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Abstract
The synthesis of (111)-oriented BaTiO3 thin films on Nb-doped SrTiO3 and bilayers of BaTiO3 and La0.7Sr0.3MnO3 on SrTiO3 are investigated. With increasing thickness the films are found to exhibit a decreasing out-of-plane lattice parameter and increased surface roughness. The BaTiO3 films on doped SrTiO3 are found to be relaxed with indications of increasing defect density with increasing thickness. Through piezoresponse force microscopy, pyroelectric measurements, and tunneling electroresistance measurements, indications of ferroelectric behavior are found in (111)-oriented BaTiO3 down to a thickness of 5 nm.




Introduction
Ferroelectrics are a technologically important class of materials due to the presence of switchable polarization, large dielectric constants, piezoelectricity, pyroelectricity, and high non-linear optical activity. Therefore, these materials have an important role in devices such as capacitors, actuators, and MEMS applications [1-4]. The switchable polarization is especially interesting for use in non-volatile random access memory (FeRAM). However, due to low storage density, FeRAM has been primarily used in niche applications. Central to the realization of such devices is a thorough understanding of routes to control the properties of ferroelectric thin films. 

BaTiO3 (BTO) is a widely studied ferroelectric material due to its prototypical polarization mechanism where the central Ti cation is displaced relative to the surrounding oxygen octahedron. In bulk and at room temperature, BTO is ferroelectric with a tetragonal unit cell and the polarization is along the [001] direction [5]. For films deposited on (001)-oriented SrTiO3 (STO), it has been found that ferroelectricity is present in films as thin as 7 unit cells or 2.8 nm [6]{Li, 2015 #60} and that the magnitude of polarization decreases below the bulk value for thicknesses of less than 10 nm [7]. For thicker films, the polarization is higher than bulk due to the elongation of the tetragonal c-axis along with a decrease of the a-axis for compressively strained BTO. For films strained to GdScO3 and DyScO3 substrates the polarization of 200-nm-thick films has been observed to be ~50 μC/cm2 and ~70 μC/cm2 , respectively, compared to 27 μC/cm2 in bulk [8] with an increase in Curie temperature [9]. However, growing high-quality epitaxial films has proven difficult due to the mixed Stranski-Krastanov growth mode, resulting in oxygen vacancies and misfit dislocations [10, 11]. 

Until recently, with regards to perovskite oxides in general and BTO in particular, most of the research effort has been focused on (001)-oriented films. However, due to advances in substrate preparation techniques [12, 13], there is an increased interest in films grown on (111)-oriented substrates, which have novel properties such as polar metals [14], exchange bias in a paramagnetic-ferromagnetic LaNiO3-LaMnO3 superlattice [15, 16], and an induced switchable magnetic moment in an antiferromagnetic-ferromagnetic bilayer of La0.7Sr0.3MnO3 (LSMO)-LaFeO3 without charge transfer [13]. Additionally, it has been theoretically predicted that SrIrO3 can exhibit non-trivial band topologies when embedded in a STO/SrIrO3/STO stack [17, 18], and that compressively strained LaAlO3 and SrMnO3 will exhibit a Goldstone-like mode [19, 20].

In the (111)-orientation, the [001]-direction of BTO is at a 54.7° angle relative to the surface normal, which, assuming a tetragonal unit cell, would imply a different polarization behavior than for (001)-oriented films, where the polarization direction lies either in- or out-of-plane. There are a few reports on BTO grown on (111)-oriented substrates. 300 nm thick BTO films grown on (111)-oriented STO have been found to have a lower leakage current compared to the (001) and (110)-orientation [21], while in superlattices of BTO/STO a very high dielectric constant is found although the remanent polarization is only 1.35 μC/cm2 , approximately an order of magnitude lower than similar superlattices in the (001)-orientation [22]. Interestingly, theoretical studies predict a lowering of the out-of-plane polarization for compressively strained (111)-oriented BTO compared to the unstrained case [23, 24], opposite to what is observed in (001)-oriented films. In both cases the out-of-plane lattice parameter increases with applied compressive strain, although in the (111) orientation the compressive strain forces the oxygen atoms in the (111)-plane together, filling the space available for the Ti cation to move out of the plane. 

Regarding other ferroelectric perovskites, giant surface flexoelectric effect has been found in (111)-oriented BiFeO3 on STO [25], in addition to a higher polarization than in the (001)- and (110)-orientations due to the rhombohedral structure of (111)-oriented BiFeO3 films [26, 27]. However, (111)-oriented BiFeO3 films suffer from fatigue, due to domain wall pinning. In PbTiO3 grown on (111)-oriented LaAlO3 a high degree of dislocations at the interface has been found by transmission electron microscopy [28]. 

In this work, we report on the synthesis and characterization of (111)-oriented BTO thin films, and the data points towards a change in defect density with thickness affecting the structural properties, albeit samples down to 5 nm are shown to exhibit ferroelectricity. 

Experimental
A series of BTO films with varying thickness were grown on (111)-oriented niobium-doped STO (Nb:STO) substrates, as well as bilayers of BTO on 10-nm-thick LSMO on (111)-oriented undoped STO. The films were grown by pulsed laser deposition (PLD) using a KrF excimer laser (248 nm) at a fluence of ~2 J/cm2 and a repetition rate of 1 Hz. During deposition, the substrate was heated to 540 °C in an oxygen atmosphere of 0.05 mbar while an oxygen pressure of 0.35 mbar was used for BTO and LSMO growth. The growth was monitored by reflection high-energy electron diffraction (RHEED). Clear RHEED specular intensity oscillation peaks were observed (Figure 1), although with monotonically decreasing amplitude. The oscillation period was observed to be ~5.5 seconds. After deposition the films were cooled in a 100 mbar oxygen atmosphere with a cooling rate of 15 °C/min. The substrates were prepared before deposition by etching in buffered HF for 45 s, followed by annealing for 1 h at 1050 °C, resulting in atomically flat surfaces with unit cell high steps [29]. Information regarding the LSMO growth can be found in [30].

The film crystallinity was characterized using x-ray diffraction (XRD, Bruker D8) with linear scans and rocking curves taken around the 111 film and substrate peaks. Atomic force microscopy (AFM, Veeco Nanoscope V) and piezoelectric force microscopy (PFM, Veeco Nanoscope V) were used for surface characterization of the topography and ferroelectric properties, respectively. The ferroelectric properties of the bilayers were measured using a pyroelectric measurement setup, where 100 nm thick circular electrodes with a diameter of 1 mm were deposited using a sputter coater and contacted with silver paste to electrical leads, while the LSMO electrode was contacted by wire bonding. The temperature of the electrodes was modulated by illuminating with a modulated diode laser (λ = 1080 nm, 60 mW, 35 Hz) resulting in the generation of a pyroelectric current, which was converted to a voltage signal [31-34]. 

As a proof of concept, a ferroelectric tunnel junction (FTJ) was constructed from a BTO/LSMO bilayer by depositing top electrodes of magnetic permalloy capped with gold by electron beam evaporation through a mask with circular 0.2 mm diameter holes. The thickness of the permalloy was 10 nm, while the gold caps were 100 nm thick. Silver paste was used to bond the top electrodes to enable the characterization of the tunneling electroresistance (TER). The TER measurements were performed with a commercially available system (VersaLab with the electrical transport option). To pole the junctions, a series of DCvoltages were applied in a triangular fashion with steps of 0.5 V between +2.5 V and – 2.5V. Between each poling step the resistance was determined from low amplitude (10 mV) IV-curves.

Results and discussion
Symmetric θ/2θ XRD profiles taken around the 111 film and substrate peaks are presented in figure 2 (a). The BTO film thickness on Nb:STO was calculated from the width of the 111 reflection peaks to be 10 nm, 19 nm, 37 nm, and 110 nm, giving deposition rates of 5.7 s/layer, 6 s/layer, 6 s/layer, and 16.2 s/layer, respectively. We note that for the 10 nm, 19 nm and 37 nm samples the estimated thickness from XRD agrees well with the deposition rate obtained by RHEED. The uncertainty in these values increases with thickness due to a lack of thickness fringes for the thicker films. The out-of-plane parameter, , was calculated from the peak position and is presented in figure 2 (b) as a function of the film thickness. The out-of-plane parameter was for all thicknesses larger than bulk (2.316 Å, indicated with a solid line), but relaxed towards the bulk value with increasing thickness. The full-width-at-half-maximum (FWHM) values of the film peak rocking curves are presented in the same figure.  Approximately equal FWHM values are observed for the three thinnest samples (0.027°, 0.025°, and 0.027° for 10 nm, 19 nm, 37 nm, respectively), while the thickest film possesses an order of magnitude larger width (0.753°) due to a mosaic spread. The 0.015° FWHM of the substrate peak is marked with a dashed line in the figure. A reciprocal space map (RSM) of the 114 film and substrate reflections of the 37 nm thick film is shown in figure 2 (c). The unequal in-plane positions of the film and substrate peaks suggest that the BTO film had relaxed. Using the center of the BTO peak, the in-plane lattice parameter along the [11-2]-direction is found to be 1.64 Å. By comparison, in bulk BTO and STO the interplanar distance along the {11-2} family of lattice planes is on average 1.638 Å and 1.594 Å, respectively, indicating a fully relaxed film. Comparable results are found for the other films (not shown). The BTO films are relaxed for all thicknesses with the peak centered in plane around the BTO bulk value. Due to a low film-substrate peak intensity ratio, XRD measurements of the two thinnest films had to be done with relatively large slit openings, making comparisons of peak widths difficult.

Figures 3 (a-d) show AFM micrographs of the 10 nm, 19 nm, 37 nm and 110 nm thick BTO films on Nb:STO with corresponding line scans in figures 3 (e-h). The sample surfaces became rougher with increasing thickness and a clear step-and-terrace structure was found only for the three thinnest samples, although some step bunching can be observed. However, we also observe occasionally step bunching for the Nb:STO substrates rendering is difficult to determine if the bunching is due to the growth conditions or the substrates used. Turning to the BTO/LSMO bilayers, AFM micrographs of the surfaces of 5 nm BTO, 10 nm BTO and 100 nm BTO, all grown on 10 nm LSMO, are shown in figures 4 (a-c), respectively. All films exhibit a step-and-terrace surface morphology with a step height that is equal to , following the template of the substrate. 

[bookmark: _GoBack]There are several signs of defect formation and lattice relaxation with thickness in the samples investigated. The decrease of the  parameter with thickness (figure 2 (b)) is contrary to what is observed for epitaxial (001)-oriented films of BTO on STO, where the out-of-plane parameter is constant for thicknesses above 9 nm, with a ~6 % expansion compared to bulk [7]. An expansion of the out-of-plane parameter of comparable magnitude would result in a  of 2.47 Å ( Å in bulk). Whereas the out-of-plane parameter for the 10 nm film reported here is significantly lower,  Å. By comparison, utilizing a Poisson’s ratio of 0.35 (polycrystalline bulk BTO at room temperature [35]) and assuming a fully strained film in the (111)-plane would yield a  value of 2.386 Å. Theoretical predictions find a lower out-of-plane expansion under compressive in-plane strain for (111)-oriented BTO with R3m symmetry compared to (001)-oriented BTO with P4mm symmetry [23]. Again, assuming a fully strained film on STO, these results give an expansion of approximately 0.4 % or  Å. However, that RSM data reveal that all samples are relaxed as discussed above. A possible explanation for the decreasing out-of-plane parameter is the presence of a multiphase system, where the first unit cells of the film are strained, followed by a section with a strain gradient, and finally a fully relaxed section. This could result in linear XRD scans where the resulting film peak position is a combination of the respective sections. However, the RSM measurements indicate that the film reflections are centered on the bulk in-plane value (figure 2 (c)), whereas the scenario described above would result in either two separate peaks located at the strained and unstrained values of , or a peak centered around a midway point between the two extremes. Instead, the x-ray peak position and width indicate the presence of defects, albeit the observed peak width may hide contributions from film phases with different strain states. As all films are relaxed, the decreasing out-of-plane parameter with thickness rather suggests a change in the defect density with increasing thickness. In compressively strained films, cation vacancies are expected [36]. However, in the (001)-orientation, misfit dislocations, oxygen vacancies, and cation vacancies are observed as strain relief mechanisms where the nature of the cation vacancies is found to be dependent on the oxygen pressure, with the films being Ba rich at low pressures and Ti rich at higher pressures [10, 11, 37, 38]. The oxygen pressure used in this work is close the pressure resulting in a Ba/Ti ratio of unity for (001)-oriented films (0.053 mbar) [37], though the relation between oxygen pressure and cation stoichiometry is not reported for (111)-oriented BTO films.

In order to study the ferroelectric properties of the BTO films three different techniques were used; PFM, pyroelectric measurements and TER in order to circumvent the challenges with leakage due to the defects present. 

Room temperature PFM measurements were performed on the thickest sample grown on Nb:STO. By sweeping the applied field, a hysteresis behavior of the PFM signal amplitude and phase was observed as a function of the applied DC voltage (figure 5), indicating the presence of ferroelectricity. The phase difference between the start and end state is ~155°, indicative of the reversal of ferroelectric domains. 

A hysteresis behavior was observed in pyroelectric measurements at 80 K for the switching current and phase as a function of the applied DC voltage, here shown in figure 6 (a) for the bilayer of 10 nm BTO on LSMO. The phase difference between the up and down states is ~166°. In figure 6 (b) the pyroelectric current obtained from another 10 nm BTO/LSMO bilayer is shown as a function of temperature. The non-zero current at 300 K indicates that the Curie temperature is above room temperature.  We note that there is a clear kink in the pyroelectric current amplitude near 105 K, similar to behavior observed in ferroelectric La2NiMnO6 thin films [31, 34]. This indicates a coupling of the ferroelectric state of (111)-oriented BTO to the symmetry and strain of the underlying substrate as STO undergoes a structural phase transition between cubic ( K) to tetragonal (K) at 105 K.

Finally, the resistance as a function of the poling voltage, measured at 50 K for an FTJ consisting of a bilayer with 5 nm BTO is shown in figure 6 (c). The insert shows the measurement procedure, with the blue and yellow bars symbolizing interleaved poling and measurement, respectively. The resistance shows hysteresis as expected for a ferroelectric tunnel junction, a further indication of ferroelectricity in the (111)-oriented BTO films. The tunneling electroresistance, , is found to be 4.1 %. 

Despite indications of a high defect density, the (111)-oriented BTO films are ferroelectric at room temperature and below as seen from the PFM, pyroelectric, and tunneling electroresistance measurements, with signs of ferroelectricity in films of 5 nm, 10 nm and 110 nm thickness. 

Conclusion
In conclusion, BTO films and BTO/LSMO bilayers were deposited on Nb:STO and STO substrates, respectively. The out-of-plane parameters decrease with increasing thickness. From XRD scans of asymmetric peaks, it was found that the films are relaxed, indicating that of origin of the decreasing  is increased defect density. Still, the BTO films were found to exhibit ferroelectric behavior.
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Figure 1: The first RHEED oscillations of a typical BTO deposition. The arrow indicates the starting point of the deposition.
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Figure 2: (a) Linear XRD scans of the 111 reflection for substrate and film peaks. (b) The out-of-plane parameter, d111, and the rocking curve FWHM of the films as a function of temperature. (c) RSM of 114 reflection for the 37 nm thick film. The in-plane and out-of-plane directions are [11-2] and [111], respectively. The orange line indicates the in-plane value of bulk BTO.
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Figure 3: (a-d) AFM micrographs of the surfaces of the 10 nm, 19 nm, 37 nm, and 110 nm, respectively. The dimensions of AFM micrographs are 3x3 μm2. (e-h) Line scans corresponding to the white lines in the micrographs in (a-d), respectively.
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Figure 4: (a-c) AFM micrographs of the surfaces of bilayers of 5 nm, 10 nm, and 100 nm BTO, respectively, on 10 nm LSMO on STO. The dimensions of AFM micrographs are 3x3 μm2.
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Figure 5: The PFM amplitude and phase as a function of applied bias voltage.
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Figure 6: (a) The pyroelectric current (blue line) and phase (orange line) at 80 K of a 10 nm BTO, 10 nm LSMO bilayer. (b) The temperature dependence of the pyroelectric current of a 10 nm BTO, 10 nm LSMO bilayer. (c) The tunneling electroresistance as a function of poling voltage of 50 K for a 5 nm BTO, 10 nm LSMO bilayer. The central inset shows the poling (blue bars) and measurement (yellow bars) procedure.
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