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Lag 7Sry5_,Ba,MnO3 (LSBMO: x = 0.09, 0.18, and 0.27) thin films were pre-
pared on Pt-coated Si substrates using a radiofrequency magnetron sputtering
technique at a substrate heatm% temperature of 450°C. The effects of varying
the amount of substituted Ba®* on the physical, chemical, and electrical
properties of the perovskite manganite films were systematically investigated.
X-ray diffraction showed that the growth orientation and crystallinity of films
were not affected by the amount of substituted Ba cations. Raman spectros-
copy was used to determine the tilt of MnOg octahedra and the Jahn—Teller-
type distortion variation of the mangamte films. The change in covalent
characteristics of Mn—O bonds with increasing amounts of Ba®* substituent
was analyzed by x-ray photoelectron spectroscopy, specifically to examine the
effects of bond characteristics on the resistive sw1tch1ng properties of LSBMO.
The resistance of the LSBMO films increased with increasing Ba?* content
due to an increase in the covalent nature of Mn—-O bonds. The resistive
switching ratio increased with increasing Ba?* amount, and relationships
among resistive switching, Jahn—Teller distortion, and Mn—O bond character
of LSBMO films were interpreted.
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INTRODUCTION

Resistive random-access memory (ReRAM) is a
nonvolatile memory that can change its resistance
between two reversible high- and low-resistance
states with applied voltage pulses. ReRAM has
garnered attention due to its simple metal-insula-
tor—metal (MIM) structure, low power consumption,
and fast operation speed 2 Resistive switching
behavior has been observed in various transition-
metal oxides, such as mixed-valence perovskite
manganites, especially with Ln;_,A,MnO;3; (where
Ln are trivalent lanthanide cations and A are
divalent alkaline-earth cations).®> Perovskite man-
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ganite films exhibit bipolar resistive switching
behavior without a “forming process,” and thus can
be understood in terms of an interface-type resistive
switching model. In the case of interface-type
resistive switching, a resistance change occurs at
the interface between the metal electrodes and the
oxide. Recent studies have demonstrated that, in
the case of clockwise switching, redox between the
reactive metal electrode and the resistive switching
material in the vicinity of the interface is the maln
cause of interface-type resistive switching.*® The
reduction of interface regions of Lng;Ag3MnO;
releases electrons, which can then occupy chemi-
cally doped holes in the Mn 3d el 1 band, resultmg
in increased resistance of the re(f ced region.”

The electrical and magnetic properties of perovskite
manganite films are affected by lattice deformation
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resulting from differences in cation size. As the Ln
and/or A ion size in Ln;_,A,MnOs increases, the
lattice structure transforms from orthorhombic to
rhombohedral and the Mn-O-Mn bond angle is
straightened to 180°. This lattice distortion has a
strong effect on the electrical conduction of perovskite
manganite and is referred to as the double exchange
theory, where the transport property and resistance
of perovskite manganite depend on the number of

Mn—O-Mn bonds, bond length, and bond angle.®

For resistive switching, when reactive metal
electrodes are used, effective redox and electro-
chemical migration of oxygen ions should be
induced. In this study, the tolerance factor of
Lag 7Srg5_,Ba,MnO; (LSBMO) films was altered by
substitution with Ba?" cations to elucidate the
effects of Mn—O covalent bond characteristics and
Jahn-Teller effects on the resistive switching
properties of films. Because Ba cations have more
ionic bond characteristics and larger ionic size than
Sr cations, they induce a change in Mn—O bonds and
cause lattice distortion when Ba is substituted into
a Lag7Sro3MnOs (LSMO) film. Mn—-O octahedral
distortion and Mn—O bond characteristics can affect
the electrical resistivity of films, and structural
distortion and Mn—O bonds can affect the electro-
chemical migration of oxygen ions, primarily the
resistive switching ratio.

EXPERIMENTAL PROCEDURES

Lag 7Srp5_,.Ba,MnO; (x = 0.09, 0.18, and 0.27)
films were prepared on Pt(111)/Ti/SiO5/Si(100)
substrates by RF magnetron sputtering from a
powder target. The Lag ;Sros_.Ba,MnOjs (x = 0.09,
0.18, and 0.27) target was prepared by a standard
solid-state reaction method using LayOs3, SrCOs,
BaCOg3, and Mny0O3 powders as starting materials.
The working pressure was 5 mTorr during deposi-
tion. During the deposition of films, the substrate
temperature was kept at 450°C and the Ar gas flow
rate was maintained at 20 sccm. The thickness of
the manganite films was approximately 250 nm.
The Au (50 nm)/Al (150 nm) top electrode film was
patterned onto the LSBMO films using a 200-um-
diameter metal shadow mask and an e-beam evap-
orator. The final sample structure was AwAl/
LSBMO/Pt(111)/Ti/Si04/Si(100).

The crystal structure of the films was analyzed by
glancing-angle x-ray diffraction (GAXRD) using a
Rigaku diffractometer with Cu K, radiation and
incident angle of 1°. Surface morphology was studied
by atomic force microscopy (AFM) using an XE-100
(Park Systems) in noncontact mode. Raman mea-
surements were conducted using a LabRam HR with
the 514.532 nm line of an Ar laser for excitation. The
chemical states and composition of the films were
analyzed by x-ray photoelectron spectroscopy (XPS)
using a K-alpha (Thermo VG) with a monochromated
Al K, radiation source (hv = 1486.6 ¢V) and 50 eV

pass energy. The sampling area was 400 ym in
diameter, and information depth was approximately
3 nm. Current—voltage (I-V) characteristics were
measured using an Agilent B1500A semiconductor
device analyzer. Positive bias was defined as flow of
current from the top to the bottom electrode. Cur-
rent—voltage characteristics were measured by a
voltage bias sweep as follows: OV — —V, ..
(=4V) 5> 0V - +Vae 4V) - 0V. All I-V
measurements were taken at room temperature, and
a compliance of 10 mA was applied to prevent
breakdown of the MIM structure.

RESULTS AND DISCUSSION

Goldschmidt’s tolerance factor (¢) has been typically
used as a basis for the formation of perovskite struc-
tures, and a number of researchers have used this
tolerance factor to analyze perovskite stability.® An
ideal perovskite structure has ABOj stoichiometry and
cubic crystal structure, consisting of a three-dimen-
sional framework of corner-sharing BOg octahedra.
The A-site cation fills the 12 coordinate cavities formed
by the BOg network and is surrounded by 12 equidis-
tant anions.'® Tolerance factors of Lag;Sros .Ba,
MnOs5(x = 0.09,0.18, and 0.27) were calculated as 0.993,
0.998, and 1. 004 respectlvely, using the equatlon
t = [(0%) + r(La®™) + rAZHJ2Y2[H(0%) + r(Mn®*) +
r(Mn*")]."! The ionic radii of La®*, Sr**, and Ba®* for
12-coordination were 1.36 A, 1.44 A, and 1.61 A,
respectively, while those of Mn®** and Mn** for
6- coordlnatlon were 0.645 A and 0.530 A, respec-
tively. The O?" radius was 1.34 A2 With a tolerance
factor of 1, the crystal structure of the film was ideal
cubic in the absence of any compressive or tensile
internal strain. These calculated values indicated
that Lag 7Srg 10Bag 1sMnO3; had the most ideal cubic
structure of the films tested.

Figure 1 shows GAXRD patterns of LSBMO thin
films with different tolerance factors from 0.993 to
1.004. As shown in Fig. 1, LSBMO films deposited
on Pt-coated silicon substrate showed polycrystal-
line and pseudocubic structures. Diffraction peaks
corresponding to (100), (110), (111), (200), (222),
(211), and (220) were seen in the LSBMO films.
Generally, LSMO and Lao Bay 3MnOj films exhibit
rhombohedral structures.'® Substitution of Sr with
Ba in LSMO did not result in a structural change.
Likewise, as shown by the patterns, the
Lag 7Srg 12Bag 1sMnO5 film had the most intense
diffraction peaks, and the highly crystalline state
was tentatively attributed to an ideal tolerance
factor of 0.998.

The surface morphology of the LSBMO films was
studied by AFM analysis in noncontact mode, as
shown in Fig. 2. The root-mean-square (RMS)
roughness of La0,7Sr0,21Ba0‘09Mn03, La0.7Sr0‘12_
Bao.lgMnO3, and La0_7Sr0,03Ba0_27MnO3 were 2.939
nm, 2.962 nm, and 2.697 nm, respectively. The
almost uniform values of RMS roughness were a re-
sult of small variations in the tolerance factor, with
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Fig. 1. XRD patterns of Lag,Sros_xBa,MnO3 (x = 0.09, 0.18, and
0.27) films.

the most ideal being Lag;Srg12Bag 1sMnOs. How-
ever, the RMS value of Lag7Srg 12Bag 1sMnO3 may
have also been related to an ideal tolerance factor
inducing the highly crystalline state.

Figure 3 shows Raman spectra of LSBMO films,
where the three main peaks correspond to the
following modes and symmetries: A,(2) y-rotation
mode, Ay(3) bendinlg mode, and Byg(1) stretching
mode at 190 em™ ' to 245cm™!, 470 cm™! to
500 cm !, and 610 cm ! to 630 cm™!, respec-
tively.m_f6 The observed frequency shift at
approximately 220 cm ™! was due to variations in
the divalent cation size. The Raman peak at
220 cm ! for Lag;Srg21BagooMnOs shifted to
208 cm ! and 213 cm ! as the Ba stoichiometry
increased to 0.18 and 0.27, respectively, which was
attributed to a change in tolerance factor. Specifi-
cally, when the Ba substitution increased from 0.09
to 0.27, the average ionic radius of the A cation site
in the ABOj perovskite structure increased from
1.3993 A to 1.4299 A. As the tolerance factor
increased to 1, the Raman peak indicated that the
tilt of the MnOg octahedron moved to low wave-
number, suggesting that the orthorhombic octahe-
dral distortion was compensated by the large size
of the cation substitution.'” As more Ba cation was
substituted into the LSBMO structure, as in the
case of the 0.27 condition, the tolerance factor
increased to larger than 1, until rhombohedral
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Fig. 2. AFM surface morphology of Lag 7Srp 3_xBa,MnO3 (x = 0.09,
0.18, and 0.27) films.

distortion was finally generated. Thus, the Raman
peak shifted to a slightly higher wavenumber,
213 em 1.'® Out-of-phase Mn-O bending of the
A,(3) shift was also observed, with the same shift
tendency as the tilt of the MnOg octahedron. The
in-phase stretching of By, (1) at 635 cm ™! failed to
show any noticeable deviation, because the sym-
metric stretching of basal oxygen was incoherent
with the tolerance factor variation.!® From the
Raman spectral analysis of the Ba-substituted
samples, octahedral distortion was minimized in
La0_7Sr0.12Ba0_18Mn03 films.
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The composition of the films was obtained using
XPS, the results of which are presented in Table I.
The measured composition was almost the same as
the target value. To investigate the chemical bond
state change according to the Ba substituent
amount in LSBMO, Mn 2p XPS spectra were
obtained. Figure 4 shows the Mn 2p spectra of dif-
ferent trivalent cation sizes in Lag 7Srg s3_,Ba, MnOs3
(x = 0.09, 0.18, and 0.27) films. The Mn 2ps/, bind-
ing energy shifted from 641.6 eV to 641.3 eV as the
Ba cation substitution increased from 0.09 to 0.27.
Because the Mn valence was not changed, the Mn
2ps/2 chemical shift of the LSBMO films could be
explained by a change in the Mn—O bond charac-
teristics. Specifically, the Mn—O bond is thought to
become more covalent when Sr?* is substituted by
Ba?*, especially as the electronegativities of Sr and
Ba are 0.95 and 0.89, respectively.?’ The Mn-O
bond in Mn—O-Ba is more covalent than the Mn-O
bond in Mn—O-Sr because of the more ionic bond
characteristics of Ba—O compared with Sr—O. This
increase of the covalent nature of Mn—O bonds could
induce an increase of LSBMO resistance because
the principal electron transport mechanism in
perovskite manganite is a double exchange mecha-
nism in Mn**-0? —Mn** chains.®

Figure 5 shows the I-V characteristics of Au/Al/
LSBMO/Pt structures when the maximum positive
and negative voltage bias was fixed at 4 V. The
applied negative bias voltage produced a low-resis-
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Fig. 3. Raman spectra of Lag 7Sro3_xBa,MnO3 (x = 0.09, 0.18, and
0.27) films.

tance state (LRS), where the resistance decreased as
the negative voltage increased. In the positive bias
voltage region, a high-resistance state (HRS) was
achieved. Figure 5 shows the interface-type bipolar
switching behavior of clockwise switching.?! This
clockwise resistive switching behavior without a
forming process was attributed to “interface-type
switching” as a redox state between LSBMO and
the reactive Al top electrode.® Upon applying a
positive bias voltage to LSBMO films, the film just
beneath the Al electrode was reduced through the
oxidation of the Al top electrode by electrochemical
migration of oxygen ions. An oxygen-deficient layer
was formed at the top interface region of the
LSBMO film, and the HRS was induced because
oxygen vacancies generate electron carriers that
erase hole carriers in p-type perovskite manga-
nite.??"2* Conversely, a negative bias voltage recov-
ered the reduced LSBMO films by oxidation (the
negative voltage pushes out oxygen ions from the
interfacially oxidized Al electrode to the reduced
LSBMO), thereby lowering the resistivity to the
LRS.?® Our observation of a decrease in the resis-
tance of LSBMO films with increasing Ba sub-
stituent content agrees well with our XPS results
(Fig. 4), which showed increased covalent charac-
teristics of Mn—O bonds with increasing Ba substi-
tution content.

To further analyze the resistive switching proper-
ties, the resistive switching (RS) ratio was calculated
as (HRS — LRS)/LRS.”° HRS and LRS values of -1 V/
+1V were used for the RS ratio calculation of
Lag.7Srg.21Bag 0oMnOs3, Lag 7Srg12Bag1sMnO3, and
Lag 7Srg gsBag 27MnOs films, and the results were 62/
37, 205/44, and 277/41, respectively. The switching
ratio and resistance of films increased with increas-
ing Ba substitution content. Specifically,
Lag.7Srg 21Bag.0oMnOs and Lag 7Srg.03Bag27MnO3
films exhibited smaller negative operating voltage
compared with Lag;Sry12Bag1sMnOs film. The
octahedral distortion was confirmed for Lag 7Srg o1.
Bao.ogMnO3 and La0.7Sr0_03Ba0_27Mn03 by the
Raman observations, and in general, increased
structural distortion appeared to be a favorable
condition for ion migration.?” Therefore, it can be
said that, for the LSBMO samples within the com-
positional range of this study, structural distortion
affected the electrochemical migration of oxygen
ions, i.e., operating voltage and resistance. Further-
more, an enhancement in the Mn—O covalent char-
acter also induced an increase in the resistance of

Table I. Composition data of Lag;Sr¢3_,Ba,MnO; (x = 0.09, 0.18, and 0.27) films from XPS measurements

(at.%)

La Sr Ba Mn (0]
Lag 7Srg 21Bag ooMnOs 14.6 +£ 0.1 4.9 + 23+0.1 18.0 = 0.1 60.2 +£ 0.1
Lag 7Srg 19Bag 1sMnOs 14.6 + 0.1 2.9 + 4.5 £ 0.1 18.0 = 0.1 60.0 £ 0.1
Lag 7Srg 03Bag 27MnOs 144 +£ 0.1 0.6 + 6.5+ 0.1 18.0 = 0.1 60.5 +£ 0.1
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Fig. 4. Mn 2p XPS spectra of Lag 7Srg 3_,Ba,MnO3 (x = 0.09, 0.18,
and 0.27) films.
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Fig. 5. Resistive switching -V curves of Au/Al/Lag 7Sro.3_,xBa,MnO3
(x=10.09, 0.18, and 0.27)/Pt MIM structures.

films (both LRS and HRS), however this was more
important for the HRS, because the effect could be
maximized with a limited number of charge carriers.
As a result, an increase in switching ratio was
observed with increasing Ba substitution content.

Based on the above observations, it can be said
that the reversible resistive switching phenomenon
including resistance, operating voltage, and
switching ratio of the perovskite manganite family
can be controlled by substitution of A-site cations to
modify structural distortions and Mn-O bond
characteristics.

CONCLUSIONS

The tolerance factors of polycrystalline
Lag 7Srg5_,Ba,MnO; (x = 0.09, 0.18, and 0.27) films
were controlled by Ba cation substitution. An
increase in covalent Mn—-O bond characteristics
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with increasing Ba substituent was confirmed
via observation of a Mn 2p binding energy shift.
Increased resistance and switching ratios of LSBMO
films were observed with increasing Ba substitution
content, which was due to an increase of the covalent
nature of Mn—O bonds. In addition, an increase in the
structural distortion from the change in the tolerance
factor (¢) led to a decrease in the operating voltage
due to a favorable condition for oxygen ion migration.
From these results, we conclude that substitution of
Sr with Ba in Lag ;SrgsMnOj; films strongly affected
Mn—-O bonds, resistance, and Jahn—-Teller distortion
of MnQOg octahedrons, which control the resistive
switching properties of perovskite manganite films.
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