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A method of producing high-quality thin films of perovskite manganites utilizing citrate-based aqueous
chemical solution deposition is presented. The method is applied to the production of thin films of gadolinium
calcium manganite, Gd,_,Ca,MnO; (GCMO). The film quality is verified by x-ray diffraction analysis, electron
microscopy, and magnetic measurements. Finally, planar memristors are fabricated using GCMO films,
demonstrating the material’s ability to exhibit resistive switching. This underscores its potential for future

1. Introduction

Rare earth-doped perovskite manganites [1], functional metal ox-
ides with the chemical formula R;_,A MnO;, where R stands for a
rare-earth lanthanide and A for an alkaline earth metal and 0 < x < 1,
have found applications in a broad range of technological fields such as
solid-oxide fuel cells [2], spintronics [3] and magnetic refrigeration [4].

In recent breakthroughs, the combination of carefully selected met-
als like aluminum with specific perovskite manganites, such as
Pr,_,Ca,MnO; or La,_,Sr,MnO; (LSMO), has unveiled an astonishing
phenomenon—resistive switching, the hallmark feature of memristors.
This remarkable development is poised to revolutionize the landscape
of microchip architectures, especially in the realm of neuromorphic
computing [5,6]

What is truly exciting is the exceptional promise displayed by
perovskite manganite Gd;_,Ca,MnO; (GCMO) in terms of switching
behavior. Recent studies have indicated that GCMO boasts a distinct
advantage—a significantly larger difference in resistance between its
low and high resistance states [7,8]. Moreover, the behavior of GCMO-
based memristors has been meticulously explored through cutting-edge
numerical modeling techniques [9].

Traditionally, the production of perovskite manganite thin films
has relied on pulsed laser deposition (PLD). This advanced technique
utilizes high-intensity, short-wavelength laser pulses to ablate metal
oxide targets, enabling the deposition of material, essentially layer by
layer, with unparalleled crystalline quality, uniformity, and surface
smoothness [10]. While PLD-produced films are exceptional in quality,
it is worth noting that this process can be expensive, inefficient, and
challenging to scale. However, even in the face of these challenges,

the production and integration of GCMO thin films into various mem-
ristor structures have shown immense potential as a groundbreaking
technology of the future [7,11,12].

Chemical solution deposition (CSD) is a well-established method of
producing many classes of functional oxide thin films on an industrial
scale [13,14]. In CSD, a precursor solution containing the target metals
in the desired stoichiometric ratio is synthesized. Usually, transition
metals and lanthanides are present as coordination complexes to ensure
sufficiently high solubility and stability. The precursor is then coated
on a substrate (in the case of thin films) by, e.g., spin coating or inkjet
printing, heat treated to pyrolyze the ligands and other anions, and
annealed to allow the oxide to crystallize. While the quality of the films
prepared by CSD methods is generally not quite as good as that of
films prepared using PLD, a well-designed CSD protocol can produce
epitaxial films with surface smoothness sufficient for microelectronics
manufacturing. In particular, CSD methods based on aqueous precursor
solutions are attractive to the industry as an environmentally friendly
and cost-effective method.

There are reports of perovskite manganite thin films of various
compositions produced using CSD in the literature, but they either
involve highly toxic and often expensive organometallic precursors and
organic solvents [15], or acetate-based precursors [16-20]. The latter
have low concentrations, requiring multiple coats to achieve a reason-
able film thickness, and poor wetting properties on certain substrates,
such as SrTiO; (STO), resulting in uneven films [14]. There has also
been a report of a polymer-assisted approach based on ethylenedi-
aminetetraacetic acid [21], a compound whose manufacturing incurs a
significant environmental impact. These issues are resolved by opting
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Fig. 1. Schematic depiction of the full manufacturing process of GCMO thin film devices, focusing on the preparation of the GCMO thin films by aqueous chemical solution
deposition. The prepared GCMO films can be harnessed across a wide range of future memristor applications, capitalizing on their inherent resistive switching abilities.

for an approach based on aqueous complexes and using a cheap and
environmentally friendly chelating agent with good wetting properties.
Citric acid is a well-known choice, as it is able to chelate to most
transition metals fairly strongly and, owing to its three carboxyl groups
and a hydroxy group, it has excellent solubility in water and wetting
properties [14]. Furthermore, as a triprotic acid, its coordination be-
havior can be tuned by adjusting the pH of the solution. However,
such a citrate-based aqueous CSD approach for preparing perovskite
manganites has not yet been reported in the literature.

In this paper, we present an aqueous citrate-based CSD process to
produce perovskite manganite thin films in an industrially scalable and
environmentally friendly fashion [8,22]. We apply the process to the
synthesis of thin films of GCMO at a range of different values of the
stoichiometric ratio x. To demonstrate that the microscopic quality of
the films parallels that of GCMO thin films prepared using PLD, we
perform X-ray diffraction (XRD) analysis and magnetic measurements.
Further, we demonstrate that with only one coat, sufficient film thick-
ness and smoothness for photolithography is attained, thus making
microelectronics manufacture possible. Lastly, we use a GCMO film
prepared using CSD reported herein to construct a planar memristor,
and show that the memristive properties of the film are comparable
with PLD films.

A schematic illustration of the full manufacturing process of GCMO
thin film devices is shown in Fig. 1, with emphasis on the aqueous CSD-
based preparation of the GCMO thin films, which is the main subject of
the present paper. It should be noted that in our specific experimental
setup, pre-diced substrates were utilized, eliminating the need for wafer
dicing in our manufacturing process. Therefore, the intricacies of the
wafer dicing technique are not discussed in this work. The depiction
of wafer dicing in the schematic serves as a suggestion for potential
larger-scale applications of the presented CSD-based process.

2. Experimental
2.1. Materials and reagents

The following materials and reagents were used in the synthesis
of the precursor solution: citric acid monohydrate (VWR Chemicals),
gadolinium (III) oxide (99.9%, Acros Organics), manganese (IV) oxide
(99.9%, 325 mesh powder, Alfa Aesar), hydrogen peroxide (33% aque-
ous solution, VWR Chemicals), ammonia (min. 25% aqueous solution,
VWR Chemicals), and calcium nitrate tetrahydrate (99%, Aldrich).

2.2. Precursor solution

In this section we describe the synthetic procedure for preparing
n moles of precursor solution that can be used to produce films with
molar ratio x. A schematic representation of the procedure described
in this section is shown in Fig. 2.

An aqueous solution of gadolinium citrate was prepared by dissolv-
ing ]_Txn moles of gadolinium (III) oxide in a hot (80 °C) ~ 1M solution

of (2—x)n moles of citric acid. At least a 3-fold molar excess of citric acid
was required for this reaction to proceed. This guarantees a sufficiently
low pH of around 3 required for the dissolution. The resulting clear
and colorless solution was allowed to cool, diluted to a concentration
of ~0.1M, and n moles of manganese (IV) oxide was added so that a
1:1 molar ratio of metal to citrate was obtained. Hydrogen peroxide
was added drop-wise, resulting in the reduction and dissolution of the
manganese into solution according to the following reaction equation,

MnO, (s) + H,0, (ag) + H,Cit (ag)———s Mn(HCit) (ag) + O, (2) + 2H,0 (.

Due to the competing catalytic breakdown of hydrogen peroxide taking
place, a roughly 1.3-fold molar excess of peroxide versus manganese
was needed for the complete conversion of all Mn** to Mn?>* (Using
less resulted in a cloudy solution due to the presence of unreacted man-
ganese(IV) oxide, whereas using more resulted in excessive bubbling
of oxygen due to the breakdown of unreacted hydrogen peroxide in
the following step). In this reaction, hydrogen peroxide is acting as a
reducing agent due to the low pH. After leaving the solution to react
overnight, a clear solution whose color depended on the gadolinium
concentration (pale yellow at low Gd concentrations, orange-red at
higher Gd concentrations) was obtained.

The pH of the solution was increased to 8 using ~1.3n moles of
ammonia, facilitating the oxidation of manganese(II) to manganese(IIl)
by ambient oxygen and the complete deprotonation of the citric acid
according to the following reaction equation

. 1 pH28 .
2Mn(HCit) (aq) + 502 (aq)—— 2[Mn (Cit)] (aq) + H,O (1),

thus yielding a stable solution of the 1:1 citrato complexes of Mn**
and Gd**. It is also possible that some of the excess hydrogen peroxide
partook in the reaction as an oxidizing agent at the lower pH. The
solution remained clear but the color deepened significantly. While
colorless on its own, gadolinium strongly affected the color of the
solution in the presence of manganese, which suggests the formation
of cluster complexes. It should also be noted that there are reports
of citric acid deprotonating a fourth time at the hydroxy group under
similar circumstances [23]. In the present case, occurrence of the Cit*~
ion may enable coordination of NH,* or presence of Mn** centers. The
solution was evaporated on a hotplate at 50-60 °C until the desired
concentration was reached. Concentrations of up to 1 M of manganese,
yielding film thicknesses of over 100 nm in a single coating, were found
to be stable over several weeks.

Calcium citrate is poorly soluble in water, so the highly soluble cal-
cium nitrate was used as a source of calcium. A concentrated aqueous
solution of calcium nitrate was prepared separately, and x» moles of it
was added to the Gd-Mn precursor solution described above yielding
the desired stoichiometry of the metals immediately before coating to
avoid crystallization of calcium citrate. The main limitation to the film
quality achievable by this method arises from large concentrations of
calcium nitrate needed to reach high x. The violent thermal decompo-
sition of the nitrate easily results in the blistering of the film surface.
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Fig. 2. A schematic representation of the synthesis of the precursor solution for GCMO
thin films.

To overcome this, at least part of the nitrate could be replaced by
acetate or another suitable calcium salt. However, as mentioned in the
previous section, using too much acetate will interfere with the wetting
properties of the solution, which results in an uneven coating.

By following the above procedure and varying the molar ratio
Gd:Mn:Ca, precursor solutions with manganese concentration of 1M
corresponding to GCMO with x = 0.75 and x = 0.95 were prepared.
From these solutions, a precursor with any intermediate stoichiometry
0.75 < x < 0.95 can readily be prepared by simply mixing the two
solutions in the appropriate ratio.

2.3. Spin coating, pyrolysis and annealing

Thin films of precursors with varying values of x were prepared
by applying a single coat on monocrystalline 5mm x 5mm STO (100)
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substrates provided by Crystal GmbH by spin coating at 5000 rpm,
followed by calcination at 350°C under atmospheric conditions. The
temperature was ramped at approximately 0.5 °C/min to minimize dam-
age to the film surface. Finally, the films were annealed at 750°C for
24 h under an oxygen atmosphere to allow the crystallization of GCMO
on the STO surface.

2.4. Etching GCMO

For applications of GCMO in microchip device manufacturing, it is
important that we can etch patterns on the films. Here, we discuss wet
chemical etching of GCMO thin films as part of the photolithography
process. We apply an approach reported to work well for LSMO [24]. In
essence, the etchant is based on chloride reducing the manganese to the
water-soluble manganese (II) under acidic conditions in the presence of
iodide facilitating the reduction of the elemental chlorine formed back
to chloride thus providing a way to regulate the speed of the process.
We have used the following aqueous etchant composition to etch GCMO
thin films for photolithography:

[HCI] = 0.12M, [KI]=5M, [Ascorbicacid]=0.1M

Ascorbic acid is added to prevent oxidation of iodide which leads to the
solution becoming opaque. A 1:1 dilution of the etchant yielded etch
times of 1-2 min depending on the film.

We note that the etchant described above is highly selective; while
we expect it to etch other manganite perovskites, as only a mild
reducing agent it does not damage e.g. metal films ([HCI] too low) or
SRO (SrRuO3) films.

2.5. Measuring equipment

Microstructural attributes were characterized with PanAnalytical
Empyrean X-ray diffractometer with five-axis goniometer. Diffractome-
ter was utilized with Empyrean Cu LFF HR X-ray tube. The filtered
X-ray radiation consists mainly of Cu K,; and K,, components. The
measurements included 6-20 scans between 20°-120°, ¢—y, 260—¢ and
w—26 scans for the GCMO (204) peak (20 = 60.67°). In addition, the
GCMO (224) peak (260 = 71.36°) was recorded with 26-¢ and «w-26
measurements.

The surface characterization was accomplished with an Innova
atomic force microscope provided by Bruker using contact mode with
umasch tips and an Apreo S high-resolution field emission Scanning
Electron Microscope (SEM) provided by Thermo Scientific, and
equipped with an energy-dispersive X-ray spectroscopy (EDS) (Oxford
Instruments Ultim Max 100) system for compositional analysis. SEM
imaging was done with acceleration voltage of 2kV, while the EDS
spectrum was obtained with 10kV.

The resistive characteristics were measured by connecting the mem-
ristor device to a Keithley 2614B SourceMeter, and pulsed voltage
sweep sequences of 0V — +20V —» —20V — 0V with 0.1V steps were
performed five times to investigate its resistive switching behavior.
Between each voltage step a low reading voltage of 0.4 V was applied
as a probe voltage. The pulses had a width of 50 ms.

The temperature dependences of the zero-field-cooled (ZFC) and
field-cooled (FC) magnetizations were measured with a Quantum De-
sign SQUID magnetometer between temperatures of 10 and 400K in
50 mT magnetic field. During the measurements, the magnetic field was
oriented along the plane of the film i.e. the GCMO (110) axis.

3. Results and discussion
3.1. Verifications of film quality
Below in Fig. 3 we show SEM images of the x = 0.75 (a) and

x = 0.95 (b) films to demonstrate that, while the film surfaces are
not atomically smooth (during pyrolysis, exhaust gases escape from
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Fig. 3. SEM images of the surface of the GCMO films with x = 0.75 (a) and x = 0.95
(b) prepared by CSD.

Table 1
Measured stoichiometry (in atomic percent) of the CSD GCMO thin films obtained by
EDS compared to the expected stoichiometry for x = 0.75 and x = 0.95.

Gd,_,Ca,MnO; x = 0.75 Gd,_,Ca,MnO; x = 0.95

Theoretical Measured Theoretical Measured
Gd 12.5% 15.3% 2.5% 3.5%
Ca 37.5% 37.6% 47.5% 46.2%
Mn 50.0% 47.1% 50.0% 50.3%

the film, so generally CSD is not a suitable technique for extremely
smooth films), it is smooth enough for microelectronics manufacture.
Utilizing the EDS feature of the SEM, the stoichiometry of the films
was confirmed to be close to the theoretical predictions, as shown in
Table 1.

Furthermore, we tested the etching procedure described in the
previous section by etching stripes into the x = 0.75 film. We were thus
able to obtain a rough measurement of the film thickness by measuring
the thickness of the stripes using the atomic force microscope: with a
single coating of the undiluted precursor, a film thickness of ~100 nm
was obtained.

0-20 results presented in Fig. 4 show (00/) peaks both from the
STO substrate and the GCMO film. Peak identification for GCMO is
based on Ref. [25]. GCMO (00/) peaks are identified with *-symbol
and respective substrate peaks with @-symbol. Please note that the
indexing of the b and ¢ parameters has been switched for convenience.
The pole figure obtained from the GCMO (204) peak is presented in
Fig. 4 left inset. The results suggest a fully texturized GCMO phase.
This is supported by the detailed 26—¢ scan of the GCMO (204) peak
presented in the right inset and additional scans of the GCMO (224)
peak, which are not presented here. These results are evidence for a
crystallized and textured GCMO phase, which appears similar to that
observed in GCMO films on STO substrates prepared using PLD [11,26].
Based on the analysis presented here, there are no differences between
the samples.

The magnetic transitions of the spin-coated GCMO thin films with
the Ca concentrations of 0.75 < x < 0.95 were studied by measuring the
zero-field-cooled (ZFC) and field-cooled (FC) magnetizations M in the
temperature range of 10-400K and in 50 mT external magnetic field,
as shown in Fig. 5(a) and (b). For 0.75 < x < 0.85, it is evident that
the FC magnetization experiences an augmentation as the temperature
decreases. Conversely, the ZFC curves display a non-monotonic pattern
with a peak occurring below the Néel temperature Ty. This particu-
lar behavior has been documented previously and can be understood
through the ferromagnetic cluster model [27,28]. According to this
model, the presence of a minor peak in the ZFC curve below Ty
can be ascribed to spin-glass behavior arising from the interplay of
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Fig. 4. XRD results demonstrate the c-axis oriented and textured GCMO phase. The
main panel presents 6 — 20 results with peaks of the GCMO and the STO phase. GCMO
(007) peaks are labeled with x-symbol and substrate peaks with @-symbol. The insets
present @-¥ and 26—® for the GCMO (204) peak, demonstrating a fully textured phase.

ferromagnetic (FM) and antiferromagnetic (AFM) interactions [29,30].
As x exceeds 0.9, the FC magnetization curve demonstrates a more
pronounced FM-like behavior, significantly increasing in magnitude. In
contrast, the ZFC magnetization exhibits a substantial hump just below
Ty- These phenomena can be interpreted as a competition between
the random local magnetization orientations of the clusters under the
influence of an applied magnetic field, as previously expounded in
detail [11].

As illustrated in the inset of Fig. 5(b), the magnetic ordering temper-
atures, determined from the peak in the ZFC curve below Ty associated
with the AFM transition in the range 0.75 < x < 0.85 and the spin-glass
or cluster-glass type transition in the range 0.90 < x < 0.95, exhibit
a nearly linear increase from approximately 95K to around 105K
with increasing Ca concentration. According to the magnetic phase
diagrams [11,31], these ordering temperatures align closely with the
findings for ceramic bulk GCMO and GCMO thin films produced by PLD
with the same Ca doping concentrations. It is noteworthy, however,
that the paramagnetic upturn in the magnetization temperature curves
at low temperatures for x < 0.85 appears to be more pronounced in
spin-coated thin films than in films prepared by PLD.

3.2. Building a planar memristor

To verify that the GCMO films prepared using CSD as described
above exhibit resistive switching, a crude planar memristor was built
on the GCMO film with x = 0.85 by depositing spots of gold thin
film to be used as the cathode (it has been shown that gold makes
an ohmic contact with GCMO and thus does not influence memristive
properties [7]). Aluminum wire contacts were made using a wire
bonder to the gold cathode (this is also an ohmic contact), and directly
to the GCMO film to provide the anode. It is this interface between
the aluminum and the GCMO that has been shown to function as a
memristor.

Fig. 6(a) presents hysteretic resistance states for a GCMO-based pla-
nar memristor. The results, as described in Section 2.5, were obtained
with a voltage sweep sequence of 0V — +20V — =20V — 0V with
0.1V steps. The blue curve refers to resistance value obtained with the
corresponding current voltage measurements (i.e. /V measurements).
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Fig. 5. Temperature dependence of the ZFC (lower curves with open circles) and FC (upper curves with filled circles) magnetizations M originally measured in 50mT field at
temperatures from 10 to 400K for spin-coated GCMO thin films with different calcium concentrations 0.75 < x < 0.95. In the inset of (b) is shown the evolution of 7y, with
increasing x. Note that in both (a) and (b) the M(T) curves are shifted at high temperatures to facilitate easy comparison of the differences in the vicinity of the phase transition

temperature.
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Fig. 6. The IV-plot of 5 pulsed sweeps performed on a memristor constructed using a GCMO film prepared using CSD as described above, with x = 0.85 (a). Both the ‘write’
(blue) and the ‘read’ (red) pulse plots are shown. It can be clearly seen that the sample exhibits resistive switching. The inset shows a schematic of the device set-up in which the
Al/GCMO interface acts as a switching component. The IV -plot of pulsed sweeps performed on four different junctions prepared using a GCMO thin film with x = 0.8 (b).

Between each 0.1 V voltage step in the measurement sequence the
memristor was probed with a low reading voltage of 0.4 V. These
results are depicted by the red curve in Fig. 6(a). it can clearly be
seen from the hysteretic (multivalued) nature of the resistance and the
probed resistance as a function of voltage that the state of the sample
depends on the history of the voltages it has been subjected to in a
robust fashion, that is, this sample exhibits resistive switching.
Applying a positive voltage sequence sets the device from a stable
high resistance state to a stable low resistance state, whereas applying
a voltage sequence with reversed polarity switches the sample into
a high resistance state. In perovskite manganite-based systems the
phenomenon is usually argued to originate from the movement of
oxygen vacancies at the active electrode interface [32-37]. In the
present case, the memristor device is created by the interface be-
tween the aluminum electrode and GCMO. Our previous work has
already demonstrated the resistive switching phenomenon in GCMO
films prepared using PLD [7]. The earlier work has also demonstrated
optimal resistive switching performance at the vicinity of x = 0.85, with
approximately two orders of magnitude difference between the low
and high resistance states in reproducible resistive switching. The same
switching ratio is indeed confirmed here as depicted by the probed
resistance levels in Fig. 6. The probed states also show only minor

deviation between stable resistance states. Furthermore, Fig. 6(b) shows
the analog control of the low resistance states, achieved by applying
IV measurements with varying positive sweep amplitude, and similar
resistive switching performance in four different junctions. Hence it
can be concluded that GCMO-based devices, prepared by CSD, can be
harnessed as memristors.

4. Conclusions

In this paper, we have reported an environmentally friendly and
industrially scalable pathway to produce perovskite manganite thin
films. Our approach is based on an aqueous citrate precursor system,
and it was applied to producing thin films of the perovskite manganite
GCMO. The obtained films were epitaxial and fully textured, and
their magnetic properties were comparable to films prepared by PLD.
Furthermore, a planar memristor constructed on the film exhibited
resistive switching, so the CSD-based GCMO films show promise as a
material for memristive networks applied to neuromorphic computing.

While the method developed here was applied to the production
of GCMO thin films, we are confident that the pathway is applicable
to any perovskite manganite, by replacing gadolinium oxide with the
oxide or hydroxide of the desired lanthanide, and calcium nitrate by the
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nitrate or other water-soluble salt of the desired earth alkaline metal.
Furthermore, we used the precursor solution for preparing thin films
of GCMO by means of spin coating, but other possibilities exist. For
instance, the dried precursor gel could be pyrolyzed in bulk to produce
perovskite manganite nanoparticles.

As a continuation of this study, we intend to explore using GCMO
thin films prepared by CSD to manufacture a network of capacitive
instead of planar memristors as a proof-of-concept economical and
environmentally friendly hardware-based neural network. While not
aligned with the aims of the present study, another intriguing future
prospect of this study would be elucidating the structure of the coordi-
nation sphere of manganese and gadolinium in the precursor solution
spectroscopically. This would likely shed light on the dependence of
the solution color on gadolinium concentration as well as the possible
presence of quadruply deprotonated citrate.
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