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Abstract:

Thin films of Sr(Zr, Ti)O3 were investigated as buffer layers to induce tensile strain in ferroelectric thin
films such as PbTiO3 and Pb(Zr,Ti)Os to control the domain structure. By tuning the composition of
Sr(Zr,Ti)O3, (100)-oriented PbTiO; and Pb(Zr,Ti)O; films were obtained, revealing that tensile strain
was introduced into the thin films by the lattice of the buffer layer. We propose a methodology for the
successive control of tensile stress, which is useful for understanding and controlling the domain
structures of ferroelectric films that result in the ferroelectric and piezoelectric properties of

ferroelectric thin films.

(93 words)
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Ferroelectric films have been used as a component in many devices, such as non-volatile

memories, piezoelectric actuators, sensors, and energy harvesters.!™ To connect all things to the

Internet, trillions of electric devices with superior properties are demanded.* Recently, single-

crystalline epitaxial films have drawn attention owing to their potentially superior electrical and

electromechanical properties compared with those of a polycrystalline bulk form.>° In ferroelectric

films, the domain structure plays a critical role in determining ferroelectric, piezoelectric, and
dielectric properties, which can be controlled by the strain induced from the bottom layer, which is

usually a substrate.>"?

The effects of induced strain on the domain structure were investigated in detail theoretically
for tetragonal ferroelectrics. A large compressive strain affords (001)-orientation with out-of-plane

polarization while a tensile strain causes (100)/(010)-orientation with in-plane polarization; these are

denoted as c-domain and a-domain, respectively.® In terms of experimental reports, although the

effects of strain induced from single-crystalline substrates on the domain structures were investigated
for several decades, a comprehensive understanding and control of the domain structure has not yet
been accomplished. For instance, Pb(Zr,Tii)O3 (PZT, x>0.2) with a pure a-domain has never been
realized. One of the reasons for this is that the choice of single-crystal substrates to introduce tensile
strain to films is limited, especially those with large lattice constants. Moreover, their lattice constants
are discrete, making it challenging to precisely control the degree of strain. To introduce tensile strain
in PZT (x>0.3), which is the most important ferroelectric material, lattice constants larger than 0.4 nm
are desired.

Hence, only a few papers have reported PbTiO3 (PT, PZT x=0) with a pure a-domain

prepared on KTaO3; (KTO)!'"!* and SmScO; single-crystal substrates.!* The pure a-domain is only

observed in an extremely thin film thickness,'> and the a.domain is converted to a c/a-polydomain

structure with increasing film thickness.'?!*1618 Recently, our group succeeded in preparing a.domain
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PT films (thickness: 2-90 nm) grown on KTO substrates.'” However, even when the KTO single

crystals were used as substrates, PZT with a near-morphotropic phase boundary (MPB)(PZT x~0.52,

larger lattice parameter than KTO substrates) region should exhibit the c-domain due to the application

of compressive stress to the films.!*!® Although some perovskite-type oxides have sufficiently large

lattice constants to introduce tensile strain into PZT, their single-crystalline substrates are not easily
available. Therefore, we considered using these oxides as buffer layers to control domain structures.
Compared with the domain engineering of films directly grown on single-crystalline substrates,
domain engineering using a buffer layer is very limited, probably owing to a high technical barrier to
obtaining high-quality films.

A cubic structure was desired as a buffer layer to ensure isotropic conditions for the
investigation of domain structures. The tetragonality (calculated as the ratio of the longer lattice

distance to the shorter one, ¢/a) should be close to 1. Sc-based perovskite-type oxides, such as DyScO;

and SmScOs have relatively good small tetragonality (1.001-1.003).2%2! For example, the

tetragonalities of NdScOj3 and GdScOs3 are 1.003 and 1.001, respectively. In addition, the buffer layer
should be chemically and thermodynamically stable and should not react with either the substrate or
films.

Herein, we focus on a buffer layer, Sr(Zr,Ti.,)O3 (denoted as SZT, y=0, 0.43, 0.65, and 0.9),
to induce tensile strain in a wide range of PZT films (0<x<0.5). First, we confirmed the properties of
SZT. PbTiOs (PT) and PZT films were then prepared on the SZT-buffered substrates. Although the

crystal structure of SZT changes from cubic (Pm3m) to orthogonal (Pbnm) via tetragonal (/4/mcm)

with increasing zirconium ratio (), SZT has a very small tetragonality of almost unity (Table S1).2

This tetragonality is comparable to or even better than that of DyScO3 and NdScOs. Lattice constants
of SZT can be controlled from 0.3905 nm (STO) to 0.41 nm (cubic-equivalent SZ), therefore, it is
expected that the SZT can induce both compressive and tensile strain to a wide composition range of
PZT films (0<x<0.5). Moreover, lattice constants can be continuously and precisely controlled by

tuning the composition, which should be a great advantage to use buffer layer. Although SZT has been

5
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reported as a potential buffer layer, no study has experimentally proved that SZT acts as a buffer layer

to induce tensile strain in ferroelectric films.

SZT (y=0, 0.43, 0.65, and 0.9) films were prepared by a pulsed laser deposition (PLD)
technique. Single-crystalline SrTiO3 and (LaAlO3)o.3-(SrAlo.sTagsO3)0.7 (LSAT) were heated to 973 K
under 0.01 Torr of O, atmosphere. An excimer laser (A=248 nm) was irradiated with a frequency of 4
to 10 Hz. The laser energy was set to 250 mJ.

The PT films were deposited by pulsed metal—organic chemical vapor deposition (MOCVD).
The obtained films were characterized by @-26 X-ray diffraction (XRD, PANalytical) scan and
reciprocal space mapping (RSM) obtained from a 2 &-psi scan using a D8-Discover (Bruker) equipped
with a 2D detector. H-K mapping of PT was obtained using a synchrotron X-ray source (SPring-8,
12.4 keV, scintillation counter). Piezoforce microscopy (PFM; Cypher, vector mode) was used to
observe the domain structure.

First, the deposition conditions for SZT on single-crystalline STO and LSAT substrates were
optimized. As a buffer layer, the SZT should exhibit a stable lattice constant for film deposition.
Therefore, the film thickness must be sufficiently large for the lattice parameters to reach saturation in
the bulk. By contrast, in terms of surface roughness, a thinner surface is likely to be better. Thus, a
trade-off exists between these two factors. For example, the optimal thickness of the SZT()=0.65) was
150 nm for STO (See Fig. S1 in the Supporting Information). Notably, the optimized thicknesses of
SZT on the LSAT were smaller than those of SZT/STO. SZT/LSAT has a larger lattice mismatch
between the buffer layer and substrate than the SZT/STO system, which reduces the thickness of the
lattice parameter.

After optimizing the deposition conditions of SZT, PT thin films were deposited on the
buffered substrates to investigate whether the a1/a; domain was formed by tensile strain from the buffer
layer. It should be noted that SZT (y=0.43, a=0.399 nm) had an almost identical lattice constant to that
of KTO (a=0.399 nm). Figure 1 shows the XRD patterns of the PT films deposited on the optimized

SZT/STO and SZT/LSAT films with several SZT compositions. The PT film thickness was
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approximately 30 nm.

In all cases, only peaks corresponding to SZT, PT, and the substrates were observed. The
peak position of the SZT shifted to a lower angle as y increased, indicating that the out-of-plane lattice
constants of the SZT buffer layer increased. Moreover, the observed lattice constants are in good
agreement with the reported values for the SZT powder. Therefore, the SZT buffer layers were likely
relaxed.

Regardless of the SZT composition and substrate used, only one peak attributable to 100
diffraction from PT was observed, suggesting that (100)/(010)-oriented films were obtained without
other orientations. The peak positions of SZT were similar before and after PT deposition, suggesting

that SZT does not react strongly with PT or the substrates during deposition.
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Fig. 1. XRD patterns for (a) PT/SZT(y=0.43)/STO, (b) PT/SZT(y=0.65)/STO, (c)

PT/SZT(y=0.90)/STO, (d) PT/SZT(y=0.43)/LSAT, and (e) PT/SZT(y=0.65)/LSAT

Next, asymmetric and symmetric RSM were obtained, as shown in Fig. 2, because
symmetric XRD measurements do not reflect the properties of the in-plane direction. From the RSM

near 200sto, only two spots were observed: 200szr and 200sto. As shown in Fig. 1, the spots from

7
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200pt almost overlapped with those from 200sro, resulting in no apparent spots. By contrast, Fig. 2(c)
shows three clear spots because LSAT exhibits a smaller lattice constant than that of STO and PT, and
the spots do not overlap. In both cases, there was no spot from 002pr, which corresponds to the results
shown in Fig. 1.

The asymmetric RSMs near the 220sro region are shown in Figs. 2 (d—f). Both STO and
SZT are located on the cubic line (i.e., ¢x=¢:), indicating the complete relaxation of the lattice constants
of SZT. Furthermore, clear spots attributable to 202pr were observed without any spots from 022pr,
which strongly supported the lack of a c-domain. Thus, the PT films prepared on the SZT buffer layers
exhibit an a-domain without a c-domain.

Although many papers have reported domain structures on a buffer layer, such as

PZT/SRO/STO, the buffer layer acts as a conductive or seed layer to help epitaxial growth.?4

Therefore, this is the example of obtaining a PT film with only the a-domain stabilized by the tensile

strain induced by the buffer layer.
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Fig. 2. XRD-RSM for (a, d) PT/SZT(y=0.43)/STO, (b, €) PT/SZT(3=0.65)/STO and (c, €)

PT/SZT(y=0.43)/LSAT. (a, b, ¢) mapping around 200sto and (d, e, f) mapping around 202st0

To further investigate the domain structure, H-K mapping was performed using synchrotron
radiation at SPring-8 (Fig. 3). To prevent damage caused by intense X-ray radiation to the detector,
the area near the STO substrate was excluded from the measurement range. -K mapping can show
the cross section of the reciprocal space at a certain L value, as shown in Fig. S3. To avoid strong
reflection from the STO substrates, H-K mapping around L=2sto was recorded, except near the STO
spots. Figure 3a shows 4 clear spots from 200pt and 020pt as well as a strong spot at the center of the
four spots. It is confirmed that the strong spot was not attributable to SZT by scanning along the L-

axis at (H, K)=(1.96 r. 1. u, O r. . u.). Therefore, a strong spot is likely to stem from the periodic

structure of the ai/a;-domain.'"*® For PT/SZT(y=0.65)/STO and PT/SZT(y=0.43)/LSAT, similar

figures were obtained. The peak intensity around Hsto=2.00 was higher than that at Hsto=1.90 in Figs.

9
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3(b, ¢). The tail of a prominent peak from the substrate may be overlapping. Although measurement
configurations were carefully set up to ensure that the sample surface was parallel to the H-K plane;
however, there may have been a slight deviation, resulting in the asymmetric figure. Moreover, four
spots from the a1/a>-domain are observed, they exhibit different streak directions. Although the reason
for these results has not been fully elucidated, one possible explanation is that the ai/a>-domain is

slightly tilted because of the tetragonality of SZT.
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Fig. 3. XRD H-K mappings for (a) PT/SZT(y=0.43)/STO, (b) PT/SZT(y=0.65)/STO and (c)

PT/SZT(y=0.43)/LSAT using synchrotron irradiation

In addition to XRD-based analysis, PFM was performed to clarify the domain configuration

shown in Fig. 4. In both Figs. 4a and 4b, an obvious contrast from the ai/a>-domain was observed in

the amplitude images, which is in good agreement with that reported for PT/KTO'! and PT/GdScO3.26

Moreover, the amplitude and phase images are not observed in a/c-superdomain patetrns'4, which is
also supporting the formation of the ai/a>-domain without a c-domain. Although the ai/ax-super

domain boundaries in the lateral images contained nonuniformity, this was likely caused by the surface

10
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roughness of the films. Thus, the introduction of tensile strain into the film using the SZT buffer layer

was directly confirmed.

) Lateral amp. Lateral phase

(c)

Fig. 4. PFM images of (a, b) lateral amplitude and (c, d) lateral phase for (a, ¢) PT/SZT(y=0.43)/STO

and (b, d) PT/SZT(y=0.43)/LSAT

Finally, PZT(x=0.3)/SZT/STO was prepared to confirm the formation of the ai/a>-domain
under tensile strain. Figure 5 shows the XRD patterns of PZT(x=0.3)/SZT/STO with SZT
compositions ranging from y=0 (STO) to y=0.9. The composition of the buffer layer critically affected
the domain structure of the PZT film. For example, PZT(x=0.3)/STO only exhibited a c-domain, as in
a previous report?, whereas PZT(x=0.3)/SZT(y=0.43)/STO contained both a- and c-domains.
Furthermore, it should be emphasized that Pb(Zro3Tio.7)O3 which comprised only the a-domain was
experimentally realized unprecedentedly using an SZT(y=0.65) buffer layer, thereby, accomplishing
the successive control of the domain structure from a-domain to c-domain. It should be noted that
clear PFM images were not obtained so far, which is likely due to the relatively large surface roughness.
Therefore, the optimization of experimental conditions for both SZT and PZT deposition should be

investigated in the future work.
11
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Fig. 5 (a-d) XRD patterns and (e, f) RSM images for (a) PZT(x=0.3)/STO, (b)
PZT(x=0.3)/SZT(y=0.43)/STO, (¢, e, f) PZT(x=0.3)/SZT(y=0.65)/STO, and (d)

PZT(x=0.3)/SZT(y=0.9)/STO

Recently, films comprising solely the a-domain have drawn attention because of their

potential advantages in SAW devices or actuators that use the in-plane piezoelectric mode.? Therefore,

this study provides fruitful results for understanding the fundamentals in domain engineering and a
practically important methodology to obtain PZT films with ai/a;-domain for superior
dielectric/ferroelectric properties. To further develop this methodology, the properties of the buffer
layers, such as the film roughness, crystallinity, and orientation, need to be improved.

Another potential direction for further advancing this research is the development of a
conductive buffer layer to measure dielectric, piezoelectric, and ferroelectric properties in the film

thickness direction.

12
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In conclusion, we demonstrated the concept of controlling the domain structure of
ferroelectric films, in which SZT functioned as an effective buffer layer to introduce compressive and
tensile strains in a wide range of PZT films. Our results should enrich the scope of studies on the

domain engineering of ferroelectric materials.

See the supplementary material for details about the tetragonality of SZT with various
compositions and calculated lattice parameters and surface roughness (Ra) for SZT(y=0.65)/STO with

various SZT thicknesses, and also refer to the schematic of H-K mapping in reciprocal space.
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