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ABSTRACT

BaTiO3 thin films with different annealing times were grown on LSMO/STO (001) substrates by pulsed laser deposition. An inter-
esting phenomenon of loss-and-reappearance of the interfacial layer in BaTiO; was detected in the x-ray diffraction results, and the
ordered-unordered-ordered lattice transformation caused by oxygen vacancies’ filling was thought to be the reason. The ferroelectric domain
was also confirmed to form during such an annealing process according to the piezoresponse force microscopy, transmission electron micro-
scopy, and phase-field simulation. A Ti-displacement-rotation region considered an intermediate structure during the domain formation was
observed at the interfacial layer of the 5.5-min-annealing film. Because of the oxygen deficiency and the effect of ferroelectric domain modu-
lation of the built-in barrier height, a good memristive behavior with a resistive switching ratio of 1916 was obtained in the 10-min-annealing
BaTiO3 (BTO) film, offering an avenue toward the application of oxygen-deficient BTO in neural network applications.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0170098

The BaTiO3; (BTO) film is a perovskite-structured oxide with
enormous applications, such as ferroelectric memristors.'”'" Pulsed
laser deposition (PLD) is one of the most common preparation
methods. In most cases, an interfacial layer exists between the
film and the bottom material due to lattice mismatch. In previous
work, for example, those interfacial layers marked by red arrows in
Fig. S1 were detected but lacked investigation. In some of them,
such phenomena and related properties were partly reported: Kan
and Shimakawa'’ revealed that the interfacial layer thickness of
BTO can be regulated by laser fluence. Li et al.'” demonstrated the
existence of the interfacial layer in BTO by transmission electron

microscopy (TEM); such a coating improved the film’s polariza-
tion to ~70 uC/cm®. Even so, the origin and evolution of the
interfacial layer remain unclear. Motivated by this, we made a sys-
tematical study to uncover the formation and transformation of
such an interfacial layer. In this work, the BTO films were grown
on LSMO/STO (001) by PLD, and it is quite interesting that there
occurred a loss-and-reappearance in the BTO interfacial layer dur-
ing the annealing process. Such a phenomenon was believed to be
caused by the ordered-unordered-ordered lattice transformation
with oxygen filling into the vacancies. Meanwhile, a good resis-
tance switching (RS) behavior was achieved in our film, underlining
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the potential of applying oxygen-deficient BTO in neuromorphic
memory devices.' "’

The crystallographic information of the LSMO layer (bottom
electrode) is shown in Fig. S2. The BTO has grown coherently, and
Fig. 1(a) shows this heterostructure. Figure 1(b) exhibits the evolu-
tion of real-time high-energy electron diffraction (RHEED) patterns
during BTO growth. 700 pulses are required for 45 nm, and a
2D to 3D growth mode transition can be observed at ~140 shots,
corresponding to ~8 nm.'° In situ post-annealing (the annealing con-
ditions can be found in the supplementary material) was carried out
after growth. The x-ray diffraction (XRD) 2theta-w-scans around
the (002) plane of these heterostructures with different annealing
times are shown in Fig. 1(b). [A longer-range scan from 15° to 55°
can be seen in Fig. S3(a).] As expected, the BTO peak split into
a main peak and a side peak. The main peak moves to a higher
angle with increasing annealing time from 0 to 5.5 min and then
returns after further annealing; interestingly, the side peak is lost
after 5.5-min-annealing but reappears at a higher angle after longer-
time annealing, demonstrating a lattice transition of the interfacial

ARTICLE pubs.aip.org/aip/apm

layer of BTO. This is quite a novel phenomenon, with few stud-
ies focusing on it. We employed the Gaussian-LorenCross function
as shown in Eq. (S1)'""® to fit such 2theta-w data and plotted the
result in Figs. 1(d1)-1(d5). For the as-grown and 3-min-annealing
films, the results were both fitted with three peaks. Except for the
main peak (blue) and side peak (orange), a buffer peak (green),
which symbolizes the dislocation and lattice deformation caused by
the interfacial strain,'” >' was also fitted. The intensity of the side
peak decreases with increasing annealing time and almost disappears
at 5.5-min-annealing. Meanwhile, a new side peak (purple) with a
higher 2T value is fitted out, and further increasing the annealing
time improves its intensity.

Reciprocal space mappings (RSMs) around the (002) and (103)
planes of these films are displayed in Figs. S4(al)-S4(a5) and
S4(b1)-S4(b5), respectively. Consistent with the 2theta-w result,
two BTO peaks can be seen in all the other four films except for
the 5.5-min-annealing one. The main peaks are all relaxed, while
the side peaks are all strained along LSMO/STO. Enlarged map-
pings around the BTO (103) plane with lattice parameters are shown
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FIG. 1. (a) Sketch of the BTO grown on LSMO/STO in this work; (b) evolution of RHEED images during BTO layer growth; (c) 2theta—w-scan around the (002) plane of
BTO grown on LSMO/STO with different annealing times; (d1)—(d5) Gaussian—LorenCross fitting result of the BTO (002) plane with different annealing times; (e1)—(e5)
high-resolution RSM around the BTO (103) plane with different annealing times; and (f) lattice parameter variation in BTO-r with different annealing times.
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in Figs. 1(el)-1(e5), and their variation tendencies are plotted in
Fig. 1(f). Here, we define the side peak before and after 5.5-min-
annealing as BTO-s1 and BTO-s2, respectively, and the main peak
as BTO-r. The lattice variation in BTO-r was divided into two
periods: Before 5.5 min annealing, the in-plane lattice parameter
(a) increases, and the out-of-plane lattice parameter (c) decreases
with increasing annealing time, while both show an opposite ten-
dency after 5.5-min-annealing. This can be explained as follows: the
BTO film suffers compress strain from LSMO, so a specific part in
the bottom (BTO-s1) is inevitably strained. Such a strained layer fol-
lowed a 2D mode with a thickness of ~8 nm, as mentioned above.
Judging by the tilt angle of BTO-r, which points from top left to
bottom right in Fig. 1(el), BTO-r also suffers compress strain from
BTO-s1 before annealing. When the annealing started, the oxygen
first entered the O, -site rather than the O,-site due to the higher
bond energy of Ti-O; than Ti-O; in T-phase BTO,” as shown
in Fig. 1(f), resulting in an increment of a and decrement of c.
Meanwhile, the interfacial strain in both BTO-r/BTO-s1 and BTO-
s1/LSMO interface decreased, which probably disordered the lattice
arrangement in BTO-sl and thus lowered its XRD intensity, as

pubs.aip.org/aip/apm

shown in Fig. 1(e2). When the annealing time reached 5.5 min, more
oxygen vacancies were filled, and the a and ¢ reached their highest
and lowest values, respectively. The BTO strained layer became too
unordered that no diffraction signal could be collected from XRD,
leading to the loss of BTO-sl, as observed in Fig. 1(e3). Such an
unordered strained layer can hardly offer interfacial strain to the
relaxed layer above, so the tilt line exhibits a different angle. After
the O;-site was all filled, further annealing made the oxygens enter
the O,-site, which might increase a and decrease ¢ of BTO simul-
taneously. Smaller a decreased the lattice mismatch between BTO
and LSMO and strained the bottom BTO layer again, leading to the
reappearance of the strained layer (BTO-s2). The reappearance of
interfacial strain between BTO-r and BTO-s2 can be confirmed by
the angle of the tilt line in Figs. 1(e4) and 1(e5).

The cross-sectional high-angle annular dark-field (HAADF)
image of the as-grown film is shown in Fig. 2(al). Some dislocations,
which offset the lattice mismatch between BTO-r and BTO-s1,” can
be observed in area-a and area-b. The formation of these dislocations
was attributed to the high oxygen vacancy concentration”* ** and
resulted in the buffer peak as mentioned above. The corresponding

FIG. 2. (a1)—(a3) Cross-sectional HAADF, FFT, and IFT images of BTO grown on LSMO/STO without annealing; area-a and area-b show the dislocations in the strained layer.
(b1)—(b3) Cross-sectional HAADF, FFT, and IFT images of BTO grown on LSMO/STO with an annealing time of 5.5 min; area-d shows the TRR at the bottom part of the film,
and area-e shows the normal-sized ferroelectric domain at the top part of the film. (c1)—-(c3) Cross-sectional HAADF, FFT, and IFT images of BTO grown on LSMO/STO with
an annealing time of 10 min; area-f and area-g show the normal-sized ferroelectric domains based on the Ti-displacement. (d1)—~(d3) Ferroelectric domain configuration in
the BTO film with an annealing time of 0, 5.5, and 10 min, respectively, according to the phase field simulation.
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fast Fourier transform (FFT) image along the [001] axis is displayed
in Fig. 2(a2). The reflection patterns in the FFT image indicate
the single crystal characteristic of the film. From the enlarged view
around (011), we can see three separated reflection patterns marked
with red, green, and blue arrows, representing the LSMO, BTO-
r, and BTO-sl, respectively. Each pattern reflects one layer in the
colored inverse Fourier transform (IFT) image in Fig. 2(a3), which
matches well with the HAADF image. Figures 2(b1)-2(b3) illustrate
the HAADF, FFT, and IFT images of the 5.5-min-annealing film. No
interface can be distinguished in the BTO layer in either HAADF or
IFT image. Similarly, from the FFT image of the 5.5-min-annealing
film, we can still see the reflection patterns of LSMO and BTO-r, but
the pattern of BTO-s1 disappears. Instead of dislocations, the Ti-
displacement’s rotation regions (TRRs) were observed at the same
height, as seen in area-c, and this TRR can be divided into different
“nano ferroelectric domains” based on Ti-displacement’s orientation.
The TRR is a disordered intermediate structure in the ferroelectric
domain (FD) formation during annealing. It is the reason for the
disappearance of both interfacial strain and the strained layer of

Amplitude |

(a3)
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5.5-min-annealing film. On the top of the film, normal-sized FDs
can be found as marked with area-e. When the annealing time
was further increased to 10 min, we could still only see one kind
of BTO layer in both HAADF and FFT images, while in the IFT
image, a weak and diffused BTO-s layer can be observed. This is
because the strained layer of the 10-min-annealing film consists of
two different regions: Some regions are relaxed with normal-sized
FDs, as shown in Fig. 2(c1), while the other regions, which are still
strained, are defined as locally strained regions (LSRs), as shown in
Fig. S5. For the former ones, the spontaneous polarization direc-
tion of each domain is distinguished by the Ti displacement as seen
in area-f and area-g. The LSRs disperse in them and result in the
BTO-s2 peak. Because of the coexistence of the relaxed regions and
LSRs with a lattice tilt, as displayed in area-m and area-I in Fig.
S5, the strain in the BTO-r/BTO-s2 interface can also be released
without dislocations’ formation. The phase field simulation gives an
obvious domain evolution during the annealing process, and the
FD configuration of the BTO film with different annealing times
is displayed in Figs. 2(d1)-2(d3). Almost no domain exists in the
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FIG. 3. PFM (a1)—(a3) phase images; (b1)-(b3) amplitude images; (c1)-(c3) phase-voltage and amplitude-voltage curves of BTO film with an annealing time of 0, 5.5, and
10 min, respectively; XPS spectra of (d1) O 1s core level in the as-grown BTO film; (d2) Ti 2p core level in the as-grown BTO film; (d3) O 1s core level in BTO with an
annealing time of 10 min; and (d4) Ti 2p core level in BTO with an annealing time of 10 min.
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as-grown film, especially in the bottom layer, because of the high
oxygen vacancy concentration. After 5.5-min-annealing, the domain
started to form, and due to the TRRs’ existence, the domain size in
the bottom layer is quite smaller than that in the bulk layer. In the
relaxed regions of the 10-min-annealing film, normal-sized domains
formed regardless of the height of the film. From this result, we can
assume that the ferroelectric domain forms during the annealing
process rather than the deposition process of the PLD technique.
Along with such a lattice transformation, the films’ fer-
roelectricity and the corresponding bottom layers (8-nm BTO)
were characterized through piezoresponse force microscopy (PFM).
The phase and amplitude images with the phase-voltage and
amplitude-voltage loops of films annealed at different times are
shown in Fig. 3 after a bias voltage of -6 V (2 x 2 ym?) and
then +6 V (1 x 1 um?). The same information of bottom-layer-
BTO is displayed in Fig. S6 with the same writing configuration
under +3 V. The contrast in phase image increases with increas-
ing annealing time as shown in Figs. 3(al)-3(a3), and as shown in
Figs. 3(b1)-3(b3), the boundary between different switching squares
in amplitude images, which is typically regarded to be the can-
celing contribution of opposite domain wall,”** becomes sharper.
This demonstrates the FD growth of BTO-s during the anneal-
ing process with oxygen vacancies being filled, which can also be
proved by the phase-voltage and amplitude-voltage loops as shown
in Figs. 3(c1)-3(c3), in which the E¢ increases from ~0 to 2.5 V
with increasing time. Here, the author would like to emphasize
that even though the contrast in the PFM phase image can be
observed in all the BTO films with different annealing times, the
existence of domain switching behavior can only be confirmed in

ARTICLE pubs.aip.org/aip/apm

5.5-min annealing and 10-min annealing ones, for the lack of ampli-
tude minimum in the boundary between different squares.”” The
FD switching behavior of the 8-nm BTO strained layer is similar to
its thicker counterparts. As shown in Fig. S6, a sharp boundary can
also be distinguished in the amplitude image in a 10-min-annealing
one and becomes diffused in the films with a shorter annealing
time. The XPS spectra were recorded for the Ti-2p and O-1s core
levels in the BTO film to confirm the oxygen vacancy-filling pro-
cess with annealing times of 0 and 10 min. The peaks at 530 and
532 eV in Figs. 3(dl) and 3(d3) are attributed to lattice-O and
non-lattice-O (-OH absorbed on the film surface), respectively. The
peaks for Ti 2p3/2 and Ti 2p1/2 at 458.3 and 464.1 eV can be fit-
ted by two peaks, corresponding to Ti** and Ti’*, according to
the Gaussian-LorenCross function. The decreasing intensity of the
peaks for Ti** in Figs. 3(d2) and 3(d4) shows strong evidence of the
decrement of oxygen vacancy during the annealing process.
100-nm-thick Pt with a side length of 100 ym was patterned
on BTO as top electrodes, as sketched in Fig. S7(a). We took I-V
measurements for these films from -8 to 8 V, and the result is
plotted in Fig. 4(a). The curve’s downward shift reveals the film’s
increasing resistance with increasing annealing time, and the shape
of the curve changes from a symmetrical butterfly to an asymmetri-
cal one with hysteresis on the positive side. For a deeper analysis,
the three curves were all fitted based on the relationship of log A
~ logV and logA ~ V2, as illustrated in Figs. 4(b1) and 4(b2),
respectively. The slope of the previous relationship is 1.05 and 1.96
for the as-grown and 5.5-min-annealing BTO, signifying an Ohmic
conduction and space-charge-limited current (SCLC) conduction,
respectively.”’ In contrast, such a relationship in 10-min-annealing
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FIG. 4. (a) I-V curves of BTO with annealing times of 0, 5.5, and 10 min; fitting result of BTO with annealing times of 0, 5.5, and 10 min according to the relationship between
(b1) log A and log V; (b2) log A and V*'2; (c) I~V curves during 200 cycles with ten-circle-gap of 10-min-annealing BTO; (d1)~(d3) band diagram analysis on the BTO/LSMO
interface of segment 1, segment 2 or 3, and segment 4, respectively, in (c); and (e) resistance values extracted at 1.0 V from (c) and the corresponding RS ratio.
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BTO cannot be linearly fitted. On the contrary, a linear relation-
ship was only obtained in 10-min-annealing BTO according to the
latter relationship with slopes of 2.08 and 2.86 in two different volt-
age ranges, indicating an FD-modulated Schottky emission.”””" A
conclusion from the dielectric behavior also shows some evidence
for the existence of Schottky emission in the LSMO/BT inter-
face by confirming the oxygen-deficient property (as shown in the
supplementary material).”” ” Figure 4(c) displays the I-V variation
in 10-min-annealing BTO during 200 circles with a ten-circle gap.
An obvious upward shift from 0 to 2 V in the curve with increas-
ing cycle number is seen, and all the curves can be divided into
four segments. With the help of the band diagram, we can clearly
understand the formation of the Schottky barrier. (The definition
of the abbreviations is explained in Fig. S8.) Because the oxygen-
deficient BT is an n-type semiconductor with the majority of carriers
being electrons, the LSMO work function is larger than the BT affin-
ity; the electrons migrated from BT to LSMO after contact.”” ™ A
band diagram bending happened and resulted in the formation of
a depletion region and a built-in potential (@), as shown in Figs.
S8(c1) and S8(c2), respectively. The band diagrams of both 0-min-
ann. BTO and 5.5-min-ann. BTO are also sketched in Figs. S8(al),
S8(a2), S8(b1), and S8(b2), respectively. These band diagrams show
that @, starts to form at 5.5 min, and the conducting mechanism
transformation occurred at 10 min. When applying a slight forward
bias (V) smaller than Ec, both V and the inner voltage caused by
the already established polarization (Vp) had the same direction as
®,. Thus, Erp decreased, and the built-in potential was increased to
(@ + V + Vp), as displayed in Fig. 4(d1). In this case, the electron
migration from BT to LSMO was blocked, and only a small amount
of electrons in LSMO could overcome @, resulting in a very low
current (segment1). When the forward bias increased above Ec, the
already established polarization was switched, so the built-in poten-
tial was decreased to (@, + V — Vp), and a higher current was thus
obtained” (segment2). After the domains were completely switched,
further increasing the voltage will not increase the polarization, so
the current increment slows down again, as seen in segment 3. The
upward shift behavior receded at this moment, for the FD switching
effect decreased at the higher voltage.”” Segments 1-3 are consid-
ered a high resistance state (HRS). During voltage ramping down,
as seen in segment 4, the conduction was dominated by the polar-
ization coupled trap emptying limited conduction, resulting in a
low resistance state (LRS),”" as shown in Fig. 4(d3). The endurance

TABLE I. Comparison of the RS ratio of some typical BT-based devices with that of
our work. The V.4 means the read voltage applied on the device and the RS ratio
represents the resistive switching ratio.

Structure Viead (V) RS ratio Reference Year
BTO/LSMO 0.5 18 41 2021
BTO/Au/LSMO 2.2 70 42 2014
BTO/SNO 0.2 100 43 2019
BTO/LSMO/BTO 0.1 100 e 2019
BTO/LNO 1 170 45 2019
BTO/Nb:STO 0.38 1000 46 2022
BTO/LSMO 1 1916 This work 2023
Nb:BTO/SRO -3 2000 47 2017

pubs.aip.org/aip/apm

performance for up to 200 cycles measured at Vg = 1.0 V for
10-min-annealing BTO is shown in Fig. 4(e), and a resistive switch-
ing (RS) ratio range of 1916 to 198 is obtained. Because of the FD
modulation, the RS ratio below E. is much higher than in the other
voltage ranges, as shown in Fig. S9. Table I shows the comparison
of the RS ratio of some typical BT-based devices with that of our
work, and our work has a significant advantage in applying memory
devices over other BT-based materials.

In summary, the loss-and-reappearance phenomenon of
BTO interfacial was revealed entirely, which resulted from an
ordered-unordered-ordered lattice transformation during the oxy-
gen vacancies’ filling process. The FD formation was confirmed to
occur in the annealing process. 10-min-annealing BTO exhibited a
high RS ratio of up to 1916@1.0 V due to the FD-modulated built-in
potential caused by the electron migration, providing a conceptual
basis for ferroelectric memristors.

The supplementary material provides the additional phase and
structure measurement and the details for the formation of the
Schottky barrier.
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