Perfection of leakage and ferroelectric properties of Ni-doped BiFeOj; thin films
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BiFe;_,Ni,O; (x=0%, 1, 2 and 3%) films were deposited on ITO/glass substrate using sol-gel process. The work reports the impacts of
Ni doped on the crystal microstructure, leakage current, conduction mechanism and ferroelectric behaviour systematically. From the
XRD analysis, all samples match well with the perovskite structure without impurity phase. Polarisation-electric filed hysteresis loop
demonstrates that the optimal Ni-doped content of BiFeOs films is x=2%, of which the remnant double polarisation (2P;) is 141.4 pC/cm?
at the test electric field of 1067 kV/cm. Leakage current density curves show that Ni doping has a great contribution in reducing leakage.
The value of leakage is 4.79 x 10~ A/cm? at tested electric field of 300 kV/cm. In addition, the leakage conduction mechanism transforms
from the Ohmic conduction under the low electric field into the space charge limited conduction under high electric field. Ni doped does

not cause significant change in the conduction mechanism.

1. Introduction: Owing to their particular electrical and optical
properties such as ferroelectric, electro-optical effect, ferroelectric
thin film materials have a wide variety of applications, including
ferroelectric random access memory, non-volatile memory, optical
devices [1-4]. Among them, perovskite-type compounds in the trad-
itional ferroelectric film material occupies a large proportion. BiFeO5
(BFO) is a typical perovskite-type structure, with the characteristics
of ferroelectricity and ferromagnetic coexistence at room temperature
(RT), which shows high Curie temperature (7c=830°C) and high
Neel temperature (75=370°C) [1, 5, 6]. In addition, BFO has a
large remmnant polarisation (P,~100 uC/ecm?) [7-9]. However, BFO
films generally have high leakage current density, because of the
existence of oxygen vacancies and various oxidation states of Fe
ion (Fe** to Fe** state), which is the major obstacles to practical
application [10, 11]. At present, the performance of BFO film is opti-
mised by improving the preparation process and ion doping [12—-14].
From current research results, element doping is proved to be the
most effective method. In the experiment, the transition metal
Ni, Zn, Mn [15-17] and rare earth metal La, Sm, Y were used to
doped in BFO films to improve performance [18-20]. Enhanced
ferroelectricity and ferromagnetism, decreased dielectric constant
and leakage current have been obtained from Ni-doped BFO films
by Liu et al. [21]. Kim et al. reported that Ho and Ni co-doping
could improve the ferroelectric properties and decrease the leakage
current density [22]. Singh et al. reported that La and Ni co-doping
made the leakage current density at 500 kV/cm reduce by approxi-
mately three orders of magnitude compared with the pure phase [23].

We know that Ni and Fe are two very similar elements, such as
near ionic radius and magnetic. So, in this Letter, we chose NiZ* as
doping element to instead of Fe*". We discussed the structure and
properties of the film after substitution. We expected to obtain
better ferroelectricity and leakage performance.

2. Experimental: We prepared BiFe;_,Ni,O; (BFNO, x=0, 1, 2,
3%) films on the ITO/glass by sol-gel method. The precursor
solution was prepared using bismuth nitrate, ferric nitrate and
nickel nitrate as solutes and glacial acetic acid, ethylene glycol as
solvents. Acetylacetone is added to stabilise the solution. In order
to make up for the volatilisation of Bi elements in the annealing
process, we increased the content of bismuth nitrate by 5% on the
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basis of previous exploration. Eventually, the precursor solution
concentration is 0.3 mol/L. Precursor solutions first span at a
speed of 3500 rpm for 30 s, desiccated at 200°C for 3 min on a
hot plate, insulated in the quick anneal oven at 350°C for 180 s,
and then annealed in air atmosphere at 500 °C for 300 s. We need
to repeat the process 15 times to get the same thickness of the
film. In order to test, we need to construct the M-F-M (metal-
ferroelectric-metal) capacitor structure. So, we need to sputter Au
on the thin film surface using a small ion sputtering instrument.
In this Letter, D8-advance XRD of German Bruker company was
used to analyse the properties of the crystalline microstructure of the
samples. Multiferroic ferroelectric tester manufactured by Radiant
Corporation of USA was used to test the ferroelectric properties.

3. Results and discussions: Fig. 1a shows the XRD (6-26) diffrac-
tion patterns of BFNO films grown on I1TO/glass. It demonstrates
that all diffraction peaks of BFNO films match well with the
rhombohedral distorted perovskite R3¢ structure without secondary
phase (JCPDS Card No. 86-1518). What is noteworthy is that
the relative strength of (012) and (104)/(110) peaks for BFNO
films gradually increase as the Ni-doped content increase from 0
to 2%. However, continue to increase the Ni content to 3%, the
diffraction peak of (104)/(110) decrease. Which shows that the
crystallisation of BFO films become better with the increase of
Ni-doped content from 0 to 2%. In the inset of Fig. la, the grain
size (D) of the sample is reckoned according to Scherrer’s equation.
Result shows that the value of D is 33.1, 34.1, 35.7 and 29.1 nm
for the BFNO films with x=0, 1, 2, 3%, respectively. Fig. 15 is a
magnification of 26 from 31° to 33°. We can see clearly from the
figure that the diffraction peak shifts to a small angle as the
Ni-doping concentration increases. This indicates that the Ni ion
has replaced the trivalent iron ions and entered the BFO lattice.
The reason for this phenomenon may be that the large ion radius
of Ni** (0.069 nm) to replace the smaller ion radius Fe’"
(0.0645 nm). The lattice constant of the film increases after
doping, and by the Bragg equation 2dsin 8=nA, where 4 is con-
stant, the diffraction peak is shifted in the direction of decreasing
the diffraction angle (26).

The thicknesses of the samples are displayed in Fig. 2. The cross-
section SEM image reveals a clear boundary between BFNO/ITO
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Fig. 1 XRD diffraction patterns of BFNO films grown on ITO/glass
a XRD patterns of BFNO thin films. The insets depict the grain size
b XRD patterns in the range of 26 from 31° to 33°

and ITO/glass. From up to down are the BFO films, ITO layer and
glass layer. From Fig. 2, we can see that the grain growth is good,
the thickness is uniformity. In addition, the thickness of films and
ITO layer is close to 800 and 200 nm, respectively.

The surface morphological features of the BFNO thin films
are shown in Fig. 3. The microstructure of all the four samples is
overall densely packed. With the increase of Ni-doping content,
the grain size increases first (0-2%) and then decreases (2—3%).
This is consistent with the XRD results. The sample with x=2%
has the largest grain size and the most uniform grain size.

Fig. 4 exhibits the typical leakage current density behaviour
(J~E curves) of BFNO films. From the diagram, we can clearly
see that the symmetry of J—E curves in all BENO films between
negative and positive applied electric fields is good. In addition,
the leakage current of all the samples increase as the examined
electric field increase. We can clearly see that the leakage current
of all Ni-doped BFO films is lower than the undoped one.
Interestingly, with the increase of Ni-doped content from 0 to
2%, the leakage current of BFO film decreases. This behaviour
was attributed to two following factors. On the one hand, with
the increase of Ni** doping, the number of (Ni’%,) increases,
which can be combined with the free movement ((V:-)"), while
the formation of complex defects ([(Niff:;g' — (Voe-)1 limit the
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Fig. 3 SEM surface morphology images of BENO films

Fig. 2 Cross-sectional SEM images of BFNO films
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movement of (V2-)". On the other hand, the increased of (Nié;+ Y
can suppress the Fe’" into Fe®". However, continue to increase the
Ni** content to 3%, the leakage current density does not continue
to decrease, but increase. Which attribute to that Ni** doping
introduces more oxygen vacancies to make up for the unbalanced
charge. The sample with x=2% has the minimum leakage current
density, which is 4.79 x 1077 A/em? at tested electric field of
300 kV/cm.

The leakage mechanism is important for understanding the
source of leakage and reducing leakage. For the thin film material
of the M-F-M capacitor structure we have built for test, conductance
mainly comes from two parts: interface-limited processes and bulk-
limited processes [24]. Ohmic conduction and space-charge-limited
conduction (SCLC) are two of the most common types of bulk-
limited processes. The leakage current mechanisms for BFNO
films are analysed using a graph of log (J) and log (E), as shown
in Fig. 5. The Ohmic conduction is a transmission mechanism
that current and voltage show linear relationship. At low electric
field, the electrons injected from the electrode are very few. The
conductivity of the thin film is mainly generated by the free elec-
trons located in the conduction band and the holes in the valence
band. The relationship between the leakage current density (J)
and the electric field intensity (E) follows Ohm’s law [25]

J

ohmic — e:u’NeE (])
where e, i, N. and E are electron charge, free carrier mobility,
heat excited electron density and electric field intensity, respective-
ly. In low electric field region, the o values are determined to be
1.10, 1.17, 1.08 and 1.10 for the for BFNO films with x=0, 1, 2
and 3%, respectively. In other words, that leakage is given priority
to with ohmic conduction (a ~1) [26, 27]. The free electron density
is caused by thermally stimulated electrons [28]. Next, let us talk
about SCLC which is similar to electron conduction in vacuum
diodes. The defects in the film, such as ion vacancies, interstitial
atoms, can capture carriers and form a built-in electric field opposite
to the direction of the applied electric field in the film, limited the
movement of the charge to form a space charge limited current.
The formula is as follows [29]:

Yue.€
JscLe = 8d g )

where u, &, €9, d and E are free carrier mobility, relative permittiv-
ity, vacuum dielectric constant, the film thickness and electric field
intensity, respectively. The « is equal to 2 for SCLC. The a values
are determined to be 2.01, 1.90, 2.01 and 1.91 at high tested electric
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Fig. 5 J-E curves of BFNO films in logarithmic plots
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Fig. 6 P-E hysteresis loops of BFNO films

field for BFNO films with x=0, 1, 2 and 3%, respectively. So, we
can obtain that SCLC is dominant mechanism for all samples. In
the high electric field area, the free electron density owing to
carrier injection is bigger than the thermally excited electron
density [30]. As a result, Ni doped does not cause significant
change in the conduction mechanism.

Fig. 6 shows the polarisation-electric filed (P-E) hysteresis loops
of BFNO films measured at RT and a 1 kHz frequency. In the
application field of 1067 kV/cm, we obtained the saturation of the
hysteresis loop. Perfected ferroelectric properties were obtained,
for example large double remnant polarisation (2P,), in comparison
to the pure BFO film. The tested 2P, and 2E, values for the BFO
film were 120.5 uC/cm® and 734 at 1067 kV/cm, respectively.
The BFO film exhibits a poor loop due to a large contribution
from the large current. With the increase of Ni-doped content
from 1 to 3%, the remnant polarisation intensity increases first
and then decreases. The sample with x=2% has the maximum
value of remnant polarisation ~141.4 uC/cm® at 1067 kV/em.
Base on the XRD result, the following factors can explain this
behaviour. (i) a high diffraction peaks of (012) and (104)/(110),
(i) the largest grain size (large grain size leads to more easily
flipped ferroelectric domains, thus improve the remnant
polarisation).

4. Conclusion: A series of Ni-doped BFO films were prepared
on the ITO/glass substrates by sol-gel method. We report the
impact of Ni doped on the crystal microstructure, leakage current,
conduction mechanism and ferroelectric behaviour systematically.
From the XRD analysis, all samples match well with the
perovskite structure without impurity phase. P-E hysteresis loop
demonstrates that the optimal Ni-doped content of BFO films is
x=2%, of which the remnant polarisation (2P,) is 141.4 pC/em?
at electric field value of 1067 kV/cm. Leakage current density
curves show that Ni doping has a great contribution in reducing
leakage. The value of leakage is 4.79x 10™7 A/em® at tested
electric field of 300 kV/cm. In addition, the leakage conduction
mechanism transforms from the Ohmic conduction under the low
electric field to the space charge limited conduction under high
electric field. Ni doped does not cause significant change in the
conduction mechanism.
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