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Ferroelectric thin films have become promising for the creation of non-volatile memories, energy harvesting and MEMS devices. [1][2][3] Understanding and controlling the domain structure of ferroelectric thin films is vital to realize large-scale applications. [4][5][6][7] Generally, the switching and rearrangement of domains is active well below the film growth temperature. 8,9 Intrinsic factors such as substrate clamping (due to mismatch of the unit cell parameters) and depolarizing field (which increases when the sample thickness decreases) determine to a large extent the stable room-temperature ferroelectric domain configuration. 10 However, it was found experimentally that growth parameters such as growth temperature, 11 oxygen pressure, 12 annealing rate, 13 and quenching 14 can affect the domain structures of ferroelectric films, indicating that other factors such as defects may play a key role as well. 15 Indeed, defects such as vacancies 11 , element-enriched phases 12 and dislocations 7 inevitably appear in the film and can affect the formation of domains. It is for instance well-known that point defects accumulate and pin the ferroelectric domain walls, i.e. boundaries separating two adjacent ferroelectric domains having different polarization directions. 16,17 These point defects can also form local defect dipoles which couple to the growth direction to produce polarization gradient. 15 Defects with higher dimensionality, such as dislocations (typical linear defects), have been studied for decades in epitaxial thin films. 18,19 It was proposed that interfacial dislocations lead to the preferential formation of a domains (with in-plane polarization, in contrast to c domains with out-of-plane polarization), relaxing the elastic energy due to misfit strain. In fact, just as point defects and domain wall pin each other, the interaction between dislocations and a-domain can slow down the motion of a domains, inducing large local polarization inhomogeneity, and thus destroy the properties of devices made by ferroelectric films. [20][21][22][23] Yet, the interaction of dislocations with ferroelectric domain walls also offers fantastic opportunities for improved device performances, as recently reported. 24 Indeed, depending on the dislocation type, it has been shown that dislocation-domain wall interactions can generate extraordinary and stable large-signal dielectric permittivity and piezoelectric coefficient 24,25 .

Most studies of the domain-dislocation interaction in ferroelectric films have been carried out at room temperature. With the increasing demand for ferroelectric devices operating at higher temperatures, 26 it is critical to go beyond the room temperature features.

We thus need to study the thermal stability of domain structures and the interaction between domains and dislocations at elevated temperatures. It is worth mentioning that while thermal annealing appears as a random process, recent works 15 have demonstrated that, in addition to the well-established electrostatic and mechanical boundary conditions, the growth temperature is efficient to modulate defects and consequently offers a tool for the full control of the polarization in ferroelectric thin films through mono-to poly-domain configurations. Here, we employ annealing to modulate the domain structures of PbTiO3 (PTO) thin films. We report that a domains can be generated in 30 nm thick PTO films deposited on (001)-oriented SrTiO3 (STO) substrates when annealed at temperatures above 550 °C. Transmission electron microscopy (TEM) and temperature-dependent X-ray diffraction (XRD) allow to access the microstructure of ferroelectric PTO films. Phase-field simulations further confirm that the existence of interfacial dislocations stabilize a domains in PTO films. 30 nm thick PTO films were grown on single-crystal (001)-oriented STO substrates by pulsed laser deposition (PLD), using a KrF excimer laser (λ=248 nm) (see details in the Supplementary materials). As-grown samples were then annealed at 500 °C or 700 °C for 15 min in a separate furnace and then removed from the furnace and rapidly quenched in air.

Bright-field and dark-field TEM images (see Supplementary materials) were acquired by Tecnai G 2 F30 microscope (FEI, USA). High-angle annular dark-field (HAADF) scanning TEM (STEM) images were recorded at 300 kV using Titan G 2 60-300 kV microscope (FEI, USA). Strain analysis was based on geometric phase analysis (GPA), carried out using Gatan Digital Micrograph software.

XRD was performed on a homemade diffractometer with a Rigaku RA-HF18 rotating anode source (50 kV, 300 mA) using Cu Kα1 (0.15405 nm) wavelength equipped with a furnace allowing to acquire patterns from room temperature (RT) to 667°C (see Supplementary materials).

At room temperature, bulk PTO is ferroelectric with a tetragonal structure (space group P4mm) with lattice constants of a = b = 0.3904 nm and c = 0.4157 nm, 27 whereas the STO crystal has a cubic structure with lattice constants of a = b = c = 0.3905 nm. 28 Accordingly, 10 the pulsed laser deposited PTO thin films are epitaxially grown on (001)-oriented STO substrates and show (00l) c domain orientation (see Figure S1 in Supplementary Materials) with the c-axis perpendicular to the substrate, resulting in an almost strain-free film.

To identify the domain structure of the PTO thin films annealed at different temperatures, namely at 500 °C and 700 °C, TEM observations were carried out. Figure 1 shows the crosssectional TEM dark-field images of the PTO films along the [100] direction. The as-grown film (see Figure 1a) shows vertical stripe domains with alternating bright and dark contrast, indicating 180° domain walls 29 (pure c domains, i.e., out-of-plane polarization). Because these films are grown on an insulating STO substrate, domains with opposite polarization form to reduce the depolarization field and maintain the ferroelectric state. 30 PTO films annealed at 500 ℃ and 700 °C are presented in Figure 1b and Figure 1c, respectively. The film annealed at 500 °C (Figure 1b) shows an increase in the density of 180° domain walls compared to the as-grown film (see Figure 1a). The Kittel's scaling law which states the domain period (or number of domain walls) is proportional to the film thickness appears to not be working here as the film thickness is fixed. This deviation can be explained by the nature of the domain walls. 31 Indeed, as one can notice in Figure 1b, some domain walls deviate from 180° (see blue dashed lines in Figure 1a&b), and might be due to some defect segregation favoring nonferroelastic 180° charged domain walls 32 altering the depolarizing field. [33][34][35] After annealing at higher temperature, 700 °C (see Figure 1c), 45° inclined stripes crossing the entire film emerged. They attest of the presence of ferroelastic 90° domain walls separating a and c domains. This observation is surprising, as the current strain conditions (almost strain-free films) do not in general favor the formation of a-c domain configurations, which are rather obtained under tensile strain. 13,36 To further reveal the origin of these unexpected a domains, HAADF-STEM is employed on the 700 ℃-annealed sample (see Figure 2). Interestingly, near the intersection of the a domain with the PTO/STO interface, a pair of dislocations was identified; see in Figure 2b corresponding to the edge dislocation inside the film. As a result, the extra half-atomic plane at the interface (C-type dislocation) may generate a local normal tensile stress here. Note that while they are also possible to occur, we do not observe any <110>-like dislocations in the investigated atomic areas as they are believed to decompose into two partial dislocations to form a pinning effect on the a domain 29,37 . Figure 2c presents the in-plane strain (εxx) obtained from the GPA performed on the area in Figure 2a. The red area in the Figure 2c corresponds to the position of the a domain. Figure 2c reveals that the strain in the a domain (red lamellae) is about 6%, and the strain at the core of the dislocation pair (black and white spot indicated by arrows in Figure 2c) is larger than that at the a domain. Figure 2d shows the lattice rotation (Ry) where the a domain (green lamellae) corresponds to about 0° while the c domain (red region) to about 3°, that is linked to the c/a ratio and in agreement with previous reports. 36,40 (see arrows in Figure 2d). This result indicates that the dislocation pair and the a domain exhibit a pinning effect between each other, making them more likely to be retained. To further reveal the formation of a domains, the annealing process on a virgin PbTiO3 thin film from 27 °C to 667 °C was investigated using high temperature XRD. XRD patterns of the (200) Bragg peak at different temperatures are shown in Figures S2 andS3 for heating and cooling respectively. Figure 3a shows the c-axis (out-of-plane) lattice constants of PTO and lattice constants of STO on heating and cooling processes. As one can see, the c-parameter evolves monotonously with the temperature, and there is no indication of any phase transition up to 667 °C on both heating and cooling regimes, in good agreement with previous reports. 30,38 Indeed, the critical Curie temperature in classical ferroelectric films such as PbTiO3 is known to be strongly enhanced because of electromechanical boundary conditions and finite size effects leading to the renormalization of the Landau coefficients and stabilization of ferroelectric phases 39 . The full width at half maximum (FWHM) values of diffraction peaks during heating and cooling regimes are shown in Figure 3b. It is observed that the FWHM starts to strongly increase during the heating process above about 550 °C (see Figure 3b). On cooling, the FWHM decreases and reaches a plateau at about 400 °C, and the value of the plateau on cooling is higher (~0.61°) than that on heating (~0.58°). The broadening of the FWHM has been related to the heterogeneous strain coming from defects. 26,27 It is thus likely that some defects (both point defects and dislocations) are generated above a critical temperature that is ~550 °C, and some are kept and/or reorganized (e.g., segregation of point defects at domain walls) on cooling (below ~400 °C) when coming back to room temperature. These defects and, most likely, the dislocations observed in Figure 2 only in the sample annealed at 700 °C, can thus create strain states that favor the formation of a domains. Coupling between a domains and dislocation pairs might thus occur through this annealing process at temperatures above 550˚C. This phenomenon can be used for tuning the polarization response of the PTO film. To further clarify the coupling between the domain structures and the pair of dislocations appearing at the interface to help a domains to form, 2D phase-field simulations were carried out (see details in the Supplementary materials). We constructed four models of 30 nm thick PTO thin films on STO substrates: the first one is an ideal film without dislocation pairs, and the second one is a film with periodic dislocation pairs. The dislocation pair consists of a Ctype dislocation with b=a[ 1 00], n =(1,0,0), and a G-type dislocation with b=a[001] and n=(1,0,0). This dislocation system is comparable to what we observe in Figure 2. The third and fourth models are films with periodic C-type and G-type dislocations, respectively. The period of the dislocation pairs and single dislocations is 50 nm, which is much larger than the distance between the two adjacent dislocations in a pair (5 nm). Figure 4 illustrates the domain structures at 25 °C obtained by phase-field simulation for the four models we considered. In the absence of dislocations, the equilibrium domain structures consist solely of pure c domains within the film, as depicted in Figure 4a, in agreement with our experimental observations (Figure 1a-b). However, when the interfacial dislocation pairs are added, a domains are induced near the dislocation pairs (see Figure 4b), also in agreement with TEM observations (Figure 2). We further calculate the cases with only C-type or G-type dislocations at the interface to disentangle the effects of the dislocation pairs. Remarkably, we can still observe the formation of a domains when only C-type dislocations are added (see Figure 4c). However, when only G-type dislocations are considered, a domains are not formed at room temperature, and only subtle polarization changes and curved non-ferroelastic 180° domain walls, resembling those observed in Figure 2b, are observed near the core of G-type dislocations (see Figure 4d). These calculations therefore show that in addition to point defects, 32,33 dislocations can also alter the strain state within 180° domain walls in ferroelectric thin films. The introduction of dislocation strain/stress fields, especially of C-type dislocations, thus changes the elastic energy of the system and promotes stabilization of 90° a-c domain structures. Our calculations and their agreement with our experimental observations demonstrate there is a clear coupling between the a domains and dislocations. By combining experiments and simulations, we demonstrate that dislocation pairs couple to a domains and favor their stabilization. Two possibilities for the nucleation of a domains can be considered. The first one relies on the formation of dislocations induced by the chaotic arrangement of some atoms at the interface/inside the substrate or volatility of lead and oxygen elements due to high temperature. As the temperature rises, some dislocations overcome the relatively high Peierls barrier in the perovskite film, 41,42 gliding to the interface. The lattice distortion around the dislocations provides a stress field, which helps to stabilize a domains.

The dislocations, like point defects, also contribute to non-ferroelastic 180° domain walls. A second scenario is that prior to the Curie temperature, as the temperature increases, the c/a ratio decreases and since their strain states become closer to each other, some of the c domains are converted to a domains by the depolarization field. The generated a domains lead to a local increase in strain. Dislocation pairs can thus form around a domains to release strain, leading to the coexistence of a domains and dislocation pairs at the interface as well as c domains with domain walls deviating from 180°. In either cases, this phenomenon occurs above 550 °C, which corresponds to the FWHM jump in Figure 3b. The appearance of the dislocations is thus a thermally activated process. This phenomenon takes place above a critical temperature in epitaxial PTO films. The dislocation pairs go hand in hand with a domains to release the additional stress, and therefore the strain coupling between a domains and dislocation pairs provides a way for stabilizing 90° domain walls. 37 Earlier works 37,38,43 have also pointed in that direction, without clear understanding of thermal effects at the time.

In summary, by using aberration-corrected STEM, high-temperature XRD and phase-field simulations, the link between a domains and dislocation pairs in PTO films is studied. It is found that the 90° domain walls are favored by the dislocations and can be controlled by heat treatment in the PTO film above a critical temperature. By phase-field simulations, we found that the single dislocations (C-type) can also solely induce a domains. However, based on our experimental observations, it is believed that dislocation pairs are more favorable for the retention of a domains by playing a pinning role. Our work provides a reference for understanding the mechanism of thermal strain relaxation and the interaction of dislocations with a domains in ferroelectric thin films.

See supplementary materials for XRD patterns of PTO film grown on STO (001) substrate in Figure S1, XRD patterns of PTO film grown on STO (001) substrate during heating process in Figure S2, and on cooling process in Figure S3.
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 1 Figure 1. The cross-sectional dark-field TEM images of the 30 nm PTO films grown on (001) STO substrates: (a) as-prepared sample without heat treatment, (b) sample annealed at 500 °C, and (c) sample annealed at 700 °C. White arrows mark the interface. Blue dashed lines show domain walls deviating from 180°. Red rectangle highlights the a domains, oriented at 45° to the substrate, representing the a-c domain structure with 90° domain walls separating the a and c domains.

  an enlarged view of the area marked by a white dashed square in Figure 2a. No dislocation pairs were spotted in the c domain configurations, nor in the as-grown and 500 °C-annealed films. Two types of mutually perpendicular edge dislocations form a dislocation pair near the interface. These two types of edge dislocations are named as C-type and G-type dislocations according to their semi-atomic planes and migration modes (C-type, climbing dislocation; G-type, gliding dislocation). The Burgers vector of the C-type dislocation is b=a[010] corresponding to the dislocation at the interface; the Burgers vector of the G-type dislocation is b=a[001]

Figure 2 .

 2 Figure 2. High-resolution HAADF-STEM images and related GPA results. (a) HAADF image of one a domain separated from the c domains by 90° domain walls, marked by blue dashed
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Figure 3 .

 3 Figure 3. The results of XRD with different temperatures. (a) The temperature dependence of c-axis lattice constants of PTO and lattice constants of STO on heating process and cooling process. (b) FWHM values of (002) diffraction peak during heating process and cooling process. Straight lines are guides for the eyes.

Figure 4 .

 4 Figure 4. Domain structures of 30 nm PTO thin films grown on STO substrate at 25 °C obtained by 2D phase-field simulations. (a) The ideal film without dislocation pair. (b) The film with periodic dislocation pairs. (c) The film with periodic C-type dislocations, and (d) periodic G-type dislocations. The dislocation period is taken to be 50 nm.
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