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The controlled switching of spontaneous polarization in ferroelectrics by applying an external
electric field is essential for many device operations. Oxygen vacancy defects commonly found in
oxide ferroelectrics offer a tempting means for polarization switching regulation at an atomic scale.
This study presents a method involving a series of annealing cycles under various environments to
modulate the amount of oxygen vacancies in ferroelectric BioFeCrOg thin films. By performing a
piezoresponse force microscopy study after each annealing cycle, it is shown that a high content
of oxygen vacancies induces specific fingerprints on polarization hysteresis loops. Reducing oxygen
vacancy density by annealing in oxygen-rich environments results in hysteresis loops being wider and
displaying less imprint, while increasing oxygen vacancy density by annealing in oxygen-poor envi-
ronments results in thinner and more imprinted hysteresis loops. The process is largely reversible,
constituting an alternative method for polarization switching control at specific electric fields. Fer-
roelectric phase-field calculations and energy level diagrams obtained through ellipsometry, Kelvin
probe, and photoemission spectroscopy indicate a combined switching mechanism based on a doping
effect due to oxygen vacancies and a built-in electric field originating from the interface. Our study
is helpful for designing ferroelectric films with a precise imprint or more generally for understanding

the impact of charged defects on the polarization states in ferroelectric films.

I. INTRODUCTION

Oxygen vacancies (Vo) are one of the most encoun-
tered atomic-scale defects in perovskite oxide thin films.
They are either neutral, VY, or positively charged, V};’
and VQO"'7 generating doping and structural relaxation ef-
fects [1-5]. Oxygen vacancies can also lead to local strain
variations [6, 7], discrete in-gap levels [8], photoactive
and resistive-states [9, 10], or to changes of polarization
states through various mechanisms [11-14]. In general,
the effects induced by oxygen vacancies in ferroelectrics
are still not fully understood, motivating for instance re-
search of oxygen-free materials [15, 16].

Nevertheless, since the discovery of bulk photovoltaic
effect in ferroelectrics [17-19] several oxide ferroelectric-
based solar cell devices have been designed [4, 19-23],
reaching at most a power conversion efficiency of 8.1% in
the case of BipFeCrOg (BFCO) thin films [24]. However,
many photovoltaic mechanisms have been reported for
BFCO [3, 4, 21-27], making it a complex physical sys-
tem where it is still challenging to understand the role
of structural defects [28, 29]. As oxygen vacancies are
expected to modify the ferroelectric properties [30, 31],
it is therefore important to consider their role in the po-
larization response of BFCO films to electric fields.

In fact, oxygen vacancies are known to induce voltage
offsets and imprint in (Pb,La)(Zr,Ti)O3 thin films ca-
pacitors [14, 32]. A recent study realized on a Pb(Zn, 3
Nby/3)03-4.5% PbTiO3 bulk single crystal shows, for in-
stance, a large imprint reduction after annealing under an

oxidizing atmosphere, an effect attributed to a decrease
of oxygen vacancy density [13]. More recently, oxygen
vacancies were also found critical for controlling the im-
print in HfOo-based ferroelectric capacitors [33, 34]. For
BiFeOj3 thin films, oxygen vacancies were identified to in-
terfere with polarization state by mechanisms involving
defect accumulation near the electrodes [35-38], screen-
ing, and local strain fields [7, 39-41]. In BaTiO; films,
the formation of oxygen vacancies was shown to enhance
in the presence of in-plane compressive strain [12]. For
BaTiOgs, oxygen vacancies were also correlated with the
presence of other dopants [42], with a tendency for p-type
dopants to favor the formation of oxygen vacancies [43].
Even if a link with imprinting phenomena was not in-
vestigated in each of these previous studies, they clearly
demonstrate a strong relationship between ferroelectric
polarization state and oxygen vacancy content.

Here, we report effects induced by different concen-
trations of oxygen vacancies on polarization reversal of
ferroelectric BFCO thin films. This is realized by means
of thermal treatments under oxidizing and reducing con-
ditions and various temperatures. With respect to previ-
ous studies, it is shown that oxygen vacancies influence
the polarization switching through a combined mecha-
nism involving a shift (resulting from an interfacial built-
in electric field) and a constrictive effect (resulting from
oxygen vacancy doping). By analyzing the polarization
switching characteristics as a function of thermal treat-
ments and environmental conditions a significant degree
of reversibility in injecting/extracting the oxygen vacan-



cies from the films is also demonstrated. The study in-
cludes an advanced statistical analysis of a large num-
ber of locally-acquired ferroelectric hysteresis loops per-
formed by piezoresponse force microscopy (PFM) at sim-
ilar locations (nanometer-scale resolution) after each an-
nealing cycle. Strict experimental conditions ensured
no effects related to modifications of sample morphol-
ogy due to annealing time, annealing temperatures or
applications of high voltages. The experimental results
are confronted with ferroelectric phase-field calculations
able to study the effect of built-in electric fields and dop-
ing effects induced by oxygen vacancies on polarization
reversal. The role played by the energy level distribution
at the interface with the substrate is also discussed.

II. EXPERIMENTAL DETAILS
A. Sample growth and characterization

BFCO thin films were grown by pulsed laser deposition
(PLD) on Nb (0.7 at%)-doped SrTiO3(001) substrates
(Codex International). The film was obtained by ablat-
ing a home-made ceramic target. The base pressure in
the growth chamber prior to deposition was 5 x 1078
mbar. The growth was made with an oxygen partial
pressure of 1072 mbar at a substrate temperature of 740
°C. A KrF excimer laser with a 248 nm wavelength was
used. The laser modulation and fluence were 5 Hz and 3
J/em?, respectively. The PLD is equipped with a reflec-
tion high-energy electron diffraction (RHEED) technique
which allows one to determine the crystallinity and the
surface arrangement of the thin film at the end of its
growth.

The crystalline structure of the film was analysed by
X-ray diffraction using a Rigaku Smartlab diffractome-
ter with a rotating anode and a monochromatic copper
source (45 kV, 200 mA, 0.154056 nm). X-ray diffraction
(XRD), x-ray reflectivity (XRR) and reciprocal space
mapping (RSM) measurements were performed. To de-
termine the sample thickness (62 nm), XRR curves were
fitted with the GlobalFit software.

Atomic force microscope (AFM) measurements were
performed with a Bruker Dimension Icon microscope.
The local ferroelectricity, including measurements of the
hysteresis loops, was investigated by standard piezore-
sponse force microscopy (PFM). The probe was a 0.01-
0.025 Qcm antimony (n) doped Si covered with conduc-
tive diamond. A cantilever with a stiffness of about 80
N m~! was used. The setpoint used was about 800 nN.
For writing up and down domains and for the acquisition
of hysteresis loops, an additional DC voltage was applied
to the tip. Hysteresis loops were recorded at a rate of
0.1 Hz, by ramping the tip bias voltage from -6 to 6 V
and then back to -6 V. In this bias interval, no corre-
lation between the small current-voltage values and the
piezoresponse (PR) quadrature signal has been detected.
Hysteresis loops and PR mapping were acquired using a

TABLE I. Parameters of annealing cycles. Heating and cool-
ing ramps of an annealing cycle were performed in about one
hour and a half for dry air conditions. In the case of anneal-
ing under Hz/Ar conditions, 4 hours of heating and 6 hours
of cooling were required.

Annealing Conditions

Label Gas Composition (S;z) PE::?;; ¢
Dry Air 20% O2; 80% No 150 1
Ha/Ar 5% Ha; 95% Ar 150 1
Annealing Steps

Chronology Conditions Tem?eé?ture T(i;:)le
No. 1 Dry Air 350 2
No. 2 Hy/Ar 350 2
No. 3 Hy/Ar 450 2
No. 4 Dry Air 450 4
No. 5 Hy/Ar 450 4

Vac = 2 V applied to the substrate, at a frequency of
45 kHz, and with a drive phase set at +50° to maximize
PR quadrature signal and hence minimize PR in-phase
signal. Up and down domains were written by applying
a tip bias of -6 and 6 V, respectively.

B. Methodology and protocols

As shown in Table I, five annealing cycles, labeled
chronologically from nos. 1 to 5, were performed. Dry air
or Hy/Ar gas atmosphere were used in order to decrease
or increase the density of oxygen vacancies, respectively
[13, 44-47]. To check the reversibility of the imprint and
investigate its dependency on oxygen vacancy concentra-
tion, an annealing protocol involving a specific order was
adopted. Namely, the amount of oxygen vacancies was
decreased during cycles 1 and 4, and increased during
cycles 2, 3 and 5. Annealing cycles 2 and 3 were per-
formed under the same gas conditions but at different
temperatures. At annealing cycles 4 and 5, the sample
was annealed two times longer than it was during the pre-
vious cycles to verify if saturation effects can be reached.
Annealing cycle 0 corresponds to the initial state, i.e.,
the as-prepared state. At each annealing cycle, including
0, 100 PR hysteresis loops were acquired, except for cycle
4 where 35 hysteresis loops were recorded.
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FIG. 1. (a) 6 x 6 um?® AFM topography of BFCO surface taken before annealing cycle 1, i.e., the initial state. Grey line is the
location of the profile from (d). (b) Out-of-plane piezoresponse phase image of the area from (a) acquired after poling upward
(bright contrast) and downward (dark contrast) the two zones labeled —6V4i, (dot circled symbol) and +6V4iip (cross circled
symbol), respectively. Grey line is the location of the profile from (e). (¢) Out-of-plane piezoresponse amplitude image acquired
simultaneously with images (a) and (b). Grey line is the location of the profile from (f). (d), (e) and (f) are profiles acquired

along the grey lines from (a), (b) and (c), respectively.

III. RESULTS AND DISCUSSION
A. Imprint and PR quadrature signal

Surface topography and PFM signals measured be-
fore annealing cycle 1 (initial state) are shown in Fig. 1.
The topography shows surface height variations of few
nanometers [Figs. 1(a) and 1(d)]. Before imaging, two
3 x 3 um? zones were poled up and down, respectively,
by applying -6 and 6 V DC bias to the AFM tip. Those
zones appear, respectively, as bright and dark areas in
the PFM phase imaging [Fig. 1(b)]. The other two un-
poled 3 x 3 um? zones correspond to the as-grown state
of the sample, i.e., zones that were never poled. They do
not exhibit a uniform out-of-plane PR phase signal. A
nearly 180° phase difference between up-poled and down-
poled zones can be observed [Fig. 1(e)]. This is consistent
with PR amplitude image [Fig. 1(c)], where a similar am-
plitude (= 3 mV) on both up- and down-poled zones is
measured, as expected from ferroelectric domains with
opposite orientation. A weaker PR amplitude signal in
the two unpoled zones is observed. This is related to the
fact that one coercive field falls near zero-bias voltage for
the initial state, an effect induced by the imprint.

PR signals were also acquired by maintaining the tip in
contact with the film surface at fixed locations, i.e., center
of grains imaged in topography. To derive imprint values
from such PR signals, the method proposed by Jesse et
al. [48] was used. It consists in fitting the quadrature

signal [Fig. 2(a)] with a sigmoid function,

+
V —aj

ij-erO(V) =a; —as [1 + exp (a4

) v

where V stands, in this case, for DC bias applied to the
AFM tip. Parameters a,, with z = 1,2, ..., describe the
switching characteristics of the loops [48]. The coercive
fields are captured by a;{ and ag , revealing the switching
bias values VT and V'~ of the forward and backward
branches of the loops, respectively. The imprint value is
thus given by

d2 Ypiezo (V)

e . =0 VE=af, (2)
V=V

and

a;f —|2—a3_ (3)

Sigmoids fits were performed on PR quadrature sig-
nals rather than phase signals because the latter is more
subject to artifacts such as piezoelectric amplitude off-
sets arising from electrostatic interactions. Indeed, the
phase signal can be very different from one measurement
to another, while the quadrature signal is more consistent
(see Fig. S1 and S2 in the Supplemental Material [49]).
The drive phase was set during the measurements in such
a way that the quadrature signal is maximized and in-
phase signal minimized [Fig. 2(a) and 2(b)]. The analysis

Imprint =
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FIG. 2. (a) Quadrature, (b) in-phase, (c) phase, and (d)

amplitude components of a piezoresponse (PR) signal. Solid
black lines in (a) are sigmoid fits following Eq. (1). Black
dots are aj and a; values extracted from the fits of forward
and backward branches of the loops. The imprint [double end
arrow in (a)] is 2.27 V in this case (sample in its initial state).
Thick lines in (c) are smooth lines through the phase signal.

of the quadrature hysteresis loops is necessary in our case
because, as seen in Fig. 2(a), the PR quadrature signal
is not symmetric with respect to the zero value of the y
axis. This causes an asymmetry in the PR amplitude sig-
nals as well [Fig. 2(d)], as smaller values are measured for
a negative tip bias (up polarization), i.e., the direction of
imprint [Fig. 2(a)]. It is thus possible that the imprint
not only shifts the coercive fields, but also modifies the
amplitude response. In turn, the fact that PR quadrature
signal is rather flat when crossing the zero value of the y
axis explains the noise enhancement and the fluctuating
coercive field values in the phase channel (see Fig. S2 in
the Supplemental Material [49] for details). Note that
phase and quadrature signals would give equivalent co-
ercive fields if the quadrature signal sharply crosses the
zero value of the y axis, as usually observed for most of
ferroelectric thin films.

B. Annealing effects

Hysteresis loops corresponding to the initial state (as-
grown state) of the sample are shown in Fig. 2. A signif-
icant imprint can be observed, which consists in a lateral
shift of the center of the PR quadrature loop along the
applied voltage (z axis). In Fig. 2(a) this is shown by
a dashed vertical line. The two branches of the loop
in Fig. 2(a) were fitted using the sigmoid function from
Eq. (1), leading to an evaluation of the aj and a3 values,
and thus to the imprint using Eqs. (2) and (3).

Typical hysteresis loops acquired with the sample in
(@) its initial state, (i4) after annealing under dry air (an-
nealing cycle 4) and (iii) after annealing under Hy/Ar

(annealing cycle 5), are compared in Fig. 3. As seen, the
loop measured after annealing under dry air looks very
different with respect to the loop measured for the ini-
tial state [Fig. 3(a)], indicating that Vo vacancies largely
influence the polarization switching fields. In turn, the
loop measured after annealing under Hs/Ar is similar to
the one obtained for the initial state [Fig. 3(b)]. This
suggests that the sample contains oxygen vacancies in
its initial state. A statistical analysis of all hysteresis
loops acquired after each annealing cycle was performed
following the procedure described in Sec. IIT A.

C. Switching-field and imprint distribution

The mean and standard deviation values of aj switch-
ing parameters as well as of the imprint are presented
in Table II. An example of how those parameters are
obtained is shown in Fig. 4(a) for the initial state of the
sample. The dashed line is a normal distribution fit of the
data, which reveals the mean and standard deviation val-
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FIG. 3. (a) Hysteresis loop (red) measured after annealing
under dry air (annealing no. 4). (b) Hysteresis loop (blue)
measured after annealing under Ha/Ar (annealing no. 5).
The hysteresis loop measured before annealing the sample
(i.e., initial state) is shown in both (a) and (b) for compari-
son (black data points). Green dashed lines are sigmoid fits,
highlighting the a3i values (green dots).



TABLE II. Statistical results obtained by analysis the PR quadrature hysteresis loops measured on the same sample after each
annealing cycle. Forward and backward switching voltage values, respectively aj and a3, are extracted following the fitting
procedure described in the main text. Imprint values are deduced from agt parameters according to Eq. (3). Results follow
the format “mean value + standard deviation value”. (§) and I¢ at 20 are the mean uncertainty on the imprint value and the

confidence interval of the mean imprint value, respectively.

No. 0 Annealing no. 1 Annealing no. 2 Annealing no. 3 Annealing no. 4 Annealing no. 5
(Initial State) (Dry Air) (H2/Ar) (H2/Ar) (Dry Air) (Hz2/Ar)
a;r (V) 2.58 £ 0.25 2.77 £ 0.39 3.06 £+ 0.39 3.15 £ 0.29 3.55 £ 0.85 3.15 £ 0.42
az (V) 1.30 £ 0.33 0.15 + 0.60 0.55 + 0.48 0.99 £ 0.48 -1.00 + 0.72 1.09 £+ 0.44
Imprint (V) 1.94 £+ 0.27 1.46 £ 0.41 1.81 £0.33 2.07 £ 0.29 1.28 £ 0.44 2.12 + 0.26
(&) (V) + 0.03 + 0.22 + 0.15 + 0.12 + 0.33 + 0.16
Ic at 20 (V) [1.89; 1.99] [1.38; 1.54] [1.74; 1.88] [2.01; 2.13] [1.13; 1.43] [2.07; 2.17]

ues of the imprint. A similar fit was carried out for each
data set obtained after each annealing cycle. The nor-
malized distribution functions are gathered in Fig. 4(b).
Notably, it can be observed that the imprint can be re-
versibly tuned to lower or higher values depending on an-
nealing conditions. Annealing cycles 1 and 2 correspond
to an annealing temperature of 350 °C and an annealing
Again, these results point out that the initial state
of the sample already contains a significant amount of
oxygen vacancies. By increasing the annealing time and
temperature, oxygen vacancies are further removed or
introduced as compared to previous annealing cycles un-
der dry air or Hy/Ar conditions, respectively. However,
it was impossible in this study to decrease the imprint
down to zero through annealing treatments only. The
lowest imprint value of about 1.2 V obtained after an-
nealing cycle 4 — where the Vo density should be the
lowest — suggests the existence of an additional electric
field non related to oxygen vacancies. Note that on other
samples, we found out that using higher temperatures
may induce morphological modifications of the sample.

It is also worth noticing that the mean uncertainty (&)
values of the imprint are always smaller than the stan-
dard deviation values, indicating that the measured im-
print distribution does not result from a lack of accuracy
(Table IT). Uncertainty on imprint values is higher after
annealing cycles in dry air, as seen for cycles 1 and 4.
This is due to a reduced PR response and a more com-
plex loop shape which imposes sigmoid fits over a slightly
truncated bias range to allow a good convergence. The
confidence interval of the imprint values at 20 underlines
the significance of the results obtained after each anneal-
ing cycle. Overall, as there is no overlap between the
confidence intervals obtained after annealing in dry air
and those obtained after annealing in Hy/Ar, it can be
concluded that the change of imprint value induced by
the gas is indeed significant.

Another interesting observation concerns the values of
aF switching fields (Table IT), which indicate that after
annealing cycles 3 to 5, the mean imprint values vary al-
most exclusively because of a change of the left branch

time of 2 hours. The variations of the imprint values thus
seem to mainly be induced by the gas nature used during
the annealing. A similar conclusion can be drawn after
analyzing the effects induced by annealing cycles 4 and
5, both corresponding to 450 °C and an annealing time
of 4 hours.

of the loops, i.e., a3 values. Therefore, the switching of
the polarization direction from up to down (towards the
interface) does not depend much on the annealing pro-
cesses, while the switching from down to up does. Un-
derstanding how a change of the oxygen vacancy density
could lead to such an asymmetry is not straightforward.
Nevertheless, the explanation shall comprise an asym-
metric potential perpendicular to the film. In the case
of a PbZryTip.803(PZT) film, Han et al. suggested that
charged oxygen vacancies can preferentially localize at
the film surface, hence being a source of asymmetry [2].
Lee et al. also have associated the ferroelectric imprint
observed in a PZT sample to the presence of oxygen va-
cancies at the sample surface [50]. Simulations including
an asymmetric distribution of oxygen vacancies indeed
indicated imprinted hysteresis loops [51].

D. Energy levels at the interface

In addition to the asymmetric change of agt switch-
ing values, the imprint could arise from an electric field
oriented perpendicularly to the film plane. Although
such a field may have different origins, its direction must
agree with the imprint sign. As discussed above, possi-
ble origins for the shift effect can be a nonuniform doping
through the sample thickness [51], but any other electric
field oriented perpendicularly to the film would gener-
ate a similar effect. For instance, interface built-in fields
existing within a space charge region generated by the
alignment of Fermi levels can induce such a shift. Oxy-
gen vacancies can eventually localize at the film surface
[2, 50], but this would result in a negative imprint value
due to their positive charge i.e., a loop shifted to the left
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with respect to 0 V, which is opposite to our observations.
Therefore, an interface electric field oriented perpendic-
ularly to the film plane is a plausible explanation for the
observed lateral hysteresis loop shift [Fig. 5(a)], as also
reported for PZT films [2]. On the other hand, the width
of a hysteresis loop can shrink (constrictive effect) by an
amount which depends on the Vo doping level [51], as
schematically shown in Fig. 5(b). A combined action of
constrictive and shift effect can indeed lead to a signifi-
cant variation of only one of the switching fields, i.e., ag
values [Fig. 5(c)], as experimentally observed (Table II).

To gain insights into energy levels of the
BFCO/Nb:STO system and check for a possible
built-in field at the interface, an advanced photon
spectroscopy study, combined with Kelvin probe and

Shift effect
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FIG. 5. Schematics of the polarization hysteresis loop modi-
fied by (a) a shift effect arising from a built-in electric field,
(b) a constrictive effect arising from doping, and (c) both ef-
fects combined. Solid black lines represent a hysteresis loop
in the absence of the shift and constrictive effects.
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FIG. 6. (a) Tauc plot for a BFCO film grown on a Nb:STO
substrate. Inset: The absorption coefficient vs wavelength as
obtained from ellipsometry measurements (see Fig. S3 in the
Supplemental Material [49]). (b) Photocurrent plot, obtained
by photoemission spectroscopy, used to determine the ioniza-
tion energy. (c) Energy level diagram of the BFCO/Nb:STO
structure based on results from (a) and (b). Expected elec-
tronic band structure of BEFECO/Nb:STO interface. A built-in
electric field (Eb;) pointing from the Nb:STO towards the
BFCO is expected within the space charge region.

ellipsometry measurements, was performed. Results
are shown in Fig. 6, which includes a Tauc [Fig. 6(a)]
and a photocurrent [Fig. 6(b)] plot (also see Fig. S3 in
the Supplemental Material [49]). These results allow
to construct the energy level diagram of the system



[Fig. 6(c)], along with the electronic band structure
at the interface [Fig. 6(d)]. The p-type doping of the
BFCO is most likely given by cationic vacancies formed
during the deposition, as they were indeed found to be
efficient acceptors in BFO films [55]. A Schottky-like
contact is thus predicted at the interface with Nb:STO
substrate, which includes a space charge region in
the BFCO and the associated built-in electric field.
Importantly, as illustrated in Fig. 6(d), the direction of
the predicted built-in field is pointing from the interface
towards the surface of the film, in consonance with the
observed shift of the hysteresis loops and the imprint
direction. In addition, note that a downward band
bending suggests the presence of negative charges in
the depletion region. This can make our films more
able to stabilize positively-charged oxygen vacancies.
To globally address the impact of oxygen vacancies
concentration on the polarization switching, simulations
based on a ferroelectric phase-field model were carried
out.

IV. PHASE-FIELD SIMULATIONS

The phase-field simulations were conducted using a
methodology outlined in previous works [56, 57]. The
microstructure evolution of the ferroelectric polarization
was obtained by the time-dependent Landau Ginzburg
(TDGL) equation [58, 59],

OP;(r,t) 0 .
875 __LéPi(r,tY (2_132)7 (4)

where P;(r, t) denotes the components of the spontaneous
polarization P = (Py, P»), L is a kinetic coefficient, 1 is
the total free energy, and r = (z, z) denotes the spatial
vector in two-dimensions. Here, x and z denote the hori-
zontal and vertical axes, respectively. The vertical z axis
was oriented in the downward direction. In this paper,
we adopted a simplified model that solely takes into ac-
count the polarization with an out-of-plane component,
represented as P = (0, P,).
The total free energy 1 is given by [58, 59]

¢ = / (wbulk + '(/)grad + welec)au (5)
\%

in which ¥puik, Ygrad, and telec, are the bulk, gradient,
and electric free energy density, respectively. For a direct
analysis of the role of the electric charge profile on fer-
roelectric hysteresis, we excluded the consideration of an
elastic free energy term in this study. An example of im-
plementing this energy, along with the relevant boundary
conditions for thin films that incorporate the intricacies
of the film/substrate interface, can be found in a previous
phase-field work [60]. Due to the unavailability of ther-
modynamic Landau coefficients for BiosFeCrOg, we opted
to model a PbTiO3 thin film [61, 62], as our main objec-
tive was not to quantify the imprint values, but rather

to offer a qualitative understanding of how the behavior
induced by charge profiles and a built-in electric fields af-
fect the hysteresis loops. The simulations were conducted
on a discretized 100 Ax x 64 Az two-dimensional grid,
where the grid spacing was set to Ax = Az = 1 nm. More
information on material parameters and free energy com-
putation is provided in the Supplemental Material [49].

The presence of a uniform charge distribution within
the film was incorporated following the expression

p(x, z) = +2¢N, (6)

where p is the charge induced by the doping distribu-
tion, ¢ = 1.6 x 10719 C is the elementary charge, and N
is the doping concentration. In our simulations, we con-
sidered a positively charged doping profile. In addition,
simulations were also carried out while directly incorpo-
rating an additional built-in electric field. In these cases,
the presence of an internal field EF originating from the
bottom electrode was modeled as

Ef(1-2%), ifz<r7
E;t(x’z){o( ¥ ifz>r (™)

where E* = +F, with Ey being the electric field ampli-
tude, depending on whether the field is oriented upward
or downward, and 7 is a critical thickness above which
the field totally vanishes in the layer.

Examples of such profiles are provided in Fig. S4 in
the Supplemental Material [49]. Ferroelectric hystere-
sis loops were obtained by applying a voltage ramp to
the top electrode, as experimentally the voltage was ap-
plied to the tip. An electric field ranging from -5 to 5
MV /cm within the layer was considered. To solve the
electrostatic equilibrium, we employ the spectral method
[52-54]. For further information on how the voltage was
applied in the simulations, please refer to the Supplemen-
tal Material [49]. To investigate in detail the ferroelectric
hysteresis behavior in the presence of charges and an in-
ternal built-in electric field, a series of simulations were
conducted. First, we examined the response to a uniform
charge profile within the layer in a range of doping con-
centrations from N = 1 x 10 cm™ to N = 2 x 10%°
cm™3. As seen in Fig. 7, the hysteresis loop symmetri-
cally contracts until it becomes completely linear above
a concentration of N = 2 x 10%° cm™3, a physical trend
aligning with the previous literature [51, 63]. This is the
effect of doping-induced charge which surpasses the po-
larization charge at high concentration values.

Subsequently, we investigated ferroelectric hystere-
sis scenarios involving upward-oriented and downward-
oriented built-in electric fields EF originating from the
bottom electrode (Fig. 8). The built-in electric fields
were introduced following Eq. (7), with amplitudes vary-
ing from Ey = 0.1 to 10 MV /cm. In Fig. 8, the electric
field decay extends across a thickness of 7 = 10 nm. Re-
sults obtained with other values of 7 are shown in Fig. S5
in the Supplemental Material [49].
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In Fig. 8(a), a distinct shift in hysteresis is observed
when employing a positive built-in field initiated from the
bottom electrode. This shift effect manifests as a horizon-
tal adjustment towards a positive applied electric field.
Experimentally, to counterbalance this built-in field, an
additional positive voltage bias at the top electrode be-
comes necessary, inducing the observed hysteresis shift.
Notably, the magnitude of the shift is directly related to
the built-in field amplitude. As its intensity increases,
the hysteresis loop correspondingly shifts towards higher
positive electric field values.

An opposite trend emerges in Fig. 8(b), when identi-
cal but downward-oriented (towards the interface) field
is considered. In this case, the hysteresis loop undergoes
a shift towards negative electric field values. In addition,
the simulations also show that as the built-in field ex-
tends from the interface, which would correspond to a
larger width of the depletion region, the shift of the hys-
teresis loop increases (see, for instance, Figs. S4 and S5
in the Supplemental Material [49]).

V. SUMMARY AND CONCLUSIONS

The impact of oxygen vacancies on the polarization
switching of a ferroelectric BFCO thin film grown on a
Nb-STO substrate was investigated. A correlation be-
tween the oxygen vacancies, switching field values, and
the imprint effect is found. By modifying the oxygen
vacancy density through a series of heat treatments in
reductive or oxidative environments, it is possible to re-
versibly change the switching fields. An uneven modifi-
cation of the switching fields is demonstrated, with the
largest change for the left-sided switching field which can
be tuned between -1.00 and 1.09 V. The corresponding
change of the mean imprint value is within 1.2 and 2.2 V
voltage interval. A mean imprint value of 1.9 V was

found for the initial state of the film, i.e., before the an-
nealing cycles. This confirms that the BFCO films are
already Vo rich after synthesis, in agreement with the
literature on other oxide thin films. Our results show
a mean imprint increase, due to the shift effect, up to
66% (with respect to the lowest measured imprint case),
while the constrictive effect increases the width of the
loops by about 121% (with respect to the narrowest loop
measured). Note that the possibility to control the im-
print by choosing the annealing conditions is appealing
for various specific applications.

The experimental results obtained after annealing un-
der Ha/Ar conditions clearly exhibit a shift of the hys-
teresis loops towards positive voltages. This shift orig-
inates from a directional built-in electric field lying in
the space charge region of the Schottky contact between
the BFCO film and the Nb:STO electrode. This built-in
field also appears the most likely origin for the resid-
ual imprint. In addition, because oxygen vacancies can
be considered as dopants, modifications of their density
are expected to affect the built-in electric field through a
modulation of the Fermi level. This dependence consti-
tutes an interesting topic for future studies.

By considering oxygen vacancies as positively charged
dopants [64], along with a built-in electric field at the
bottom electrode interface, the simulations were able to
qualitatively reproduce the hysteresis loops changes ob-
served through PFM measurements. One could note that
the combined constrictive and shift effects induced by
the oxygen vacancies and the built-in electric field can be
used to favor one polarization direction, an effect particu-
larity significant when both coercive fields have the same
sign. Our findings suggest that the upward or down-
ward polarization direction can, respectively, be favored
by engineering a p-type or n-type Schottky contact at
the bottom electrode. These results highlight the central
role played by the nature of the ferroelectric/electrode
contact.

It can thus be concluded that oxygen vacancies, rather
than just being detrimental to ferroelectric properties,
can also be seen as an easy, accessible and reversible
way to tune the ferroelectric polarization properties, as
is sometimes needed for devices.

Furthermore, our findings are also of relevance for gain-
ing insights into the photovoltaic properties of BFCO ma-
terial. As annealing under Hp/Ar conditions increases
the oxygen vacancies density, which in turn induces a
higher imprint, and a more uniform polarization direction
is obtained. A more uniform intrinsic polarization direc-
tion is expected to provide better photovoltaic responses
in ferroelectric-based solar cell applications through the
generation of a directional depolarization electric field.
Thus, the role of oxygen vacancies in the photovoltaic
effect exhibited by these materials shall be considered
in future photovoltaic studies. Our study can be of in-
terest for controlling the switching field values of other
supported oxide ferroelectric thin films.
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