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Abstract

Thin films of BiFe,_,Co,03; (BFCO, x = 0-0.05) were prepared using the sol-gel method and deposited on a fluorine-
doped tin oxide (FTO)/glass substrate. The crystal structure, surface morphology, dielectric properties, polarization, and
optical characteristics of the BFCO thin films were investigated. X-ray diffraction (XRD) and Raman spectroscopy
analyses show that Co doping induces lattice distortion. Scanning electron microscopy (SEM) images demonstrate that
BFCO films with x =0.03 possess uniform fine grains, which are crucial for their ferroelectric properties. From XPS
pattern, it can be observed that Co doping can inhibit the conversion of Fe*>* into Fe>*, and BiFe(,97C0y (305 films exhibit
greatly reduced oxygen vacancy concentration. Therefore, BiFe( ¢9;Co0( (305 film was found to have the lowest leakage
current density (J=7.18 x 10”7 A/cm?). The film demonstrates outstanding residual polarization at room temperature,
with a value of P, = 152.1 uC/cm?, more than twice the magnitude of that in pure BFO (P, = 72.33 uC/cm?). Moreover, the
dielectric properties of BFCO films show a significant improvement when compared to those of pure BFO samples. This
enhancement is attributed to the Co doping-induced structural transition, along with a reduction in grain size and a
decrease in the concentration of oxygen vacancies. Additionally, the BiFej 97Co0( 305 film exhibits a narrower band gap
(E;=1.69¢€V) in comparison to the BFO film (E, = 1.87 ¢V). Consequently, an expansion in the range of photovoltaic
applications for BFO films can be achieved.
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Graphical Abstract

Fig 1. a—f Ferroelectric hysteresis loops of the BFCO thin films. Fig 2. a UV—Vis absorption spectra of the BFCO thin films.

b Tauc curves of the BFCO thin films.
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e BiFe,_,Co,05; (BFCO, x = 0-0.05) thin films on a fluorine-doped tin oxide (FTO)/glass substrate were prepared through

the sol-gel method.

e BiFe(7C0( 305 was found to have the lowest leakage current density (J =7.18 x 107 A/cm?), with excellent remnant
polarization at room temperature which is more than twice as large as that of pure BFO.
e The bandgap (E, = 1.69 eV) was reduced by doping BFO with Co.

1 Introduction

Multiferroic materials simultaneously possess two or more
ferromagnetic orders, such as ferroelectricity, ferro-
magnetism, ferroelasticity, and ferrotoroidicity, which
result in a diverse range of physical phenomena [1, 2].
These properties not only open up new avenues of
research in condensed matter physics but also hold sig-
nificant promise for a range of applications, including new
information storage media, spintronics, ultrafast optoe-
lectronic devices, piezoelectric nanogenerators and ferro-
electric random access memories [3-5]. Bismuth ferrite
(BiFeOs), known as BFO, is widely recognized as the
most significant single-phase multiferroic material at room
temperature due to its simultaneous exhibit of ferroelec-
tricity and ferromagnetism [6, 7].

BFO possesses high Curie temperature (7c ~ 830 °C)
and high Néel temperature (T ~ 370 °C). In addition, the
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theoretical ferroelectric polarization value is as high as
100 uC/cm?, which makes it one of the most promising
multiferroics [8—12]. With the emphasis on new envir-
onmentally friendly functional materials, BFO lead-free
films have become a research focus. However, due to the
high-temperature volatilization of Bi*" ions and the
fluctuation of valence state of Fe ions (from Fe** to
Fe?") during the films’ preparation, BFO films usually
show high concentrations of oxygen vacancy defects,
resulting in large leakage current and poor ferroelectric
properties [13—17]. To improve the ferroelectric proper-
ties, researchers have employed various methods such as
ion substitution, structural domain control, chemical
modification processes, and composites [18—22]. Among
them, ion doping substitution is a simpler, lower cost,
and more efficient method. Transition metal ions such as
Cu, Zn, Ti, Mn, Co, etc. can be used to replace Fe3*t or
Bi*", causing a certain degree of lattice distortion and
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altering the carrier concentration, leading to high-
performance [23-26]. As the ionic radii of Fe’* and
Co*" are similar, a small amount of Co*" can replace
Fe’' ions in BiFeO;. Substitution of lower-priced ele-
ments requires charge compensation, which can be met
by the creation of anionic (oxygen) vacancies or an
increase in cationic valence (Fe*™-Fe’™), thus suppres-
sing valence fluctuations from Fe3" to Fe?t. Thus, low-
priced dopants can lead to a decrease in the band gap due
to an increase in the defect-induced energy level or state
density within the band gap. Low (2+) ion substitution
also provides the possibility for the production of
defective dipoles, which can therefore lead to drastic
changes in various physical properties [27]. Co*" serves
as a dopant substitution element and its substitution role
may be of great interest. Xue et al. reported that by co-
doping with Gd and Co, the ferroelectric properties of the
BFO thin film were further enhanced (P,= 101 pC/cmz,
E.=345kV/cm) [28]. Ghanshyam et al. successfully pre-
pared a BiggoSmyg o;Fep.99C0p 105 thin film through the
sol-gel method, achieving a low leakage current density of
1077 A/em [29]. Sinha et al. synthesized Co-doped BFO thin
films via the sol-gel method, and the results showed that as
the Co>" doping level increases in the BFO lattice, the size
of the pristine BiFeO; NPs gradually decreases, and Co
doping enhances the magnetic and dielectric properties to a
greater extent [30]. Saha et al. induced ferromagnetic
properties in Co modified BF-PT and provided guidance for
understanding the electromechanical response in BFO-based
alloys [31]. Wani et al. used sol-gel methods to prepare
pure BFO and Co-doped BFO nanostructured materials,
systematically studying the influence of Co substitution on
the structure, morphology, dielectric, and optical properties
of BFO. The results showed that BiFe,_,Co,03 (x=0.00,
0.03, 0.05, 0.10) all displayed a perovskite structure. With
the increase of doping level, the average grain size enlarges,
and the induced strain initially decreases and then
strengthens [32]. As a result, Co doping significantly
enhanced the physical properties of BFO films. The single-
ion substitution method has also become an efficient method
for obtaining excellent multiferroic properties in BFO films.
These results are of extraordinary significance for the
application of BFO.

In order to demonstrate the impact of Co doping on the
ferroelectric properties of BFO thin films, we prepared thin
films of BiFe; ,Co,0; (BFMO) with Co doping con-
centrations (x = 0-0.05) on fluorine-doped tin oxide (FTO)/
glass substrates using the sol-gel method. By controlling
the doping level, the ferroelectric and dielectric properties
can be adjusted to achieve specific functional applications.
As doping increases, the oxygen vacancy content decreases
leading to improved ferroelectric properties, dielectric
properties, and photovoltaic performance.

2 Experiment

Using the sol-gel technique, spin coated films of
BiFe,;_,Co,0; (BFCO) with various Co doping levels
(x=0, 0.01, 0.02, 0.03, 0.04, and 0.05) were prepared on
FTO/glass substrates. The precursor raw materials were
analytically pure Fe(NO3);-9H,0, Bi(NOj3)3;-5H,O and
Co(NO3),-6H,O. A 4% excess of bismuth is used to
compensate for the effects caused by bismuth volatiliza-
tion during high-temperature annealing. The precursor
solution was prepared by weighing according to the
desired stoichiometric ratio and dissolving in organic
solvents (ethylene glycol monomethyl ether and glacial
acetic acid) with a volume ratio of 1:3 (overall Bi con-
centration of 0.25M). The mixture was continuously
stirred at a constant speed for 1 h at room temperature to
ensure complete dissolution. Citric acid monohydrate
(C¢HgO5, as a chelating agent; 0.25 M), ethylene glycol
(C,HgO,, serving as a dispersant, 12 ml), and ethanola-
mine (C,H;NO, stabilizer and a viscosity modifier, 0.5 ml)
were then sequentially added to the aforementioned mix-
ture. The resulting solution was stirred continuously for
2.5h at room temperature to obtain a homogeneous pre-
cursor with a solution concentration of 0.25M with
respect to Bi. The precursor solution was aged for 48 h to
promote hydrolysis and polymerization within the solu-
tion. The FTO/glass substrates were sequentially cleaned
with acetone, alcohol, and deionized water through ultra-
sonic cleaning. The precursor solutions with different Co
contents were dropped onto the substrate and spin-coated
at 2000 rpm for 15s to obtain the initial wet film. To
remove water and organic solvents, the deposited thin film
were placed in a constant temperature oven set at 85 °C for
a duration of 10 min. Subsequently, it was transferred to a
muffle furnace at 550 °C for 10 min to eliminate any
remaining organic solvents and initiate the crystallization
process of the film. By performing 14 consecutive
annealing cycles, the thermal treatment process of the wet
film was completed, ultimately resulting in the desired
thickness of the BFCO thin film. Subsequently, the coated
film was annealed at 550 °C for 30 min to facilitate the full
growth of BFO grains. To fulfill the electric properties
measurement requirements, Pt dot electrodes with an area
of 0.126 mm? were deposited through sputtering with the
utilization of a shadow mask.

The crystallographic structures of the BFCO thin films
were evaluated using X-ray diffraction (XRD) with an
Ultima IV diffractometer in grazing incidence mode (angle
of incidence = 0.5°). Raman spectroscopy, performed on the
prepared film samples using LabRAM HR and a laser
wavelength of 633nm, was employed to analyze their
molecular structure. The grain microstructure and cross-
sections of the films were observed using scanning electron
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microscopy (SEM) with a Zeiss Sigma300 instrument.
Furthermore, the sample’s elemental composition was ana-
lyzed through energy-dispersive X-ray spectroscopy (EDS).
XPS (ESCALAB 259xi) was used to further examine the
chemical elements and surface compositions of the samples.
The polarization-electric field hysteresis loops and the
leakage currents were measured using a ferroelectric analy-
zer (Aix ACCT, TF Analyzer 2000). The optical bandgap
was determined using a Hitachi U4100 spectrophotometer,
which measured the absorption spectra in the ultraviolet-
visible (UV—Vis) range. The dielectric frequency spectra
were obtained by analyzing the impedance using a precision
analyzer (Agilent 4294A).

3 Results and discussion
3.1 Phase structure and micromorphology

The XRD patterns of the BFCO films are illustrated in
Fig. 1. Peaks were located at about 26.6°, 33.8°, and 37.9°,
which correspond to SnO, (JCPDS no.41-1445). The other
diffraction peaks match the standard values reported in
JCPDS No. 72-2112, and the R3c rhombic perovskite
BFCO structure is detected. No peaks associated with
impurities were detected beyond the 20-60° range in rela-
tion to the perovskite structure. This is due to the thermal
annealing process and appropriate content of bismuth and
iron ions. Figure la indicates that all six samples possessed
an identical single-phase structures, and the results show
that the doping did not affect the lattice symmetry [33].
Figure 1b depicts a magnified partial view of the XRD
pattern, specifically highlighting the range of ~31-33°. The
diffraction peaks at (012) and (110) orientations in pure
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Fig. 1 a XRD patterns of BFCO thin films. b Partially enlarged pattern
in the 20 range of 31-33°
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BFO demonstrate a bimodal characteristic. Upon the Co*"
substitution, the (110) peak exhibits a reduced angular
displacement and diminished intensity, suggesting the par-
tial replacement of Fe ions by the doped ions within the BF
lattice structure. This results in a single peak formed by the
merging of the (012) and (110) peaks. Additionally, the
similar merging of XRD peaks and angular shifts could
suggest that the doping of Co®" might induce distortion in
the lattice structure of the BFCO thin films. This is attrib-
uted to the mismatch in ionic radii, as Co>* ions possess a
larger radius (0.740A) in comparison to Fe’* ijons
(0.645 A). This results in slight changes in the interplanar
spacing and grain size within the BFCO lattice as the Co
doping content increases. The diffraction peak positions
remain almost constant when the content of Co exceeds
0.04, which may be due to the fact that Co is a variable
valence ion. In this regard, it is noteworthy that the
enhancement of ferroelectric properties in thin films may be
strongly correlated with lattice deformation and ion valence
states [34, 35]. Table 1 lists the changes in lattice para-
meters (a and c¢) and volume. The variations in a and ¢ are
related to the doping level of Co, indicating a significant
alteration in the film structure. The increase in the volume
of the BFO crystal unit cell is attributed to the larger ion
radius of Co?" (0.740A) compared to that of Fe’'
(0.645 A).

The sample was examined through Raman scattering
analysis in Fig. 2, which possesses a strong sensitivity to the
crystal structure and provides complementary information
to that of XRD characterization. To accurately determine
the peak position for each Raman vibration mode, the
Raman spectra of the BFCO films from 50 to 800cm !
were fitted using a Lorentz model. The rhomboid perovskite
structure consists of 4 A; vibration modes and 9 E vibration
modes [36, 37]. There are nine distinct Raman spectro-
scopic patterns observed in the films. The vibrations of Bi-O
primarily occurs in the low-wavenumber region corre-
sponding to the A modes, while the E modes in the high-
wavenumber region are related to the vibrations of Fe-O
[38]. Ton doping has a significant effect on the vibrational
intensity and position of Bi-O and Fe-O modes, with the
intensity and position of the A;-1 and A;-2 peaks of the Co-

Table 1 Cell parameters of the BFCO thin films

Samples Cell parameters (a/c) Volume (A% Symmetry
BiFeO; 5.577 13.861 373.4 R;.(161)
BiFe(99C000103  5.577 13.863 373.3 R;.(161)
BiFe(93C000203  5.578 13.863 373.5 R;.(161)
BiFe(97C00,03033 5.587 13.867 374.9 R;.(161)
BiFe(96C000405  5.579 13.862 373.5 R;.(161)
BiFe(95sC000503  5.586 13.741 371.3 R;.(161)
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doped samples were different compared to the pure BFO.
With the increase of Co doping concentration, the A;-1 and
A4-2 vibration modes tend to merge into a single mode.
This is due to the change in the length of the Bi-O bond and
the angle of the Bi-O-Bi bond, caused by the substitution of
Co”" ions for Fe*" ions. The change in the E mode confirms
that Co partially replaces Fe in the BFO lattice. In addition,
the intensity of the A;-4 and E-9 vibration peaks in the
BFCO thin film gradually increases, and the intrinsic
vibration mode of Fe-O bond partially changes to that of the
Co-O bond. Therefore, the structural distortion of the FeOgq
octahedron increases. On the other hand, due to the Jahn-
Teller effect, the mismatch of radii between Co and Fe ions
leads to severe distortion of the iron oxide octahedron
[39, 40]. The results indicate that Co doping leads to
changes in the bond length and bond angle of the Fe-O
bond and indirect changes in the Bi-O bond, which cause a
change in the lattice of the film, consistent with the XRD
results. These data are summarized in Table 2.
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Fig. 2 Raman spectra of the BFCO thin films
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Synthesis conditions and doping are known to alter
surface microstructure and grain growth, thereby affecting
material properties. The surface morphology of BFCO and
partial section morphology of BFCO films (x =0, 0.03)
are displayed in Fig. 3. As shown in the figure, the six
films have good crystallization, and appear flat and
smooth without cracks; nevertheless, some pinhole defects
were scattered on the sample surface due to volatilization
of organic substances and Bi ions during annealing. Some
grain clusters appeared in the BFCO film with Co doping,
which may be due to the obvious effect of the introduction
of Co ion on grain growth, especially the sample of
x=0.03 (Fig. 3d) [41, 42]. The average grain size of
BFCO-0 (Fig. 4a) and BFCO-3 thin films (Fig. 4b) is
90 nm and 78 nm, respectively, according to the histogram
of particle size distribution. The results demonstrate that
the optimal level of Co ion doping exerts a favorable
influence on the enhancement of grain growth. For BFO
films, grain size is closely related to lattice distortion and
electrical properties, which also confirms the XRD cor-
relation analysis. In the cross-sectional morphology of
BFCO-0 and BFCO-3 films shown in Fig. 3a, d, respec-
tively, it can be observed that there is a clear layered
structure without mutual diffusion between the film and
the FTO substrate. The thicknesses of the BFCO-0 and
BFCO-3 films were measured to be 1.4 um and 1.3 pm,
respectively. Due to the use of specific FTO/glass sub-
strates, all films have a specific thickness of 1.1 um of
FTO layer underneath. The improved compactness of the
film structure also has an impact on the reduction of its
leakage current density [43, 44]. The composition of
BiFe( 97Cog 305 was analyzed by EDS, and its elemental
energy spectrum and mapping map are shown in the
Fig. 3g, h. In addition to the adventitious carbon coating
used for SEM characterization, only the elements Bi, Fe,
Co, and O were detected in the sample. Moreover, these
elements exhibited uniform distribution throughout the
sample. The atomic content of each element in the pre-
pared BiFe(¢7;Co0¢ o305 thin film sample is basically con-
sistent with the stoichiometric ratio of BFCO, which
directly indicates that Co has been successfully incorpo-
rated into the BFO lattice. The above results combined

Table 2 Laman parameters of

the BECO thin films BiFe,_,Co,0; E-1 A-1 A2 A3 E-3 E-6 A4 E-8 E-9
x=0.00 70.6 137.0 172.3 208.7 263.3 352.6 472.0 510.0 602.0
x=0.01 72.1 136.7 172.6 199.2 257.8 3543 4459 512.0 611.5
x=0.02 73.1 135.7 171.9 209.3 272.8 334.8 456.4 528.4 621.2
x=0.03 77.1 137.8 170.0 218.0 286.9 355.0 483.1 551.3 608.0
x=0.04 72.6 137.8 172.7 205.8 266.0 347.7 474.0 511.0 614.0
x=0.05 71.9 136.9 172.3 206.1 265.8 347.1 473.0 511.8 613.8
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Fig. 3 a—f Surface morphology image of BiFe; ,Co0,03 (x = 0-0.05) films. The insets in (a) and (d) show cross-sectional micrographs of pure BFO
and BiFe( ¢7Co( 305 films. g EDS spectral pattern of BiFe ¢7C0( 305 film. h Elemental mapping of Bi, Fe, Co, and O for BiFe( ¢7C0( 305 film
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Fig. 4 Histogram of particle size distribution of (a) BFCO-0 and (b) BFCO-3 thin films

with XRD analysis directly confirmed the presence of Co
ions and the successful Co doping of BFO.

The ferroelectric performance of the films is influenced
not only by its growth orientation but also by any defects
present, such as oxygen vacancies [45]. The surface ele-
mental chemical states of the thin films were determined by
conducting XPS measurements, as depicted in Fig. 5. The
characteristic peaks are clearly discernible, and detailed

@ Springer

information regarding the element content is provided in
Table 3. Since the experimental samples themselves do not
contain the element C, the binding energy was first cali-
brated by a charge shift based on Cls =284.8eV. In Fig.
Sa, the presence of a double peak in the low binding energy
region of Fe indicates the coexistence of both Fe>" and Fe*"
in the thin film. Moreover, the ratio of Fe** to Fe>" directly
impacts the electronic and valence states of the film. In the
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Fig. 5 a Fe 2p spectrum of BFCO thin films. b Co2p spectrum of BFCO thin films. ¢ Ols spectrum of BFCO thin films

Table 3 XPS peak area ratio of the BFCO thin films

BiFe;_,Co0,03 Fe*: Fe’* 02’:OabS:V'0' Co**: Co**
x=0.00 71.53:28.47 66.13:19.67:14.20 —_—

x=0.01 71.35:28.65 63.07:18.22:18.71 52.36:47.64
x=0.02 72.98:27.02 76.50:14.91:8.59 47.55:52.45
x=0.03 64.15:35.85 75.15:19.21:7.64 37.10:62.90
x=0.04 73.35:26.65 77.21:13.57:9.22 54.73:45.27
x=0.05 79.40:20.60 71.84:16.67:11.49 56.25:43.75

thin films, due to the presence of Fe2+, a certain number of
oxygen vacancies will be generated to maintain charge
balance. Thus, the concentration of Fe>" ions is correlated
with the number of oxygen vacancies [46, 47]. Through the
analysis results, the surface Fe?* content of BFCO films
(x=0,0.01, 0.02, 0.03, 0.04, 0.05) was found to be 71.5%,
71.4%, 73.0%, 64.2%, 73.4%, and 79.4%, respectively. In
the BiFe97C00,0305 film, the Fe** content is the lowest,
which also indicates that Co doping is beneficial in inhi-
biting the conversion of Fe’" to Fe’'.

In Fig. 5b, corresponding to the Co2p orbital satellite
peaks (namely Co2p;, and Co2p,,), the presence of both
divalent Co and trivalent Co is observed. It is found that the
multivalent Co undergoes a valence state transition after
heat treatment. Quantitative analysis reveals that the Co*'/
Co*" ratio of the BiFeq9,Cop 305 film is 37.1/62.9. The
presence of Co*" leads to the formation of oxygen vacan-
cies. The oxygen vacancies combine with defect dipoles to
form defect complexes (Cop, — V{) and help balance the
charge concentration. However, with the introduction of
Co’", there is a gradual increase in the conversion of Co**

to Co’", effectively inhibiting the generation of oxygen
vacancies. The details of this conversion are shown in the
following equations.

2Co*" + V3, « 2C0*"

C02+ +Fe3+ PN C03+ +Fez+

1
2Fep. + Oo — 2Fep, + Vi, + 502

The Ols spectrum is shown in Fig. 5c¢ and consists of
three parts. The peak at ~531eV corresponds to lattice
oxygen (O%7), while the peak in the middle at ~532eV
represents surface-adsorbed oxygen originating from the
surface metal atoms and chemisorbed species [48]. The last
peak at ~533eV corresponds to adsorbed oxygen. All
BFCO films contain oxygen vacancies, which directly affect
their ferroelectric properties [49]. As the Co doping level
increases, the concentration of oxygen vacancies in BFCO
thin films gradually decreases. In the BiFej97Co0¢ (303 thin
film, the concentration of oxygen vacancies is reduced to
7.6%. This is attributed to the charge balance effect between
Fe?* and Co>". When the Co content increases to 0.05, the
oxygen vacancy content in the thin film increases sig-
nificantly to 11.5%, indicating that the Fe*" and oxygen
vacancy content is the lowest in the BiFe(¢;C0q (303 thin
film. Through XRD combined with XPS analysis, it is
demonstrated that Co ions are efficiently doped into the
BFO lattice, and there is a valence state transition of Co>"
resulting in the presence of a large number of Co*" ions in
the BFCO thin film. From this, it can be concluded that a
certain amount of Co doping can effectively suppress the
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formation of oxygen vacancies, and the impact on the thin
film leakage current density will be discussed in detail in the
following sections [50].

3.2 Physical properties
Figure 6a—f shows the hysteresis loops and polarization

current curves of BiFe;_,Co,0 (x=0.00-0.05) thin films,
while details of the P, values are presented in Table 4. The
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value, the easier the ferroelectric domain reversal and the
stronger the spontaneous polarization of the film. The I
value represents the bias of the polarization leakage current
and reflects the degree of polarization leakage. The higher the
I} value, the greater the polarization contribution from non-
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Fig. 6 a—f Ferroelectric hysteresis loops and polarization current curves of the BFCO thin films
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intrinsic leakage. The minimum /s value of BFCO-0 is
1.07x10 mA and the minimum /_ value of BECO-3 is
3.4x10"*mA, which corresponds to the lowest leakage
current density of BFCO-3. From the current curve, it can be
seen that the ferroelectric domain inversion of BFO films is
significantly enhanced by appropriate Co doping. Compared
to BFCO thin films, BFO exhibits an unsaturated circular
hysteresis loop with a low residual polarization value of
72.33 uC/em?. It can be seen that the BFCO film exhibits a
rectangular P-E loop and a higher Pr value than the BFO
film. The remnant polarization value of the BFCO film
increases with the increase of dopant concentration. The
residual polarization value of BFCO films also increases with
the increase in dopant concentration, indicating that the
doping of Co can effectively enhance the ferroelectric per-
formance. Among them, the BiFe(7C0 305 thin film sam-
ple has the highest residual polarization value of
P.=152.1 pC/cmz, with a coercive field of E, ~ 554.7 kV/cm.
This could be attributed to the increased susceptibility of
ferroelectric domains to switching under high electric fields.
We speculate that the ultra-high polarization of the BFCO
thin film may be attributed to three reasons. Firstly, the
substitution of Co?" influences the lattice distortion caused by
the mismatch in the ionic radii of Fe and Co, thus increasing
the tendency favorably for spontaneous polarization. Sec-
ondly, the large residual polarization value may be attributed

Table 4 Ferroelectric and dielectric parameters of the BFCO thin films

BiFe,_,C0,0; 2P, (uC/ecm?) AP (uC/ecm?) J (Alem?) g, tand

x=0.00 144.66 108.31 2.45x 1075 30.04 0.168
x=0.01 178.34 156.69 8.79%x 1075 38.68 0.202
x=0.02 233.40 195.10 327x107° 4547 0.175
x=0.03 304.20 232.33 7.18x 1077 74.89 0.156
x=0.04 178.44 106.54 2.64x107* 46.87 0.161
x=0.05 210.20 84.25 2.81x 1073 65.64 0.224

to the increase in thin film density due to the reduction in
grain size, which in turn reduces the leakage current density.
As the leakage current decreases, the residual polarization
gradually increases. Thirdly, combined with XPS analysis, it
is shown that the doping of Co at the Fe sites in BFO inhibits
the generation of oxygen vacancies, thereby improving the
ferroelectric performance of the thin film [51, 52]. When the
Co content exceeds x = 0.03, the residual polarization value
of the thin film shows a decreasing trend. This phenomenon
is likely due to the increase in leakage current with the
increase in grain size and defect density, which in turn leads
to a deterioration in its ferroelectric behavior.

In fact, the P-E data of the BFCO thin films may be
influenced by the leakage current density and nonlinear
dielectric characteristics, and hence further analysis is
required [53]. The ferroelectric test was conducted to deter-
mine the intrinsic polarization of the BFCO thin films, as
shown in Fig. 7a. It is well known that AP = Py,—P,sy =
2P, where Py, represents the switching polarization and
P, represents the non-switching polarization. At the highest
voltage, the pulse residual polarization values (AP) of BFCO
(x =0-0.05) thin films are: 108.31, 156.69, 195.10, 223.33,
106.54, and 85.25 uC/cm?, respectively. From the analysis of
the graphs, it can be observed that the trend of AP values is
consistent with the P-E data. However, it is evident that the
AP value is smaller than the 2P, value of the BFCO thin film,
indicating that the influence of leakage current on the ferro-
electric behavior of the material cannot be ignored.

The insulation properties of BFCO thin films were tested
within the range of 0-250 kV/cm, and a curve of the sample
leakage current density varying with the applied electric
field was plotted. As a result of the aforementioned factors,
including oxygen vacancies, the concentration of Fe*" ions
and grain boundaries, the current density of thin films made
of BFCO is low at low electric fields but increases rapidly at
high electric fields, as illustrated in Fig. 7b. The J values of
BiFe, ,C0,0;5 (x=0.00-0.05) films are 2.45x107°,
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Fig. 7 a Pulsed polarization of the BFCO thin films; b Leakage current density; and (c) log E vs log J functional diagrams of the BFCO thin films
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879x107°, 327x107°, 7.18x1077, 2.64x10™* and
2.81 x 1073 A/em?, respectively The sample with x=0.01
reduced the leakage current density by two orders of mag-
nitude compared with pure BFO samples. Therefore, a
certain amount of Co ion doping can effectively reduce the
leakage current density of BFO thin films. The origin of the
high leakage current in BFO-based materials is the gen-
eration of oxygen vacancies. As an electron trapping center,
oxygen vacancies can enhance leakage by activating con-
duction with an externally applied electric field [54]. XPS
confirms that Co doping suppresses electron hopping
between Fe’" and Fe’" and the generation of oxygen
vacancies. At the same time, Colz::3+ combines with V) to
form defect dipoles that restrict the movement of oxygen
vacancies. As another factor that suppresses the increase of
leakage current, grain boundaries reduce significantly as Co
ions enter the BFO lattice, resulting in large insulation
boundaries. Therefore, the grain boundaries also contribute
to the reduction of leakage current behavior by serving as a
barrier for current conduction. When x = 0.02—0.05 mol%,
the carrier density in the BFCO thin film increases as the
oxygen vacancy content increases, resulting in an increase
in J value [55].

In Fig. 7c, to better understand the leakage mechanism of
BFCO film, it is necessary to further investigate the con-
duction mechanism of the sample. For volumetric conduc-
tion, leakage includes the effects of both free carriers
generated by heat and injected carriers. The leakage current
curve was fitted using the volumetric confinement conduc-
tion mechanism, and the relationship between log(J) and
log(E) was analyzed [56]. The conduction mechanism was
determined by the slope of the linear correlation, where a = 1
for Ohmic conduction and a 22 for space charge-limited
conduction (SCLC). In the BFCO films with x =0.02, 0.03,
0.04, and 0.05, the leakage current is mainly caused by the
Ohmic conduction mechanism, and the curve fitting slopes
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are close to 1 (1.57, 1.74, 1.26, and 1.47, respectively). This
indicates that intrinsic mobile electrons or holes in BFCO
film contribute to conduction. For the thin film samples with
x=0.00 and 0.01, the Ohmic conduction mechanism is still
the main mechanism, but SCLC is also observed, which may
be due to the unequal density of injected carriers and equi-
librium carriers that result in a space charge effect [57].

In order to study the dielectric properties of thin films with
different Co doping levels, the dielectric constant and
dielectric loss values of BFCO thin films were obtained as
the frequency varied as shown in Fig. 8. Under the action of
an alternating electric field, the space charge undergoes
changes, with a relatively large €, value, which remains lar-
gely unchanged at higher frequencies [58]. As the frequency
increases, the oxygen vacancy-related dipoles fail to respond
promptly to the changes, resulting in a decreasing trend in the
g value. At 1 kHz, the g, value of BFO is 30.04, while the &,
value of BiFe(¢7C0( 303 is 74.89. The variation in €, value
is attributed to the reduction in the number of defects such as
oxygen vacancies. Figure 8b demonstrates that at lower
testing frequencies, the dielectric loss values (tand) of all
samples decrease with increasing frequency. However, when
the frequency exceeds 100 kHz, there is a tendency for the
dielectric loss to increase. This is due to the presence of a
resonance frequency between ion hopping and the external
field, resulting in the transfer of electrical energy to oscil-
lating ions. At the same time, with the increase of Co content,
the tand value decreases to 0.076 in BiFe ¢7C0g (303. In the
low frequency region, it is mainly leakage current loss, while
in the high frequency region, polarization relaxation dom-
inates [59, 60]. The minimum tand value of BiFe( ¢7C0( (303
is related to the lowest leakage current and oxygen vacancy
concentration. Overall, the results indicate that Co doping
significantly alters the dielectric properties of BFO.

Using UV-visible absorption spectroscopy to study the
optical properties of samples enables changes in the band
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Fig. 9 a UV-Vis absorption spectra of the BFCO thin films. b Tauc curves of the BFCO thin films

structure and band gap of the samples to be explored, as
shown in Fig. 9. The charge transfer of Bi-O occurs around
250-360 nm, while the charge transfer band of Fe-O corre-
sponds to the peak around 490 nm. In Fig. 9a, all BFCO
films show a noticeable absorption peak, with the maximum
absorption wavelength around 500 nm, confirming the visi-
ble light response of all samples [61]. With the increase of
Co doping concentration, the light absorption of the sample
shows a red shift, and the width of the absorption peak
increases. New energy levels appear when dopants are
added, resulting in an increase in the density of states of the
energy band, which corresponds to the generation of loca-
lized states in the energy band gap, thereby altering the
density of states in the energy band. Estimation of the optical
band gap for the corresponding sample is based on the Tauc
equation and calculated using the formula ahv = A (hv=E,)".
Here, BFO is a direct band gap material, and the value of n is
1/2 [62]. Plotting the (ahv)*>—hv curve and extending its
linear segment to intersect the x-axis will give the extra-
polated optical band gap in Fig. 9b. The bandgap widths of
BiFe; ,Co,0 (x=0.00-0.05) are approximately 1.87¢eV,
1.93eV, 1.90eV, 1.82¢eV, 1.85eV, and 1.69eV, respec-
tively. With the doping of Co, the band gap width shows a
decreasing trend. This may be due to the lattice distortion of
FeOg octahedra caused by Co doping, which in turn causes a
slight strain in the sample structure and a reordering of
molecular orbitals, thereby changing the range of visible
light absorption. The research results can provide a reference
for photodetectors and infrared detectors based on BFO thin
films [63, 64].

4 Conclusion

This study systematically investigates the influence of Co
ion substitution at the Fe site on BiFeO3; (BFO) thin films

through the preparation of BFCO thin films (x = 0-0.05) on
FTO/glass substrates using the sol-gel technique. XRD
analysis confirms the perovskite rhombohedral structure of
the BFMO thin films, with no secondary phases detected.
SEM analysis combined with the XRD results indicates that
Co doping leads to the formation of smaller and more
uniformly distributed grains, resulting in reduced grain
boundary resistance. This facilitates the reversal of ferro-
electric domains and enhances polarization. The presence of
Co is confirmed by EDS and XPS, which reveals a reduc-
tion in the concentrations of Fe>" ions and oxygen vacan-
cies. Consequently, this reduction contributes to the
decrease in leakage current. Among the BFCO thin films,
the BiFe(97C0¢ 0303 thin film exhibits the highest remnant
polarization (P, = 152.1 uC/cm?) and the lowest leakage
current density (7.18 x 1077 A/cm?). The remnant polar-
ization of the BFO thin film significantly increases with an
increase in the applied electric field, while Ohmic conduc-
tion becomes the dominant leakage mechanism. Addition-
ally, the bandgap of the BFO thin film decreases as the Co
doping level increases, reaching a minimum value of
1.69 eV at x =0.05. These findings demonstrate the effec-
tiveness of Co doping in simultaneously reducing the
bandgap and enhancing the ferroelectric behavior of BFO.
Consequently, BFCO thin films hold promise as potential
materials for the development of efficient ferroelectric
photovoltaic devices.
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