previous state, and vp the read voltage. The second section
deals with the discretized memory equation (4), which is
represented by a behavioral voltage-controlled current source.
The delay function D is used to recover the past information.
Rpar provides an alternative path for the current generator.
The third section represents the /-7 port described by (1)-(3).

Notice how the voltage node V(H), i.e. A, modulates the
power-law soft-breakdown current component. The fourth
section is optional and calculates the read current at a fixed
voltage vp. This can be accomplished by duplicating the /-V
port for a fixed voltage vp (as done in Fig. 3) or neglecting the
role played by the series resistances (as shown in Fig. 4c). The
last section defines the delay function and the hysteron
structure (5). For illustrative purposes, Figs. 4b and 4c show
the model results for a damped sinusoidal signal generated by
the simulator. Figure 4¢’s inset shows the circuit schematic.

To conclude, this letter reported a simple and compact
behavioral model for GCMO-based structures suitable for
Spice simulations. The model follows Prof. Chua’s approach
for memristive devices [17] and it consists in a set of electron
transport equations driven by a hysteresis engine. We were
able to simulate the experimental /-7 curves as well as the
low-voltage read current using a three-terminal subcircuit.
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