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Abstract

An in-depth structural study of a 23 nm thick BiFeO3 film grown on orthorhombic NdScO3 (110)O

substrates demonstrates the presence of a mixed phases. Atomic resolution scanning transmission

electron microscopy measurements reveal an out-of-plane stripe domain structure typical of rhom-

bohedral BiFeO3 films but with a polarisation component along pseudocubic 〈100〉PC or canted

from the 〈111〉PC towards the in-plane direction. Photovoltaic measurements display an anomalous

modulation of the open circuit voltage as temperature is decreased that is attributed to a structural

change associated with a transition to a single structural phase.

I. INTRODUCTION

Strain engineering is a critical component of thin film growth of functional oxide materials,

frequently being used to stabilise ferroelectric polarisation or tune functional properties [1–3].

BiFeO3 (BFO) is a material of particular interest for strain engineering because of its rich

strain-temperature phase diagram and its multiferroicity, being ferroelastic, ferroelectric and

antiferromagnetic at room temperature [4]. This opens up the possibility to manipulate one

order parameter via control of another (e.g. controlling magnetisation through ferroelectric

switching) [5, 6]. Furthermore, BFO exhibits an anomalous photovoltaic effect, whith a large

open circuit voltage exceeding the band gap [7–9], showing promise for solar cell or photo-

detector applications. As such, epitaxial BFO has been under the spotlight with a wealth

of theoretical and experimental research available in the literature. However, the behaviour

of BFO under tensile strain is relatively poorly understood. As the photovoltaic effect is ex-

pected to be dependent on the material’s structure [10, 11] and it has been demonstrated that

compressive strained BFO grown on LaAlO3 (LAO) produces a persistent photoconductivity

[12], tensile strained BFO could provide further enhancement or control of the photovoltaic

properties.

At room temperature, bulk BFO is a pseudo-cubic (PC) perovskite structure with the

R3c space group (lattice parameters a = 3.965 Å, α = 89.4◦). Under compressive strain, a

tetragonal phase is formed with intermediary monoclinic MA or MC phases (in the notation of

Vanderbilt and Cohen [13]) as well as mixed monoclinic phases possible, see Fig. 1 [14]. Under

tensile strain, ranging from 2-7 % [15–18], first principles and thermodynamic calculations
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have predicted that an orthorhombic (O) phase of BFO can be stabilised as well as an

equivalent monoclinic intermediary phase, MB, as shown in Fig. 1. At the strain-induced

phase boundary between rhombohedral-like monoclinic MB (space group Cc or Cm) and

orthorhombic, dielectric and piezoelectric properties are expected to be significantly enhanced

[17].

Experimentally, a number of structural phases of BFO under tensile strain have been

reported. These include monoclinic MB [19, 20], orthorhombic [21, 22], mixed orthorhombic-

rhombohedral [23, 24] and even tetragonal [25]. Considered together, these do not provide a

coherent picture. For example Yang et al. [21] stabilised a purely orthorhombic BFO phase

on NdScO3 (NSO) (Pbnm space group, mismatch +0.9%) with purely in-plane polarisation.

Similar growths on PrScO3 (mismatch +1.5%) substrates, expected to favour orthorhombic

BFO even more due to its higher tensile strain, produced a single phase monoclinic MB

[19]. Therefore it seems that considerations other than strain (e.g. growth method/rate,

doping) are integral to the structural phase formed. This was found to be the case for

BFO grown on LaAlO3 where compressive strain stabilises a tetragonally distorted phase

and rhombohedral-tetragonal mixed phase regions may exist [26]. To add to the complexity,

it has been demonstrated that, even in effectively unstrained BFO films grown on TbScO3,

bound charges at domain walls can induce tetragonal-like structures and nanodomains with

unconventional domain walls [27].

Here, we report a detailed characterisation of the structure of BFO films grown on NSO,

showing a mixed phase. Using atomic resolution transmission electron microscopy (TEM),

the polarisation and domain structure of this mixed phase are explored. We then further

investigate the functional properties of this system and demonstrate an unconventional pho-

tovoltaic response compared to typical single phase BFO thin films with stripe domains [9].

II. EXPERIMENTAL METHODS

BFO films were grown on NSO (110)O substrates (where the subscript O indicates indexing

in the orthorhombic setting, as opposed to the pseudocubic, PC, setting) by pulsed laser

deposition using a target with nominal 5 % Bi excess. A growth temperature of 640 ◦C in

an oxygen environment of 0.2 mbarwas used. The laser fluence was ∼ 0.5 J cm−2 with a
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spot size of 9 mm2, target substrate distance was 45 mm and pulse frequency was 8 Hz. The

growth rate was approximately 0.38 Å s−1. After deposition, the sample was cooled at a rate

of 20 ◦C per minute at an oxygen pressure of 5 mbar.

High resolution X-ray diffraction (XRD) and reciprocal space mapping was performed us-

ing a Panalytical X’Pert Pro MRD diffractometer, using Cu Kα radiation and an X’Cellerator

detector (Panalytical). SEM images were acquired on a Zeiss GeminiSEM 500 operating at

3 kV.

Detailed structural investigations were performed from scanning TEM (STEM) images

acquired using a double aberration corrected JEOL ARM-200F - operating at 200 kV with

a Schottky field emission source. Annular dark field (ADF) images were acquired using

a collection angle of 45-180 mrad. TEM specimens were prepared with a JEOL JIB-4500

focussed ion beam using standard lift out procedures. For accurate position/displacement

measurements, each image is an average of several fast scans, aligned for rigid and non-rigid

distortions using the SmartAlign routines [28]. Atom positions where then found from local

maxima and refined using non-linear least squares fitting of 2D Gaussian functions, including

contributions from nearest neighbours.

For photovoltaic measurements, Au electrodes with widths of 700 µm, separated by 80

µm and with a nominal thickness of 50 nm were deposited by e-beam evaporation through a

shadow mask. The sample was photoexcited with a 405 nm (3.07 eV) Newport LQA405-85E

laser with a 55 mWcm−2 intensity. The surface irradiation area (including electrodes) was

1.53 cm2.

III. RESULTS AND DISCUSSION

Single BFO 00L peaks from XRD measurements, show in Fig. 2(a), reveal a constant

out-of-plane pseudo-cubic lattice parameter of 3.89± 0.01 Å that is consistant with previous

measurements of BFO under tensile strain of 3.90 Å [21] and 3.884 Å [19] (the unstrained

bulk value is 3.965 Å [29]). Laue fringes are also observed, with a periodicity corresponding

to a film thickness of 23 nm.

Due to the lack of a bottom electrode, conventional piezo force microscopy measurements

of the polarisation and domains are not possible. Instead we use SEM measurements to
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image the domains, as demonstrated by Alyabyeva et al. [30]. Figure 2(b) shows an image

demonstrating the domain structure, where a stripe domain structure can be seen with width

of ∼ 30 as well as a longer range bundles of domains. It is assumed, from comparison BFO

with typical 71◦ domains [30, 31], that each bundle has the same out-of-plane polarisation

component, but the stripes within correspond to varying in-plane polarisation. This differs

from the purely orthorhombic BFO-NSO system demonstrated by Yang et al. [21] where the

polarisation vector was purely in-plane.

Figure 3 shows reciprocal space maps (RSMs) for the 00L reflections. The main BFO

and NSO peaks are both visible along the q‖ = 0 plane (at q⊥ = 1.57 Å−1 and q⊥ = 1.61

Å−1, respectively, in the 001PC case), showing the BFO is fully strained to the NSO, and

there is no splitting in q⊥, again indicating a single out-of-plane BFO lattice parameter of

3.885±0.002 Å. A set of satellite peaks is visible at a fixed q‖ in all 00L maps, corresponding

to the 30 nm domain widths. In typical rhombohedral BFO, the spacing of these satellites is

expected to increase with the diffraction order, corresponding to the rotation in the crystal

lattice. This is demonstrated in Fig. 4 where the q‖ positions of the 00L peaks has been

plotted for the film examined here as well as a rhombohedral BFO film grown on DyScO3.

The data here are consistent with both the orthorhombic and the monoclinic MB phases

previously observed [19, 21].

For the 003 and 004 RSMs, slightly higher q‖ and lower q⊥ reflections are visible. The

position of these peaks in the 004 reflection is ∼ 10 % higher than for 003, indicating some

rotation of the crystal lattice, though much weaker than for the fully rhombohedral film.

These different peaks would suggest that there are in fact two similar phases, one more

orthorhombic than the other.

To delve deeper into the true nature of the BFO structure, atomic resolution STEM

imaging was performed as shown in Figs. 5(a) and 5(b). Here the initial structure can be

observed. An atomically sharp NSO-BFO interface is observed and the film thickness is

measured as ∼ 23 nm (though some areas show a roughness with varying thickness from

18 − 25 nm), in agreement with XRD measurements. Within the NSO, the ’zig-zag’ of the

A-lattice is observed, indicating that the NSO is viewed along a 〈110〉O direction of the Pbnm

structure (see supplementary material Fig. S1 [32]). It is important to note that this ’zig-zag’

structure is also the surface structure that the BFO is grown on (i.e. [110]O and [11̄0]O, or

5



[100]PC and [010]PC , are equivalent in the unit cell of Fig. 1(b)).

The BFO also appears to show its characteristic polar displacement between the A-site

and B-site lattices along 〈111〉PC . However, STEM images show a projection of the structure,

so it is not possible to determine if a displacement out of the image plane is present, as would

be consistent with a rhombohedral structure, or not, as with orthorhombic. Nevertheless, the

component of the displacement in the image-plane can be measured and mapped, as shown

in Figs. 5(c) and 5(d). Here, several domains within the film are clearly present, some of

which have been highlighted in Figs. 5(e)-(g) (The domain structure over a larger area is

shown in Fig. S2 the supplementary materials [32]). Again these domains resemble typical

rhombohedral BFO domains (of type 71◦, appearing as a 90◦ rotation in the projected image,

or 109◦ and 180◦, both appearing as 180◦ in the projection) instead of the purely in-plane

domains of Yang et al. [21]. From here on, these domain walls will be referred to using the

projected angle (i.e. 90◦ or 180◦). The domains widths (∼ 30 nm) also correlate well with

the macroscopic measurements of Fig. 2 and Fig. 3. The domain walls are mainly atomically

sharp, though single unit cell step kinks can be seen in both the 90◦ and 180◦ walls in Fig.

5(d) (also shown towards the top of Fig. 5(d), for both domains walls).

The exact direction of the polarisation can be seen in several places to differ from the

45◦ orientation, particularly in Fig. 5(f). Figure. 6 shows histograms of the polarisation

vector angle (excluding the substrate) for both sets of domains in Figs. 5(a) and 5(b).

The most striking observation from this plot is the face that the polarisation direction does

not lie along the 45◦ (or equivalent) angles, instead favouring a more in-plane vector. For

example, the 3 distinct polarisation directions are centred around 46.7±0.3◦, 149.3±0.6◦ and

216.9± 0.8◦, the latter two being ∼ 15◦ and ∼ 10◦ off from the expected 〈111〉PC direction.

The domain angled at 46.7◦ also has quite a large distribution (with a standard deviation of

17◦, compared to 10◦ and 11◦ for the other domains) suggesting that there is a phase with

with off-45◦ polarisation, most likely MB from Fig. 1. In all cases, there is a non-negligible

presence of polarisation purely in-plane or out-of-plane, most obviously closer to the surface

or in the vicinity of both the NSO interface and the 180◦ domain, shown in Fig. 5(f). Such

polarisation orientations are consistent with tetragonal or orthorhombic structure projections,

though a tetragonal structure under tensile strain is unlikely. This suggests there is a complex

strain relation here between the substrate strain, strain of the 180◦ domain wall and possibly
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even the 90◦ domain wall. Similar effects in similar domain wall configurations can be seen

in rhombohedral BFO grown on DyScO3 (DSO) [27]. Nevertheless, the polarisation angle

distributions shown in Fig. 6 add further evidence to the presence of multiple similar phases.

So far we have examined the structure of BFO grown on NSO, but it is interesting to

see how this structure translates to functional properties, particularly in comparison to con-

ventional unstrained, rhombohedral BFO thin films. The photovoltaic effect was examined

for the films analysed here, as shown in Fig. 7. Two device configurations are examined,

one with the electrodes parallel to the domain wall (PLDW) and another with the electrodes

perpendicular to the domain walls (PPDW) as show in Fig. 7(a). Figure 7(b) shows typical

photocurrent-voltage curves for both device configurations at 300 K, where the y-intercept

gives the short circuit current, ISC , and the x-intercept gives the open circuit voltage, VOC .

These curves look very similar to data acquired for 109◦ stripe domains in BFO [9], with

a large VOC of 13.8 V for the PLDW configuration. Furthermore, the power conversion

efficiency, calculated as 3.67× 10−5, is typical of other BFO systems [8].

ISC and VOC have been plotted as a function of temperature in Figs. 7(c) and 7(d), where

ISC has been converted to the photocurrent density, Jph, using the BFO film cross-section

area (23 nm × 700 µm). Figure. 7(e) then shows the calculated photoconductivity, σph. The

curves for the PPDW configuration look typical for BFO films, with a large photocurrent

due to the conductive domain walls and lower VOC compared to the PLDW configuration.

The PLDW case looks similar to previous measurements until the sample is cooled to 200 K,

where the start of a decline in the VOC is observed and an elbow in the Jph curve. To explore

deeper, we must turn to theory. The open circuit voltage is described by

VOC =
JphL

σdark + σph
(1)

where σdark is the dark conductivity and L is the distance between the electrodes [33]. The

temperature dependence on VOC can be determined from Eqn. 1, where we also apply

several assumptions. Firstly we use the fact that σdark is at least 102 smaller than σph and

can be safely ignored. Secondly, it has been demonstrated that Jph is essentially temperature

independent so can be ignored from temperature effects [33]. Furthermore, we do not expect

that large strain would influence the absorption of the used light as the photon energy of the

latter (3.06 eV) is much higher than any band gap variation potentially influenced by the

strain [16]. Finally, we use the fact that the device geometry is constant with temperature.

7



This yields

VOC (T ) ∝ 1

σph (T )
(2)

as σph is expected to monotonically depend on temperature, there is clearly some other effect

to cause the maxima in VOC at 200 K for the PLDW configuration.

A proposed mechanism for the drastic deviation of the photovoltaic effect, compared to

rhombohedral BFO films [9], relies on the mixed phase nature of the film observed here.

The short circuit current is dependent on the lifetime of the carriers (and therefore the

recombination rate) that is strongly dependent on the crystal lattice [9, 34]. For example, in

BFO-LAO systems the relaxation processes are significantly different for the tetragonal and

mixed tetragonal-rhombohedral phases due to strain, symmetry breaking and built in electric

fields at phase boundaries [10, 26]. In the sample here, the multiple phases exist as part of a

strain mediated thermotropic phase boundary between the rhombohedral and orthorhombic

phases [35]. As the temperature is reduced, the structure may collapse to a single phase,

resulting in the change of the electronic properties and giving the photovoltaic measurements

seen in Fig. 7. Another possible explanation could involve the flexophotovoltaic effect where

strain gradients between tetragonal and rhombohedral phases produce both enhanced and

inhibited photoconductance [36]. It could therefore be possible that strain gradients between

the mixed phases in the BFO films examined here might play an important role.

IV. CONCLUSIONS

We have stabilised a mixed phase BFO film grown on NSO under tensile strain. Basic

characterisation of the sample shows an out-of-plane domain structure resembling a typical

rhombohedral film as grown under minimal strain. A more in depth analysis of the structure

using RSM and atomic resolution TEM reveals an orthorhombic like structure alongside a

monoclinic phase. In fact, it is possible that a phase similar to the one shown here has

been previously observed and measured without being noticed. The structure observed here

is a result of lying on or near a strain-induced phase boundary between the rhombohedral

and orthorhombic phases, which could be exploited to design a specific structural make-

up. Finally, we suggest that the collapse of the mixed phase at low temperatures results in

the abnormal temperature dependence of the photovoltaic effect, providing another possible
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route to modulate and control the electronic properties of BFO.
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FIG. 1. (a) Schematic showing the relative polarisation direction for the tetragonal, T, rhombo-

hedral, R, orthorhombic, O, and monoclinic, M, phases within the pseudocubic cell. (b) Relation

between the substrate orthorhombic unit cell (given by vectors aO, bO and cO) and the pseudocubic

unit cell (vectors aPC , bPC and cPC). The polar axis is then along [100]O or [110]PC .

13



1μm

20 25 30 35 40 5045

In
te
ns
ity
(a
rb
.u
ni
ts
) N
SO NSO

N
SO

BF
O

BFO

BF
O

2θ (degrees)

010pc
100pc

a

b

22 23 24

In
te
ns
ity
(a
rb
.u
ni
ts
)

FIG. 2. (a) θ−2θ XRD scan of an as-grown BFO film in NSO showing the 001PC (lower angles) and

002PC (higher angles) reflections. Inset shows a zoomed in area of the 001PC peaks. (b) Secondary

electron SEM image showing contrast from the ferroelectric domains. 4 levels of contrast are visible,

showing 4 domain types (2 in-plane components and 2 out-of-plane components).
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FIG. 3. Reciprocal space maps for the pseudo-cubic (a) 001, (b) 002, (c) 003 and (d) 004 reflections

respectively. The position of the satellite peaks has been highlighted by the dashed lines.
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FIG. 4. Plot of the reciprocal space vector vs diffraction order L of the 00L reflections for fully rhom-

bohedral BFO (BFO-DSO) and the BFO examined here (BFO-NSO). Measurements correspond to

those shown in Fig. 3.
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FIG. 5. (a) and (b) ADF images from two separate regions of the BFO film. Inset are magnified

regions showing the BFO and NSO. (c) and (d) Displacement maps from (a) and (b), respectively,

using the A-site movement with respect to the B-site lattice. Colour represents the displacement

direction/magnitude given by the wheel inset in (c). (e)-(g) Magnified regions from (c) and (d) with

the displacement vectors superimposed.
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FIG. 6. Angle distribution of the Bi displacement with respect to the Fe lattice. The dashed green

line corresponds to corresponds to Fig. 5(a) and solid purple line corresponds to Fig. 5(b).
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FIG. 7. (a) Measurement electrode configuration for electrodes parallel with the domain walls

(PLDW) and perpendicular to domain walls (PPDW). (b) Photocurrent density behaviour for both

configurations at 300 K. (c)-(e) Temperature dependence of the short circuit current density, open

circuit voltage and photoconductivity, respectively. The inset in (e) shows the same PLDW data

with the y axis scaled.
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