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1. Surface Morphology

The growth mode of the epitaxial BFCO film was inferred by observing the surface morphology. The SRO
buffer layer demonstrates an atomically smooth surface (rms=0.3 nm) and preserves the overall structure

of the as-received STO stepped substrate, as shown in Figure S1.
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Figure S1 (a) AFM image of 12 nm-thick SRO buffer layer (b) Step line profile extracted from AFM

image using NanoScope software

Figure S2 confirms that all BFCO layers exhibited an island-like morphology consistent with the 3D growth
mode. Our result indicates that BFCO might follow the island mode from the very early growth stage due
to the high nucleation density, or the 2D layer-by-layer (LBL) growth occurs up to a certain thickness before
transitioning to the 3D island mode. The latter behaviour is more plausible since LBL growth of coherent
ultrathin BFCO films only up to a few nm was reported earlier, where stringent processing conditions had
to be applied, e.g. very low growth rate and judicious choice of vicinal substrate.! Therefore, one can assume
that the BFCO/SRO/STO heteroepitaxy can be a representative case of Stranski-Krastanov growth, for
which the corresponding surface roughening is due to the elastic forces imparted by the underlying

substrate.?
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Figure S2 AFM images of (a) 30 nm (b) 70 nm (c) 130 nm -thick BFCO films grown on SRO-

buffered STO

2. Rocking curve scan

Figure S3 shows the narrov FWHM of omega scan around 002 reflection, which confirms the high

crystalline quality of all three samples.
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Figure S3 Rocking curves around (002),c BFCO peak of (a) 30 (b) 70 and (c) 130 nm films.
3. Film thickness measurement

XRR patterns for all samples exhibited a multitude of oscillations depending on the thickness of the layer.
Fitting the reflectometry data using a genetic algorithm yielded the thickness of layers in the heterostructure,

as presented in Table S1.
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Table S1 Calculated thickness from fitted XRR measurement

Sample Thickness of layer
(nm)
SRO BFCO
1 11.50 31.30
2 11.80 71.20
3 11.40 130.00

The confidence of the results was confirmed by monitoring the error analysis. A representative image of
such analysis is shown in Figure S4 for 30 nm thin film, pointing out that the fitting formula is optimised

by the global solution, which minimises the absolute square root difference function.
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Figure S4 Regression error analysis for (a) roughness (b) thickness calculation (X’Pert Reflectivity

software Ver. 1.1)

4. Critical thickness calculation

The modified Matthews-Blakeslee (MB) model can predict the critical thickness for ferroelectric thin films
where strain relaxation occurs by the misfit dislocation.?

t./b = (In(at./b))/8n(1+v)e (Equation S1)
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where b is the Burgers vector, v is Poisson’s ratio, ¢ and « denote misfit strain and cut-off parameter
representing the continuum energy of the dislocation core, respectively. The Poisson’s ratio was presumed
to be 0.3, a typical value for BFO-based thin film on STO (001) substrate,* and « was set to 4.2 Figure S5

shows how Equation (S1) is solved numerically.
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Figure S5 Numerical solution for Matthews-Blakeslee (MB) equation
5. Inhomogeneous strain calculation

Equation (S2) expresses the Williamson-Hall relation as follows:®

(Bcos8)? = (KA/D)? + (4¢;5in6)? (Equation S2)

where 6 and g are the angle and breadth of diffraction peak, respectively, and D denotes the coherence
length along the scattering vector. As shown in Figure S6, we obtained the inhomogeneous strain (g;) from
the slope of linear fit for (00l) BFCO reflections—up to I=4— by plotting B?cos?(0) versus (4sin(0))%. The
XRD peak broadening is mainly due to the finite size, inhomogeneous strain, and diffractometer resolution.
For the Gaussian peak profiles, it is suggested to utilise the quadratic peak broadening equation, as
expressed by B2 = Bsize’ + Bstrain> + Binstrument - I our study, we approximated the instrumental
contribution by subtracting the line width of the corresponding substrate peak. As expected, the coherence

lengths (D) calculated from the intercept also showed a monotonic trend with increasing film thickness.
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Note should be taken that the described quantitative analysis heavily depends on the approach taken to
separate the contribution of size and strain in the linewidth broadening. Therefore, it is better to use such
analysis for comparison per se. It is also highly recommended to employ other techniques such as grazing

incident small angle x-ray scattering when the precise measurement of crystallite grain size is the focus of

the study.
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Figure S6 Williamson-Hall analysis of (a) 30 (b) 70 and (c) 130 nm films.
6. Reciprocal Space Mapping

Using XRD RSM, it is possible to determine the low symmetry phases by performing diffraction
measurements in the scattering zones with a fixed (001) crystallographic axis. In other words, the highly
oriented epitaxial (001) thin film simplifies the interpretation of the result as the splitting of the peak is
associated with the axis perpendicular to the fixed one.® For instance, splitting of the Bragg peak in the HOL
and HHL scattering planes that are geometrically accessible in most diffractometers is commonly utilised
to resolve the monoclinic distortion.”® Furthermore, unit cell parameters can be inferred from RSM graph
as summarised in Figure 3a. For instance, the lattice parameters of the distorted phase were extracted from
the RSM scan of 130 nm-thick film as follows: am = 5.59 A, by, = 5.50 A and ¢y, = 7.94 A with a distortion

angle value of ~ 0.15°. To obtain more useful information, the average in-plane lattice parameter was also

estimated using 0.5 x /a2, + b2, Formula.®
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We crosschecked the possibility of single domain monoclinic tilting in 30 nm-thick film through mapping

the family of (103) asymmetric Bragg peaks. Nonetheless, as shown in Figure S7, all RSM peaks came

along the same OP reciprocal lattice spacing, confirming the tetragonal structure of the unit cell within the

resolution of the diffractometer used herein.
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Figure S7 Asymmetric {103} RSM family plot of the 30 nm-thick BFCO film recorded along (a)

[010] (b) [100] (c) [010] via in-plane rotation of sample by 90 degrees during XRD scan.
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Figure S8 demonstrates the schematic describing the tilting mechanism observed in BFCO films as the film

thickness increased to 130 nm.
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Figure S8 Schematic showing tilting of the domain as the film thickness increases

7. First-principles calculation

The calculation of the polarisation confirmed that both phases are polar with values of ~ 90 pC cm along

the [111] pseudocubic direction and along the [001] direction for the rhombohedral and the tetragonal
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phase, respectively. On a side note, a third stable and competitive orthorhombic phase was also found at
high compressive strain. This phase, with symmetry derived from the Pnma space group, was identified as
centrosymmetric and hence, non-polar active. Figure S9 shows the pDOS on the individual d-orbitals,

which confirms the presence of Fe®* and Cr®* species in both structures.
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Figure S9 Projected density of states on individual d-orbitals for (a, b) T-like (c, d) R-like structure
8. XPS results

The C-1s signal of adventitious carbon (284.8 eV) is used for charge correction. As shown in Figure S10,
the binding energy of the Bi-4f core level appears at 158.7 and 164.1 eV for the 4f;;, and 4fs2, respectively.
The Bi-4f spin-orbit doublets are apart by 5.4 eV, implying an oxidation state of 3+ for bismuth.® The Fe-
2p spectra clearly show a distinctive satellite feature at the binding energy of 719.4 eV, which is the
fingerprint of Fe3* ions.™ In addition, separation of 14 eV between 2ps, and 2py. further corroborates the
prevalence of Fe** cations.!! Nonetheless, the presence of minority Fe** states cannot be ruled out due to
relatively low oxygen pressure during growth, but further investigation is not the scope of this study. The

region scan around the Cr-2p spectrum exhibits 2p1. and 2ps, components at binding energies of 576.3 eV
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and 586.3, respectively, consistent with a single-peak fitted trivalent Cr spectrum.*? Of note, it is expected

to observe multiplet splitting during the photoionisation process in the XPS spectra of transition metal ions

if they have unpaired electrons at their core level. To confirm that the valence state of Cr species is not

misinterpreted from single line-shape fitting, an in-depth characterisation of multiplet splitting can be done

to elucidate the chemical state at the sample surface. The Cr-2p3/2 core level completely fits the trivalent

state of chromium using a multiplet structure similar to the pattern reported in the literature.'?13
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Figure S10 Representative XPS spectra for (a) Bi 4f (b) Fe 2p (c) Cr 2p (d) O 1s core levels.

Furthermore, the sharp peak at 529.6 eV in the O-1s spectrum is associated with transition metal-oxygen

species in agreement with the photoelectron line position of metal oxides.* Table S2 summarised the centre

of gravity for core-level photoemission peaks as described above.

Table S1 Binding energies of XPS peak extracted from the core level spectrum

Elements 0 (-2) Bi (3+) Cr (3+4) Fe (3+)
Peak 1S 4f72 4fsp, 2p3s2 2p13 2p32 2p13 Sat. 2pap
BE (eV) 529.6 158.7 164.1 576.3 586.3 710.8 724.8 719.4
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9. Optical characterisation

First, the optical data for the STO substrate and SRO bottom electrode was acquired. The bandgap of STO

substrate was extracted to be 3.2 eV (see Figure S11), which is in agreement with that in the literature.

Therefore, all the optical data for the BFCO layer were constrained to 3.2 eV, due to the substantial

interference from the underlying substrate.
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Figure S11 (a) Dielectric function of STO substrate. (b, c) Raw ellipsometry parameter of the

representative BFCO film measured at three different angles.

The parameters representing these oscillators are shown in Table S3, yielding an excellent fit to the

experimental data.

Table S2 Detail of the oscillators for the ellipsometry fitting procedure

Gauss.1 Gauss.2 Gauss.3
€1.

offset
Br En Amp Br En Amp Br En Amp

T-like 2.38 0.50 2.29 0.29 1.61 3.98 2.97 3.66 5.52 7.01

(0.01) | (20.02) | (0.007) | (20.01) | (x0.01) | (£0.005) | (£0.04) | (x0.01) | (+0.01) | (0.02)

R-like 2.35 0.43 2.33 0.25 1.93 3.97 2.51 3.39 6.02 8.61

(£0.02) | (£0.02) | (£0.007) | (20.01) | (20.03) | (20.01) | (20.14) | (20.05) | (+0.02) | (+0.03)
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To ensure modulation of photon energy is the main contributor to the observed result, Figure S12 presents
the on/off photoresponse at the different laser wavelengths for the R-like BFCO sample. One can assume
the T-like sample behaves the same as the R-like sample since there is an apparent current increase between
-2V at the dark and 405 nm laser illumination, as shown in Figure 5c, where the current eventually falls to

zero once the light source is off.
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Figure S12 Time-dependent photoresponse of the R-like sample at three different wavelengths.

Figure S13 shows the laser intensity as a function of wavelength for the light source (FemtoPower 1060),

which was used to illuminate the sample in the SPM measurements.
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Figure S13 Laser intensity as a function of wavelength
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10. Photoferroelectric Response

Figure S14 presents the KPFM and c-AFM images for both samples. In this configuration, the bottom half
of the image was recorded in the dark, while the top half represents the measurement during exposure to
the laser source in order to alleviate the impact of severe polarisation back switching in the T-like structure

during the measurement.

Figure S14 KPFM and c-AFM mapping for (a-b) R-like (c-d) T-like BFCO film. (Top half is under

UV illumination (405 nm = 3 eV) and the bottom half is in the dark)
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