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Abstract

We report on the ferroelectric properties of epitaxially grown BigFeCrOg (BFCO)
films with thicknesses of 7.5, 49 and 98 nm obtained by pulsed laser deposition. Be-
cause of the strains induced by the Nb-doped SrTiO3(001) substrate, the films exhibit
a variable Fe-Cr order along the growth axis, with a disordered phase located near
the interface and an increased order at the top of the films. This is first evidenced
by X-ray diffraction and UV-visible-NIR absorption measurements as the ordered /
disordered phases show different lattice parameters and band gaps. The strain effects
which depend on the film thickness, are found to strongly impact on the ferroelectric
properties. For the 49 nm thick film, piezoresponse force microscopy (PFM) reveals an
out of plane intrinsic polarization orientation, effect which is absent for 98 nm thick
films. The polarization anisotropy increases when reducing the thickness to 7.5 nm.

The intrinsic polarization of the as-deposited 49 nm films induces a significant shift



of the current-voltage characteristics, demonstrating an I(V) hysteresis loop strongly
weighted towards positive voltage values. The strain effects impact therefore on fer-
roelectric domains polarization. Conductive atomic force microscopy (C-AFM) carried
out on poled areas, demonstrates a significant asymmetric current-voltage characteris-
tics and an open circuit voltage up to 4.3 V for the 49 nm-thick sample which decreases
to 1.2 V for the 98 nm thick one. These values are larger or at least comparable with
the band gap of the ordered phase BisFeCrOg phase (1.5 eV). Local current densities
up to 20 A/cm? were measured by C-AFM under weak illumination, thus confirming

the potential of BisFeCrOg for ferroelectric solar cells.

Keywords: Ferroelectric oxides, PFM, C-AFM, BisFeCrOg, thin films, strains, clean

energy, pulsed laser deposition

1 Introduction

Ferroelectric (FE) materials attract an increasing attention from the scientific community
owing to their potential use in devices such as solar cells,? photodiodes® or ferroelectric
random access memories.*® The key property of these materials is related to their spon-
taneous electric polarization that can be switched by means of an external electric field.
This polarization results from a non-centrosymmetric crystalline structure that generates a
charge asymmetry inside the lattice. In the case of solar cells, these materials can replace
the classic p —n junctions since the charge separation can occur on the basis of their internal
electric field. Another advantage of solar cells using such materials is that their open circuit
voltage (V,.) can exceed the one corresponding to the intrinsic bandgap and therefore their
efficiency could be larger, at least theoretically, than the Shockley-Queisser limit.% Such large
V,. is a much sought-after effect, being first related to the existence of ferroelectric domain
walls.” In this context, V. has been shown to depend on the distance between the electrodes

and hence on the number of ferroelectric domain walls.®® To the best of our knowledge no



photovoltaic effect has been observed in single domain FE samples.

Many of the above effects were observed on BiFeOj3, which became an emblematic material
for photovoltaic studies. Although V. values of the order of tens of volts could be obtained in
BiFeOj3-based solar cells under illumination, the efficiency of such cells remained remarkably
small, generally below 1 %. For instance, among the best materials for FE solar cells only
BaTiO3 and PZT leaded to efficiencies of 0.6 % and 1.2 %, respectively. %! In BiFeOj3 the
small efficiency is due to the very poor overall conduction related to its large bandgap (around
2.7 ¢V).'2 In this respect, one solution to decrease the bandgap is to replace half of the Fe
ions by Cr ones. Indeed, the BisFeCrOg (BFCO) double perovskite shows a gap of only 1.4
eV in its ordered state that allowed obtaining junction-free simple and tandem solar cells
with efficiencies of 3.3 and 8.1 %, respectively.!® Note also that the gap can be modulated
to some extent by controlling the Fe-Cr order,!* resulting in a conversion efficiency that
is dependent on the poling history.? In this context, the study of the polarization reversal
in BFCO and the resulting electron conduction is essential to understand the mechanisms
governing the energy conversion in solar cells or other ferroelectric applications.

The aim of this work is to study the influence of thickness and strains induced by the
substrate on the ferroelectric polarization and conduction properties of BisFeCrOg thin films
grown by PLD on STO substrates. The study is carried out at microscopic scale using
combined AFM, PFM and C-AFM analyzes. It is shown that in the first stages of the
growth, BFCO is mostly disordered and the order improves while increasing the thickness.
The compressive strain induced by the STO substrate has two impacts: i) is increasing the
perpendicular anisotropy axis (visible in PFM images of thin films), and ii) generate an out
of plane gradient of strain (i.e. gradient of electric field) which favors one of the out of plane
polarization states. It is also shown that the two directions of polarization correspond to
very different electric currents flowing across the layer. Interestingly, V,. presents a large
asymmetry for negative and positive polarization states, with absolute values that can exceed

the band gap and which are highly dependent on the film thickness. Thus V. is not a simple



function of the distance between contacts (film thickness), but shows a much larger value
(+4.3 V) for the 49 nm thick sample with respect to that (+1.2 V) obtained for the 98
nm film. The maximum current density at zero external bias measured by C-AFM is also

remarkably high and reaches about 20 A /cm?.

2 Experimental details

BiyFeCrOg films were deposited by pulsed laser deposition on Nb-doped SrTiO3(001) sub-
strates starting from in-house sintered targets and using a KrF excimer laser (248 nm). The
films were grown at 750°C in O, atmosphere (1072 mbar). The laser power and repetition
rates were kept at 26 mJ and 2 Hz, respectively. The laser fluence on the target was about
1 J/cm?. These conditions were found to minimize the concentration of antisite defects in
the sample.® The films have thicknesses of 7.5, 49 and 98 nm, as determined from the X-ray
reflectivity measurements (not shown here).

The crystalline structure of the samples was analyzed by X-ray diffraction using a Rigaku
SmartLab diffractometer equipped with a Cu source and a Ge (220 x 2) crystal delivering
the monochromatic Cu Koy radiation (45 kV, 200 mA, 0.154056 nm). X-ray ¢-scan analyzes
were also performed in order to confirm the epitaxy of the films (not shown here; for details
see ref.'?). Rocking curves were recorded in order to perform a Williamson-Hall analysis®®
and extract the lateral coherence length and mosaicity of the films. Finally, reciprocal space
mappings were recorded in order to evidence the strained structure of the BisFeCrOg layer
on the Nb-doped SrTiO3(001) substrates.

The optical measurements of the films were investigated in the 200-1200 nm range using a
Perkin-Elmer Lambda 950 spectrophotometer working in the ultraviolet-visible-near infrared
(UV-Vis-NIR) range and equipped with an integration sphere.

The ferroelectric properties were investigated using the Piezoresponse Force Microscopy

(PFM) and Conductive-Atomic Force Microscopy (C-AFM) techniques using a Bruker Icon



QNM microscope. All PFM images are recorded in the VPFM mode, by recording the phase
shift of the cantilever with respect to the voltage excitation phase. A particular attention
has been given to the measurement conditions in order to minimize other possible contri-
butions (e.g. electrostatic, local Joule heating, electrostriction, etc) to the PFM signal.!®
Various supplementary tests (not shown here) have been performed in order to confirm the
ferroelectric origin of the phase shift signal.'® Namely, the dependence of the width of the
hysteresis loop as a function of modulated V 4¢ voltage demonstrates a collapse of the cycle
at a value corresponding to the coercive field.!'” Moreover, the frequency change of the mod-
ulation V40 voltage from 1 to 50 kHz has also shown that the signal is largely independent
on the probing frequency.'® The tip was a 0.01-0.025 Q-cm antimony n-doped Si covered
with conductive diamond. For the results shown here, a 1.5 V AC voltage was applied to the
sample at 40 kHz. The cantilever spring constant was 80 N/m. Such tips have a stable tip
apex radius of about 50 nm. The normal loads were kept as low as possible (typically below
100 nN) in order to avoid tip-induced strain effects which can be intrusive into the PFM
measurements. ' Note that the rather large stiffness of the cantilevers (80 N/m) and the used
applied normal forces also help avoiding the electrostatic contributions to the PFM signal
which usually scales with the inverse of the contact stiffness.? The C-AFM experiments
were conducted in the same load conditions, by measuring the electric current between the
tip and the surface while applying a DC bias voltage on the sample with respect to the tip.
It is important to already mention here, that this bias configuration is opposite to that used
in PFM experiments, where the DC bias used to write poled areas is applied on the tip with
respect to the sample. This detail is important when the I(V) curves and current maps are
compared to the PFM written poled zones. The PFM signal, revealed here by the phase
shift (and noted A¢), corresponds to the difference between the phase of the excitation AC
voltage and the cantilever oscillation phase, measured when the tip is in contact with the

surface.



3 Results and discussion

In order to understand the ferroelectric properties of BisFeCrQOg, a thorough characterization
of the structural and optical properties is required. BFCO presents a rhombohedral struc-
ture (R3 symmetry with a,;, = 0.547 nm and «,;, = 60.09°) that can be approximated with a
pseudcubic one (a,. = 0.3930 nm). The equivalence is clearly evidenced in one of our previ-
ous works.* In the same work, using ¢-scan measurements, we showed that the films, similar
to the ones from the present work, exhibit a cube-on-cube epitaxial growth on SrTiO3(001)
substrates (0.3906 nm)?! according to the relation [100]BFCO(001)]||[100]STO(001). There-
fore, the X-ray diffractogramm recorded in 6 — 26 configuration shows solely the 00/ plane
families of the BFCO and STO structures. No spurious phases could be detected in the
detection limit of the XRD technique. In the present work, the BFCO peaks are clearly
visible for the 49 and 98 nm thick samples, while for the 7.5 nm sample the diffraction
peaks are absent. For a better visibility of the peaks a zoom on the diffractogramms around
the 003 and 004 peaks of BFCO and STO is shown in fig. la. As expected, at such high
angles, the BFCO peaks are clearly visible and located at the left of the STO peaks, as
the BFCO (pseudocubic) lattice parameter is slightly larger with respect to that of STO.
More interestingly, the BFCO peaks seem to be constituted of two components. Indeed, the
BFCO(003) peak centered at 71.27° is constituted of two lines, L1 and L2, positioned at
71.02° and 71.54°, respectively. A similar observation can be also made on the BFCO(004)
peak. It is important to note that the ratio of the intensities of these peaks is changing with
the film thickness. If the intensity ratio L2/L1 is larger than 1 for the 49 nm thick film, this
ratio is close to 1 for the 98 nm sample. It is also known that BFCO structure easily accepts
antisite defects between Fe and Cr ions, as their size and valences are very close.?? Due to
compressive strains from the substrate, the growth of epitaxial ordered phases can be diffi-
cult, so that relaxation occurs through the appearance of different or disordered phases with
close structure and parameters to those of the substrate and final ordered film phases. Such

behavior is already known in the literature and often difficult to easily evidence by X-ray



diffraction.?? It is therefore fair to assume that the L2 line corresponds to Fe-Cr disordered
BFCO while the L1 line to the ordered phase that is obtained at large thicknesses upon strain
relaxation. Note that a similar conclusion was also drawn by Nechache et al for BFCO films
deposited on Si substrates.?* This assumption will be further confirmed by the UV-visible
absorption spectroscopy measurements presented further in this work. Finally, note that the
L2 line (and its corresponding line at 104.2°), attributed to the Fe-Cr disordered phase (close
to the substrate) shifts slowly towards smaller angles while increasing the thickness from 49

to 98 nm, suggesting a relaxation of the lattice parameter.
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Figure 1: (a) X-ray diffraction patterns of BiosFeCrOg films with thicknesses of 7.5, 49 and
98 nm. Zoom on the (003) and (004) BFCO peaks. The BFCO peaks are constituted of two
lines, L1 and L2, attributed to Fe-Cr ordered and disordered BFCO phases, respectively. (b)
Williamson-Hall plot showing the broadening of the rocking curves recorded on the (001),
(002), (003) and (004) reflections on the 49 and 98 nm thick samples.

The mosaicity (tilt angle 1) and the lateral coherence length (L)) of the BFCO layers



were determined from the broadening of the rocking curves (not shown here) of the (001),
(002), (003) and (004) reflections of BFCO. The Williamson-Hall analysis shows a rather
linear variation of FWHM xsing/\ (where FWHM is the full width at half maximum, i.e.
the peak broadening) vs. sinf/\ (fig. 1b). For the 49 and 98 nm thick layers the mosaicity is
lower than 0.2° while the coherence length increases from 45 to 117 nm when increasing the
film thickness. This suggests that the strains in the film relax progressively while increasing

the thickness.
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Figure 2: Reciprocal space maps (RSM) recorded on the (013) (a) and (103) (b) reflections
of BFCO and Nb-doped STO.

In order to further show the existence of strains in our films, reciprocal space maps were
recorded on a BFCO film showing only the Fe-Cr disordered phase (film deposited at 8 Hz
for which Fe-Cr disorder is favored). The (013) and (103) reflections of BFCO and Nb-doped
STO were used to determine the lattice parameters both in plane and along the growth axis
(fig. 2). The c out of plane lattice parameters calculated from the two maps are of 0.3962(4)
and 0.3963(4) nm while the in plane parameters are 0.3898(3) and 0.3906(2) nm. This result
clearly show that the film is fully strained on the STO substrate (0.3906 nm).

Fig. 3 shows the Tauc plot of the BFCO films calculated from the absorption curves
(inset of fig. 3) and assuming a direct band gap.?* As it can be observed for the 98 nm thick
sample, two slopes are observed for the (ahr)? vs. energy variation, leading to two band gap

values of 1.5 and 1.85 eV. These values can be attributed to the band gaps of ordered and
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Figure 3: Tauc plots recorded BisFeCrOg films with thicknesses of 7.5, 49 and 98 nm
assuming a direct band gap. The inset shows the absorption spectra used to calculate the
Tauc plots.

disordered BFCO, respectively.? Indeed, according to different studies, the band gap can be
modulated by the deposition conditions which have a strong impact on the Fe-Cr order. 34
Ab initio calculations also show that the ordered structure has the smallest band gap.!4
While decreasing the thickness down to 49 nm, the component of the BFCO layer showing
a gap at 1.5 eV becomes smaller and disappears completely for the thinnest 7.5 nm layer.
This observation supports the XRD data and suggests that the L1 and L2 lines (fig. 1a)
correspond to the ordered and disordered phases, respectively. Also note that the grain size
can have an influence on the band gap. This is especially the case (and easily visible) when
the grain size becomes smaller than about 20 nm and is generally attributed to quantum
confinement effects (see e.g. ref.?®). The result is a blueshift of the absorption edge. In our
case the grain size is much larger (above 45 nm) which is due to the epitaxial character of
the films. In such conditions, it is unlikely that the grain size can play a significant role.
Fig. 4a shows a contact mode AFM image measured on a BFCO film of 49 nm thickness.
The image shows a height roughness below 5 nm and reveals a grained crystalline structure
with a mean lateral grain size of about 150 nm. The surface impurity indicated by the

arrow permits a clear identification of the area in both PFM (fig. 4b) and C-AFM images

(presented further in this work). The simultaneously acquired PFM is shown in fig. 4b.
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Figure 4: (a) AFM contact mode topography acquired simultaneously with (b) PFM phase-
shift image (10x10 pm?) recorded on a 49 nm thick BFCO film poled at V, = +9 V in
the large square, and at V; = -5 V in the inner one. The large "bright" square was poled
before switching in the opposite direction the "dark" area. The arrows show a surface
impurity which is used for area identification. (c¢) Phase and (d) amplitude hysteresis loops
as a function of the tip bias voltage. Blue curves correspond to forward (from negative to
positive voltages), while red curves to a backward bias sweep.
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Figure 5: (a) AFM contact mode topography acquired simultaneously with (b) PFM phase-
shift image (3x3 wm?) carried out on the 98 nm thick BFCO film. (c) Phase and (d)
amplitude hysteresis loops as a function of the tip bias voltage. Blue curves correspond to
forward (from negative to positive voltages), while red curves to a backward bias sweep.

This image shows two poled domains of up (bright) and down (dark) electric polarizations.
According to our poling conditions, a bright contrast in our PFM images corresponds to
a positive voltage applied to the tip, which indicates that the film surface is negatively
poled, hereafter referred to as negative polarization. Conversely, a dark contrast in the PFM
images corresponds to a negative voltage applied to the tip, meaning that the film surface
is positively poled (i.e. positive polarization).

Interestingly, as seen in fig. 4b, although the brighter squared area was written at V; =
+9 V, the contrast difference with respect to the unwritten zone (peripheral area), is rather
small. Instead, the inner dark zone written at V, = +5 V, reveals a far more pronounced
PFM contrast difference with respect to the one measured on the peripheral unwritten zone.
This indicates that the BFCO film presents an intrinsic polarization which, as revealed by the
X-ray analyzes, can be understood in the light of a native compressive strain gradient induced

by the substrate. This observation is central in this work and is of relevance for the I(V)
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characteristics presented hereafter. It is interestingly to see that the phase-voltage hysteresis
loops (fig. 4c), are in agreement with the PFM images, demonstrating a large open loop
and close to 100 % remanent state. The simultaneously acquired amplitude hysteresis loop
is shown in fig. 4d. It demonstrates that the surface modulation amplitude indeed passes by
two minima at the coercive fields. In this hysteresis loop, there is a difference between the
positive and negative coercive fields. It is then tempting to correlate this shift with the above
contrast difference observed in the PFM images. As discussed in the following, such shifts in
the phase-voltage hysteresis loops can be easily induced by many other factors, which cannot
be systematically disentangled. Even in the absence of fatigue and aging effects, shifts of the
PFM hysteresis loops with respect to the voltage axis may depend on the tip-surface contact,
the precise spatial location, and normal load.!?26:2" As the tip-surface contact area is very
sensitive to local surface morphology, it is often encountered that hysteresis loops do not
present the same coercive fields even for very close spatial locations. Along the same line,
slightly different hysteresis loops can be induced by the grained structure of the films, which
indeed compares with the tip size. We therefore restrain ourselves here to signals revealed
in PFM images when discussing aspects related to intrinsic polarization effects.

In order to gain additional insights on the PFM contrast asymmetry, we performed similar
experiments on a thicker film of 98 nm. First, as seen in fig. 5a, the topographic image shows
a far more homogenous surface morphology, presenting larger and flatter crystalline grains.
For comparison, the vertical color-coded scale is two times smaller than in fig. 4a. Second,
the PFM image in fig. 5b, shows now that it is possible to write up and down domains of
similar contrast difference with respect to the unwritten area. This suggests that the strain
effect induced by the substrate decreases with the film thickness, as also indicated by X-ray
analysis. The hysteresis loops from fig. 5¢ and d, show close to 100 % remanent states and
coercive fields between 2.5 and 5 V. As for the thinner film described above, such a relatively
large variation of the coercive field is induced by the grained structure. The exact coercive

field is hence largely dependant on the precise nanoscale tip location on sample surface.
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Figure 6: (a) AFM contact mode topography acquired simultaneously with (b) PFM phase-
shift image (6x6 wm?) carried out on the 7.5 nm thick BFCO film. (c) Phase and (d)
amplitude hysteresis loops as a function of the tip bias voltage. Blue curves correspond to
forward (from negative to positive voltages), while red curves to a backward bias sweep.

The topographic images for thinner films (7.5 nm) are in agreement with the above
observations. As seen in fig. 6a, the surface morphology is formed by even smaller grains
than for the 49 nm-thick films. Without correcting the convolution effects induced by the tip
apex size, a raw estimation of the mean lateral size of the grains is about 100 nm. The vertical
roughness is found to be about 5 nm, demonstrating that probably there are zones where
such ultra-thin films are discontinuous. This aspect can interfere with the AFM imaging and
the PFM contrast formation on poled areas. In general, a particular attention has been paid
when such ultra-thin films were analyzed in PFM experiments, since the proximity of the
substrate can not be longer neglected. The PFM image in fig. 6b, shows that, surprisingly,
there is still some remanent polarization state, for both negative and positive written zones.
This ferroelectric response is also found in the phase and amplitude hysteresis curves as seen
in fig. 6¢ and d. Of importance, in the image from fig. 6b, the central square area, poled at

V; = -8 V, reveals some grains presenting a significant dark contrast (contrast close to the
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one measured for the thicker films) while nearby, even if inside the written area, the contrast
is almost absent, or at least of the same amplitude as for the unwritten part of the image.

These observations first speak in favor of a limited remanent states in the thinnest films.
It is hence worth noting that for 7.5 nm-thick film the BFCO/Nb-STO interface is expected
to impact to the largest extent the BFCO lattice. As a matter of fact, we recall that for the 49
nm-thick film, the PFM images revealed a bright contrast when negative charges accumulates
at the topmost part of the film (because of the positive charges from the tip). This was
precisely the polarization orientation which we show as being also intrinsically preferred
by the film. It can then be deduced that the substrate-induced compressive strain favors
positive charges at the bottom of the BFCO, i.e. interface in contact with the substrate.

This information is used here to explain why on 7.5 nm thick film, intense dark contrasts
are observed only for some large grains, and moreover, why overall the PFM contrast in
the inner square is similar with the one from unwritten area. Also, note that in the larger
written square there is an overall clearer bright contrast. As the positive charges are favored
at the bottom of the film, the reverse polarization (the one generating a dark contrast and
involving negative charges at the bottom of the film) is indeed expected to be more easily
achieved for larger grains because they extend further from the interface. This is precisely
what is seen in the inner written square in the PFM image (fig. 6b). We therefore assume
that the very thin parts of the film cannot sustain a remanent polarization which involves
negative charges at the bottom of the film, an effect which is supported by the more present
disordered phase revealed by the X-ray analyzes. In turn, a remanent polarization requiring
positive charges at the interface is favored all over the film, explaining why "bright" domains
sustain a remanent polarization state, as seen in the outer written square in fig. 6b. It is
therefore important to recognize that such ultra-thin grained films are limit cases which may
present significant differences with respect to a classical polarization effect as encountered
in thick films.

It is also important to recall that charge screening and charge transfer effects brought

14
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Figure 7: (a) C-AFM image (10x10 pum?) and (b) line profile carried out on the 49 nm
thick BFCO film. The scanned area is the same with the one presented in fig. 4 (see the
feature pointed by the white arrow).

on by the conductive substrate, may also play a role in PFM contrast formation and/or
on stabilization of the remanent state in ultrathin films. As the substrate is a far better
conductor than the BFCO, a strain-favored accumulation of positive charges in a very thin
BFCO film can easily be screened by the conduction electrons from the substrate. The
resulting electric dipole moments are then expected to be very localized and have the same
orientation as the polarization orientation induced by a negative voltage on the tip, i.e. as
for the written dark contrast areas in the PFM images described above.

Another striking characteristic related to the variation of the BFCO thickness is given by
local measurements of current-voltage I(V) curves, which were performed either by scanning
poled areas as seen in fig. 7, or by keeping the tip in contact with the surface at a fixed
position. For instance, fig. 7 shows a current mapping acquired at Vg = +1 V of the
same poled area presented in fig. 4. It is seen that the current depends significantly on the
polarization state of the film. In order to gain more insights into this behavior, we performed
I(V) measurements with a fixed position of the tip while sweeping the sample voltage. Fig.
8 shows I(V) curves measured on 49 nm-thick sample, while sweeping the sample voltage
Vg from -5 V to +8 V (blue lines) and back to -5 V (red lines). Complete I(V) curves
are shown in fig. 8a, whereas a zoom near Vg = 0 is depicted in fig. 8b. There are three
different curves acquired one after the other in the same conditions, in order to reveal the

reproducibility of the curves and the fact that aging or irreversible surface modifications are
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extraneous. Note however that although the I(V) curves may vary slightly from point to
point, the signal is rather steady for a fixed tip position. An interesting result is that the
[(V) curves present a significant asymmetry with respect to Vg = 0. Namely, the forward
sweeping of Vg from -5 V to +8 V results in a positive open-circuit voltage (V,.), while
the sign is reversed for the backward voltage sweep. This is a clear indication that leaking
currents are not significant,?® in agreement with the rather compact AFM topographies of
the films. By taking into account the coercive fields from fig. 4c, it becomes clear that
the I(V) loop around Vg = 0 is created due to the switching of the BFCO polarization
state. We recall again that in our case the bias voltage sign is reversed in PFM and in
C-AFM experiments. For a positively poled surface, the V,. and the short-circuit current
(Is.) are negative and positive, respectively. For a negative poling, the sign of V,. and
I, are inversed demonstrating a noteworthy switchable ferroelectric voltaic response. It is
also worth mentioning that all I(V) curves were acquired without any external illumination
(AFM in a closed box), although little diffusion from the red laser (670 nm) used for AFM
cantilever deflection detection cannot be excluded. For this reason, we consider that all
experiments are performed under a weak illumination, given by a spurious diffusion from
the red detection laser of the AFM microscope.lt is also perhaps important to recall here
that due to the long range carrier mobility, the illumination is not absolutely necessary to
be precisely under the tip. Nonetheless, the absolute values of V,. and I,. deserve a further
attention. As seen in fig. 8b, there is an important difference between the absolute values of
Ve for positive and negative poled cases, as Voop = -1.2 V and V. = +4.3 V, respectively.
Instead, I,. values are quite similar of 0.20 nA and 0.25 nA, respectively. Diode like behavior
at the nanometer scale was already observed for other ferroelectric materials.”?* Without

focusing on the I,. values, very recently Zhang et al®

indeed reported large variations of
the current-voltage values between negatively and positively poled regions, results which are
also consistent with previous works.3? However, these studies have been realized by changing

the bottom interface by inserting an additional Lag 6751 33MnQO3 layer between the substrate
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Figure 8: (a) Local I(V) hysteretic curves acquired in C-AFM mode on as prepared 49 nm-
thick BFCO films. The blue curve is obtained while sweeping the voltage from -5 to +8 V.
The red curve is obtained while sweeping back the voltage from +8 to -5 V. Three hysteresis
curves are shown to reveal the high degree of reproducibility. Note the high hysteresis loop
near voltage. (b) Zoom of the loops presented in fig. a.

and the ferroelectric film. In our case the bottom interface remains free of any additional
layer and changes in the ferroelectric characteristics can then be investigated exclusively as
a function of the ferroelectric film thickness. This allow us to gather conclusions relative to
the modification of strain along the film thickness.

Fig. 9 shows the I(V) curves measured on the 98 nm-thick sample, while sweeping the
sample voltage Vg from -5 V to +5 V (blue lines) and back to -5 V (red lines). In fig.
9a full I(V) curves are presented, whereas a zoom near Vg = 0 is shown in fig. 9b. The
current variation also exhibits a hysteresis, again demonstrating an interesting switchable
ferroelectric voltaic response. However, the behavior is very different when compared with
the results obtained for the 49 nm-thick film. The most notable difference is a significant
decrease of the V. values which falls now to +1.5 V (+4.3 V for 49 nm-thick sample).

As seen in fig. 9b, the overall shape of the hysteresis close to Vg = 0, is also changed,
presenting now a two step variation occurring exclusively for the backward voltage sweep in
the negative part of the sample voltage. Such a staircase switching mechanism is reminiscent
of a polarization reversal taking place by sequential reversal mechanism, in relation with the
larger thickness of the film, which, as previously discussed, impact the structural phases and
strain relaxations. The other parameters are rather similar with those measured for the 49

nm-thick film. For instance, the V,. is only slightly increased to -1.8 V (-1.2 V for the 49
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Figure 9: (a) Local I(V) hysteretic curves acquired in C-AFM mode on as prepared 98
nm-thick BFCO films. The blue curve is obtained while sweeping the voltage from -5 V
to +5 V. The red curve is obtained while sweeping back the voltage from +5 V to -5 V.
Three hysteresis curves are shown to reveal the high degree of reproducibility. Note the high
hysteresis loop near voltage. The inset shows a minor hysteresis loop from -5 V to -2 V and
back to -5 V. Note the absence of the hysteresis, as expected, if the sample voltage remains
negative, i.e. sample remains positively poled. (b) Zoom of the loops presented in fig. a.

nm-thick film). The I;. values also remained about 0.2 nA as those measured for the 49
nm-thick film. The inset from fig. 9a shows a minor I(V) loop, where Vg was swept from
-5V to -2 V and back to -5 V, thus remaining in the negative voltage regime. It is seen
that the trace and retrace curves are almost identical, demonstrating, as expected, that the
sample remains in the positive polarization state.

31

Using a tip-apex radius of 50 nm within the DMT model for contact mechanics®* results

in an upper limit estimation of the tip-surface contact area of 10* nm2 The I,. values
hence, give a surprisingly high short-circuit current densities (J,.) of about 20 A /cm?, value
that nevertheless agrees with previous findings on bismuth ferrite (BiFeOs) ferroelectric
films.3? Note that this value is expected to increase in a quadratic way with the reduction
of tip-surface contact radius, depending therefore on the sharpness of the tip and on contact
continuity. However, as pointed out in ref.,3? in the presence of light, photocurrents can
instead be generated in a much larger area than the tip - sample contact because of the
relatively slow (1/r?) decrease of the electric field from the tip apex. Thus the collection
area can be significantly higher as compared with the tip-surface contact. It is all the more

remarkable than in our "dark" conditions, V,. and J,. give such a large values, which, as

stated before, we interpret on the basis of strain gradients induced by the substrate. Again,
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this conclusion is supported by the fact that the V,. and J,. values of the 98 nm-thick film
are smaller that those on 49 nm-thick sample.

Previous works suggested that the increase of V,. with the film thickness can be un-
derstood in terms of a larger number of ferroelectric domain walls crossed by the current
paths. Another factor that may interfere with current-voltage characteristic is the contact
properties, which can be more or less efficient and selective in the extraction of carriers.?
However, in our case V,.. is four times larger in the 49 nm thick sample than in the 98 nm one.
Although, we observed some deviations (less than 50 %) from these values, when placing
the tip at different locations above the surface, this is nevertheless a clear indication that
the polarization anisotropy (here induced by the strains) plays an essential role on the V.
value. The larger V,. obtained for the 49 nm thick sample can be understood if we consider
that all polarization vectors are well aligned along the growth axis, i.e. perpendicular to
the contacts. However, for the 98 nm thick film, these vectors are misaligned which can be
easily evidenced by the multitude of phase contrasts that can be observed in fig. 5b. Fi-
nally, note that for the 49 nm thick sample a strong current density was observed (although
enhanced by tip-effects3?) of about 20 A/cm?. If we keep in mind that the efficiency of a
solar cell is proportional to the V,.xJ,. product, it becomes obvious that in order to have
a maximum conversion efficiency the polarization anisotropy and orientation are essential
parameters that have to be considered. These parameters, as shown in the present work,
can be tuned by strain engineering that should be considered for future high performance

ferroelectric solar cell design.

4 Conclusion

BisFeCrOg ferroelectric films with thicknesses of 7.5, 49 and 98 nm were obtained by PLD
on Nb-doped SrTiO3(001) substrates. Although the films are epitaxially grown, they present

a large Fe-Cr disorder near the interface that is progressively reduced while increasing the
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thickness. This is evidenced in the X-ray diffraction and UV-Visible-NIR absorption spec-
troscopy measurements that showed two BFCO(00!) peaks on the diffractogramms and two
absorption edges on the absorption spectra. The films show rather dissimilar surface rough-
nesses presenting different surface morphologies consisting of small grains for the thin films
and to large (hundreds of nm) grains with flat topmost surfaces and edges oriented at 90° for
the thick ones, reflecting an improved crystallinity. Ferroelectric nanodomains can be easily
written and erased. For the 49 nm-thick film we evidenced a significant intrinsic polarization
which is absent on the 98 nm-thick film. This strain-induced anisotropy induces a large V.
of 4.3 V, much larger than expected from the band gap of Bi;FeCrQOg. Surprisingly, this value
decreases while increasing the film thickness, effect which is based on the reduced anisotropy
and hence the misalignment of the polarization with respect to the growth direction. Elec-
tric current mapping on the written regions show a strong asymmetry of conduction with

current densities that reach 20 A /cm?

. These results suggest that strain engineering is an
essential key parameter for tuning V,. and J,. in solar cells and should be considered for
increasing the conversion efficiency in ferroelectric-based devices. Our findings, eventually
corroborated with an additional layer inserted at the substrate ferroelectric interface,?® can

constitute an extra route towards strain engineering of ferroelectric characteristics, both at

the microscopic and macroscopic scales.
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