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A B S T R A C T   

We present the spontaneous growth of self-assembled epitaxial nanostructures of BiFeO3 (BFO) obtained by 
Pulsed Laser Deposition. The BFO phase architectures of squares, stripes and pyramids were grown on (001), 
(110) and (111) SrTiO3 (STO) substrates, respectively. The morphology of the BFO nanostructures was deter-
mined by Scanning Electron Microscopy and Atomic Force Microscopy revealing their vertical alignment and 
self-assembled feature on the surface of the entire substrate. Structural analysis was made along in-plane and out- 
of-plane directions employing X-ray Diffraction. We determined the growth routes of BFO nanostructures and 
established a relationship between their morphology and structural properties. Such self-ordered crystalline 
nanostructures could be used as a tailored platform for the deposition of the ferromagnetic phase, thus providing 
an alternative method for the fabrication of BFO-based multiferroic vertically aligned nanocomposites.   

1. Introduction 

Multiferroic materials with coupled ferroelectricity (FE) and ferro-
magnetism (FM) are considered promising candidates for next- 
generation memory devices due to their potential to control polariza-
tion and magnetization with a magnetic and electric field, respectively 
[1]. Thus, a variety of magnetic and electrical states can be induced in 
a single storage unit to create a multi-bit memory unit. However, as a 
result of the coupling between magnetic and polarization orders, the 
magnetoelectric effect in single-phase multiferroics such as BiFeO3 
(BFO) is usually too weak to be applied in practice [2]. These limitations 
can be overcome by the development of artificial multiferroic nano-
composites, i.e. nanomaterials comprising both FE and FM phases. Such 
nanomaterials include vertically aligned nanocomposites (VANs), in 
which two immiscible FE and FM phases are epitaxially grown on a 
monocrystalline substrate and coupled by interfacial strain [3–5]. One 
phase exhibits a clear vertical alignment by forming pillar-type 

nanostructures, while the second one acts as a nanocomposite matrix. 
The vast majority of VANs are fabricated by co-deposition of both phases 
using either the PLD technique, switching PLD (SPLD) [6] or, less 
frequently, magnetron sputtering [7]. 

Up to date, multiferroic VANs based on the perovskite-spinel pair of 
BiFeO3:CoFe2O4 (BFO:CFO) were the most widely studied system 
[8–10]. These nanocomposites typically consist of vertically aligned 
nanopillars of the ferromagnetic CFO spinel phase inside a perovskite 
matrix of the ferroelectric BFO phase grown mainly on SrTiO3 (STO) 
single crystal substrates. 

Considering VANs as a unique and versatile platform for enhancing 
the functional properties of nanomaterials, much effort has been put into 
studying the growth kinetics of particular phases [11], strain-dependent 
properties [12,13] and phase segregation mechanisms [14]. Neverthe-
less, despite growing scientific interest in VAN systems, no extensive 
attempt has been made so far to diversify the deposition technology of 
these nanomaterials. In this communication, we report the growth and 
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structure-morphology interplay of vertically aligned self-assembled 
spontaneously grown epitaxial BFO nanostructures on (001), (110) 
and (111) -oriented STO substrates as a tailored platform for BFO-based 
VANs development. The nanostructures fabricated in this way can be 
used as a basis for the deposition of the ferromagnetic phase (e.g. CFO) 
as a separate stage of the process. 

2. Materials and methods 

BFO nanostructures were epitaxially grown on (001), (110) and 
(111) -oriented STO substrates (Crystal GmbH) by pulsed laser depo-
sition using KrF excimer laser (Coherent Compex Pro 110). Prior to the 
deposition of the BFO, STO substrates were soaked for 30 min in de- 
ionized water using an ultrasonic bath and then annealed in air at 
1000 ◦C for 4 h to provide -TiO2 terminated surface of STO [15,16]. The 
high-purity Bi-rich BFO ceramic target was fabricated [17] and used for 
deposition. During the deposition of the BFO, the temperature on the 
substrate and background oxygen pressure was maintained at 600 ◦C 
and 70 mTorr, respectively. The laser pulse rate was set to 10 Hz with an 
energy density of 1.5 J/cm2. For deposition of all nanostructures, 5 000 
laser pulses were applied. The spontaneous ordered growth of BFO 
nanopillars did not require any prior substrate templating procedures. 
Deposition parameters were optimized toward the 3D-step growth of 
BFO within the growth diagram constructed by Jiang et al. [18]. 

X-ray Diffraction (XRD) patterns were collected using Empyrean 
Panalytical diffractometer equipped with a copper-anode tube (CuKα 
radiation). The samples were measured in Bragg–Brentano geometry to 
determine the Miller indices of normal direction to the substrate’s sur-
face and to check if the obtained nanostructures are grown epitaxially. 

Grazing-incidence X-ray diffraction measurements were prepared by 
X’Pert-MPD diffractometer with a Cu anode. The diffractometer was 
equipped with an Euler cradle stage that allowed the sample to be 
rotated around the axis perpendicular to its surface and to be tilted from 
horizontal to vertical. This configuration allowed us to measure φ scans 
(sample rotation) at fixed 2θ and Ψ (sample tilt) to determine the 
orientation of the crystallites. 

Atomic force microscope (AFM) images were obtained with a 
Dimension Icon XR atomic force microscope (Bruker, Santa Barbara, CA, 
USA) working in the air in the PeakForce Tapping (PFT) mode using 
standard silicon cantilevers of nominal spring constant of 0.4 N/m, 
nominal tip radius of 2 nm and triangular geometry. A microstructure 
was studied using Raith Eline Plus scanning electron microscope 
working with the in-lens detector. 

3. Results and discussion 

Fig. 1 presents the architectures of BFO nanostructures grown on 
differently oriented STO substrates. SEM images (Fig. 1 I) reveal the 
plan-view of self-assembled nanostructured BFO patterns built of 
squares, stripes and pyramids on (001) (A), (110) (B) and (111) STO 
(C) substrates, respectively. AFM was also used to determine the height 
profile of nanostructures (Fig. 1 III). Thus, the heights of well-grown 
nanopillars of BFO/STO(001) (A), BFO/STO(110) (B) and BFO/STO 
(111) (C) are 33.4 ± 3.8 nm, 27.1 ± 1.1 nm and 114.9 ± 12.3 nm 
covering 23.1 %, 18.3 % and 10.8 % of substrate surface area, respec-
tively. Clearly visible island growth in Volmer-Webber mode governs 
the distribution of nanostructures for all the samples. For BFO/STO 
(001) the individual clusters exhibit almost equal side lengths, which 

Fig. 1. I) Plan-view SEM images of the ordered BFO nanostructures; II) close-up on typical BFO architectures; III) AFM 3D-renders and height profiles for A) BFO/ 
STO(001); B) BFO/STO(110); C) BFO/STO(111) nanostructures. 
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are rotated by 45◦ with respect to the cutting direction of the substrate 
[100] resulting in the diagonal arrangement of the neighboring clusters 
(Fig. 1 II.A). Then, for BFO/STO(110), a shape anisotropy can be evi-
denced as one of the dimensions of the stripes is elongated in the sub-
strate cutting direction [110] (Fig. 1 II.B). Please note that the end 
facets of the nanobelts take an angle of approximately 120◦. In the case 
of BFO/STO(111), the shape of the pyramid-like nanostructure 
perfectly represents the crystal shape delivered by Winterbottom con-
struction [19,20]. The triaxial orientation of BFO pyramids is visible as 
the elongated edges of the nanostructures are aligned in directions that 
differ by 120◦ (Fig. 1 II.C). 

BFO is a rhombohedrally distorted perovskite with the R3c (No. 161) 
space group, but when grown in thin films the strain imposed by the 
underlying substrate changes the crystal symmetry. The significant 
strain as expected in BFO/STO (lattice mismatch ~ 1.4 %) thin films can 
reduce bulk-like rhombohedral BFO symmetry into monoclinic one (Cc 
space group with unique b-axis), namely Ma and Mb for compressive and 
tensile strain, respectively [21–23]. 

The most interesting angular range of the collected XRD patterns of 
BFO structures grown onto STO substrates is presented in Fig. 2a. The 
indexing of the BFO-originating planes was supported by the theoretical 
XRD patterns assuming thickness dependence of the lattice parameters 
for the BFO/STO heterostructures reported by Kan et al. [24]. According 

to the previous studies, BFO/STO(001) and BFO/STO(110) nano-
structures show reflections that can be attributed to the monoclinic Ma 
and Mb phases, respectively, while BFO/STO(111) nanostructures 
maintain bulk-like rhombohedral symmetry [22]. 

The BFO grown on STO (001) (Fig. 2a, green line) shows reflections, 
which can be associated with the Ma phase in the Cc (No 9) space group. 
The observed reflections originate from 001, 002 and 003 planes. Hence, 
the BFO structure is epitaxial. The Miller indices obey the rule 00 l: l =
2n (n = 1, 2 and 3), which holds for the Cc space group with a unique b- 
axis. For BFO/STO(001) monoclinic Ma phase is rotated by 45◦ with 
respect to the cubic STO cell conforming to an epitaxial relationship of 
BFO[100] || STO[110] proposed in ref. [24]. Thus, the TiO2-terminated 
STO surface exhibits affinity to Bi, therefore growth mechanism can be 
proposed, as depicted in Fig. 2b. The large FWHM of the BFO reflections 
originates from restricted dimensions as well as strains due to structural 
mismatching between STO and BFO. 

For the (110) substrate orientation reflections from BFO with (hkl): 
200 and 400 were solely observed (Fig. 2a, red line). The reflections 
belong to the Mb phase and obey the rule h00 = 2n (n = 1, 2) for the Cc 
space group with a unique b-axis. Those reflections originate from a 
parallel family of planes; therefore the BFO structure is grown epitaxi-
ally with the [100] direction perpendicular to the substrate surface with 
the epitaxial relationship of BFO[100] || STO[001] and BFO[010] || 

Fig. 2. a) X-ray Diffraction patterns for BFO nanostructures grown onto (001), (110) and (111)-oriented STO surfaces (subscripts denote: M− monoclinic, R- 
rhombohedral). STO-originated reflections are marked in black; Crystal matchings and suggested growth routes for: b) BFO/STO(001); c) BFO/STO(110) and d) BFO/ 
STO(111) assuming the -TiO2 termination of STO substrates. 
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STO[1–10] as depicted in Fig. 2c. 
The XRD pattern collected for the BFO grown on STO(111) (Fig. 2a, 

blue line) reveals the occurrence of only two reflections from the BFO. 
Namely, the 111 and 222 reflections were evidenced with an agreement 
to the rule hhh: h = 2n (n = 1 and 2), governing the appearance of hhh 
reflections for the R3c space group with rhombohedral axes. This 
observation implies that the nanostructures of BFO grow with a well- 
defined [111] axis perpendicular to the STO surface. It must be 
underlined that there are three possible orientations of the rhombohe-
dral BFO [001] axes, which differ in rotation angle of 120◦. 

In order to confirm the out-of-plane orientation of the obtained BFO 
nanostructures XRD measurements on tilted (Ψ) and rotated (φ) samples 
were performed (Fig. 3 A). Each sample was tilted by Ψ = 90◦ to measure 
the crystal planes perpendicular to the substrate (Fig. 3 B). Moreover, 
the out-of-plane alignment of the nanostructures and the STO substrate 
was investigated by phi (φ) scans (Fig. 3 C). 

The BFO/STO(001) sample was rotated by φ = 45◦ in order to 
confirm the diagonal alignment of BFO nanostructures with the STO 
substrate (Fig. 3 I.A). As can be seen from the θ-2θ scan (Fig. 3 I.B), the 
collected reflections of BFO(020) and STO(110) correspond to the ex-
pected crystal planes. Phi scans made for the BFO (200) peak and the 
corresponding STO(110) peak (Fig. 3 I.C) further revealed that the 
BFO/STO(001) nanostructures are highly epitaxial along out-of-plane 
direction indicating an expected fourfold axis. Moving to the BFO/ 
STO(110) sample, a rotation by φ = 90◦ was done to capture BFO(020) 
plane originating reflection (Fig. 3 II.A). Both BFO(020) and STO(110) 

Fig. 3. (A) Visualization of sample tilt (Ψ) and rotation (φ) during XRD out-of-plane measurement, (B) X-ray Diffraction patterns for tilted and rotated samples 
(subscripts denote: M− monoclinic, R-rhombohedral), (C) Phi-scans around the specific reflections for I) BFO/STO(001), II) BFO/STO(110), III) BFO/STO(111). 

Fig. 4. The W-H analysis of BFO nanostructures on STO(001), STO(110) and 
STO (111). Each point on the plot is marked with corresponding BFO- 
originated Miller indices. The strain ε is extracted from the slope of the 
linear fit. 

W. Salamon et al.                                                                                                                                                                                                                               



Applied Surface Science 607 (2023) 154928

5

planes have similar d-spacing, hence it is difficult to evidence their clear 
separation on the θ-2θ scan (Fig. 3 II.B). Nevertheless, a slight left-hand 
asymmetry of the STO(110) peak can be seen where the BFO(020) peak 
is expected. However, the phi scans reveal a crystal plane of BFO(020) 
every 180◦ indicating the assumed orientation of the nanostructures 
(Fig. 3 II.C). Finally, for the 90◦ rotated BFO/STO(111) the expected 
BFO(20–2) reflection is observed with an accompanying STO(220) peak 
(Fig. 3 III.A, B). The six reflections in the phi scans (Fig. 3 III.C) indicate 
the expected sixfold axis of symmetry of the BFO nanostructures on the 
STO(111) substrate. 

The Williamson-Hall (W-H) method was used to determine the 
strain-induced broadening of BFO peaks in order to calculate micro-
strain on particular BFO nanostructures [25]. It can be seen from the W- 
H plot (Fig. 4) that the greatest microstrain is found in BFO/STO(001) 
(8.33), slightly smaller in BFO/STO(110) (4.50) and the smallest in 
BFO/STO(111) (1.97). This can explain that even for very small sizes of 
BFO nanostructures or films deposited on (111)-oriented STO BFO tends 
to relax and quickly approach their bulk lattice parameters maintaining 
the rhombohedral symmetry [26]. In the case of greater strain, the 
reduction of symmetry to monoclinic dictates the structure of the 
deposited BFO. 

The vast majority of the perovskite phases have the lowest energy 
surfaces of the (001) surface and a corresponding equilibrium cube 
shape dominated by six (100) facets [8,27]. Structural analysis and our 
suggested growth route have shown that on each STO orientation BFO 
reveals the low l00-indexed faces when grown epitaxially on STO sub-
strates. As BFO wets the STO surface partially and forms clusters, the 
equilibrium shapes of these clusters are simply driven by the symmetry 
of the STO unit cell including some lattice defects like stacking faults, 
dislocations and twin boundaries. The square symmetry of BFO/STO 
(001) nanostructures and their diagonal orientation may result from the 
system’s counteraction against island merging [28]. The unidirectional 
growth of BFO/STO(110) nanostructures along [110] direction can be 
attributed to an anisotropic ledge growth mechanism following the 
analogous CFO/STO morphology reported by Yan et al. [29]. Finally, 
the architecture of the BFO pyramids on STO(111) perfectly matches 
the equilibrium shape delivered by the Winterbottom construction 
confirming the epitaxial nature of the nanostructures (Fig. 5). 

4. Conclusions and prospects 

A high-quality vertically aligned epitaxial BFO nanostructures were 
grown on STO(001), STO(110) and STO(111) by applying the appro-
priate procedure for preparing TiO2-terminated substrates as well as 
selection for the optimal deposition process parameters. A comparative 
description of the morphology of the obtained nanostructures with their 
crystal structure and orientation was made. As assumed based on pre-
vious research, for the (001) and (110) STO orientations, the BFO 
grows in the monoclinic structure, while for the STO (111) in the 
rhombohedral one. This strain-induced symmetry reduction was sup-
ported by Williamson–Hall analysis of microstrain. 

A thorough understanding of the growth mechanism of these nano-
structures, as well as the ability to control their self-assembly, allows for 
the implementation of alternative BFO-based VANs fabrication methods. 
Thus, having a well-developed platform of BFO vertically aligned phase 
deposition of another material (e.g. CFO) as a matrix of the nano-
composite may be possible. By this, it can be considered to swap the 
roles in the existing conventional BFO-based VAN systems, where the 
BFO used to act as a matrix and the CFO as a vertical phase [30]. This 
implies additional degrees of freedom in the engineering of VAN systems 
and allows a thorough examination of nanopillar phase contribution. 
The new method for VANs fabrication would allow for much more 
precise control over the deposition process parameters, which can be 
individually tailored for each phase. Therefore, high-quality multi-
ferroic BFO-based VANs with strong phase integration and hence 
implementable magnetoelectric coupling can be developed. 
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[15] F. Gellé, R. Chirita, D. Mertz, M.V. Rastei, A. Dinia, S. Colis, Guideline to atomically 
flat TiO2-terminated SrTiO3(001) surfaces, Surf. Sci. 677 (2018) 39–45, https:// 
doi.org/10.1016/j.susc.2018.06.001. 
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