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Abstract
Na0.05Bi0.05(1+0.03)Ti0.97Ni0.03O3 (NBTNi) thin films with thickness within the range of 250 ~ 880 nm were grown on indium 
tin oxide (ITO)/glass substrates via a chemical solution deposition method. The thickness impacts on the microstructure, 
insulating, ferroelectric and dielectric characteristics were investigated. Single perovskite structure in each film is observed 
from X-ray diffraction. Compared with the other films, the 880 nm-thick NBTNi film has elevated ferroelectric properties 
with a large remanent polarization (Pr) value of 20.2 μC/cm2 due to the decreased leakage current density resulting from the 
increasing thickness as well as the large grain size. Moreover, the NBTNi film of 880 nm possesses enhanced energy storage 
performance with a relatively high energy-storage density value of 45.1 J/cm3 and energy-storage efficiency of 37%. Also, a 
large dielectric tunability value of 25.4% can be obtained at 500 kV/cm and 50 kHz. In addition, the dielectric constant and 
dissipation factor of the NBTNi film with thickness of 880 nm are 450 and 0.02 at 50 kHz, respectively.

1 Introduction

Ferroelectrics have unique functional properties with appli-
cations ranging from sensors, actuators, tunable varac-
tors, phase shifters to ultrasonic transducers [1–3]. Among 
these ferroelectric materials, sodium bismuth titanate 
 Na0.5Bi0.5TiO3 (NBT), which is a lead-free material with 
relatively large remanent polarization (Pr = 38 µC/cm2) and 
high Curie temperature (Tc = 320 °C), has attracted much 
attention after being synthesized by Smolenskii et al. in 1960 
[4, 5]. Low-dimensional materials with high performance 
have the advantage of overcoming the size effect when com-
paring with the conventional bulk materials, which is prom-
ising to meet the demand of electronic miniaturization [6]. 
However, for pure NBT in the form of thin film, it has poor 
electric properties due to the high conductivity [7].

At present, great efforts have been focused on to improve 
the performance of NBT-based materials. Generally, ions 
substitution on B-site is supposed to be a serviceable way 
to reduce the leakage current within a certain degree. 
Wu et  al. have demonstrated that 6  mol%  Mn2+-doped 
 (Na0.85K0.15)0.5Bi0.5TiO3 thin film has improved dielectric 

property, in which the value of dielectric constant and die-
lectric loss are 492 and 0.051, respectively [8]. Our previous 
work has found that NBT film with 3 mol%  Ni2+ substitution 
exhibits enhanced ferroelectricity with Pr = 16.5 µC/cm2 and 
improved dielectric tunability of 21.7% [9]. Therefore, the 
3 mol%  Ni2+-doped NBT thin film serves as research object.

Among numerous factors impacting on the properties 
of the films such as film thickness, annealing atmosphere, 
annealing temperature and so on, film thickness is a crucial 
factor affecting the performance of thin films. In the light of 
this, in order to obtain the high-performance film and make 
the good compatibility for practical applications, researchers 
have been paying increasing attention to the film thickness. 
For instance, Hussain et al. have reported that the leakage 
current can be reduced by three orders of magnitude as the 
 BeFeO3 film thickness increases from 40 to 335 nm, leading 
to improved ferroelectric properties for thicker films [10]. 
Yu et al. have found the excellent ferroelectricity with a high 
remanent polarization (Pr = 61.7 µC/cm2) as well as a low 
coercive field (Ec = 70.7 kV/cm) for 300 nm in Nb-doped 
Pb(Zr,Ti)O3 thin film [11]. The enhanced energy storage 
density of 6.5 J/cm3 at 400 kV/cm can also be achieved in 
0.8 µm-thick (Pb,La)(Zr,Sn,Ti)O3 film [12].

For the preparation of NBT-based films, chemical solution 
deposition (CSD) can be a favorable choice due to the advan-
tages of good chemical homogeneity and ease of stoichio-
metric control. In this work,  Na0.05Bi0.05(1+0.03)Ti0.97Ni0.03O3 
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(NBTNi) thin films with various thicknesses from 250 to 
880 nm were deposited on indium tin oxide (ITO)/glass sub-
strates by CSD. It was found that the NBTNi film of 880 nm 
has enhanced ferroelectric and dielectric properties with a 
large remanent polarization (Pr) of 20.2 µC/cm2 as well as a 
large dielectric tunability of 25.4%.

2  Experimental

NBTNi thin films with different thicknesses of 250, 300, 
650 and 880 nm (abbreviated as NBTNi-250, NBTNi-300, 
NBTNi-650 and NBTNi-880) were prepared on ITO/glass 
using the CSD process. The detailed preparation process of 
precursor solution was as follows. Firstly, sodium acetate, 
bismuth nitrate, titanium isopropoxide and nickel acetate 
tetrahydrate were selected as raw materials dissolved in a 
mixture of acetic acid and ethylene glycol for preparing the 
precursor solution. 30% by weight of polyethylene glycol 
was added to stabilize the precursor. And 3 mol% excess of 
bismuth nitrate was added to make up the bismuth loss in the 
annealing process. Meanwhile, appropriate amount of tita-
nium isopropoxide was added in acetylacetone. Then, mix-
ing these two solutions and stirring to produce a transparent 
and stable precursor solution with the molar concentration 
of 0.3 M. For each film, the precursor solution was deposited 
onto ITO/glass substrate via spin coating and then preheated 
to remove organic solvent on the hot plate at 250 °C for 
5 min. Each layer of film was annealed in the air at 550 °C 
for 10 min by rapid thermal annealing. The processes were 
repeated several times to achieve an ideal thickness.

The crystal structure of NBTNi thin films was examined 
by an X-ray diffractometer (XRD, Brucker D8). The sur-
face and cross-sectional morphologies of the films were 
observed using a field-emission-scanning electron micro-
scope (FeSEM, Hitachi S-4200). In order to evaluate the 
electrical properties, the structures of Au-NBTNi-ITO have 
been formed by a sputtering system. The insulating and fer-
roelectric properties were examined through a standard fer-
roelectric tester (Precision Pro. Radiant Technologies). And 
an impedance analyzer (HP4294A) was utilized to measure 
the dielectric behaviors.

3  Results and discussion

Figure 1 shows the XRD spectra of the NBTNi thin films 
with different thicknesses ranging from 250 to 880 nm. The 
NBTNi films are indexed with reference to the rhombohedral 
structure of NBT ceramics. One can note that each film has 
the single perovskite structure without any impurity peaks, 
which could be attributed to the following three factors: 
(1) The high uniformity of the precursor solution. (2) The 

favorable contribution of oxide substrate to nucleation and 
growth of thin films. (3) The Ni-doping amounts within the 
doping limit of Ni ions [9]. Moreover, the sharper (110) 
diffraction peak can be found with the thickness increasing. 
And the values of full width at half-maximum (FWHM) of 
(110) diffraction peak for NBTNi-250, NBTNi-300, NBTNi-
650 and NBTNi-880 films are 0.369, 0.367, 0.361 and 0.356, 
respectively, indicating that the grain size increases as the 
thickness raises according to the Scherrer formula [13].

The surface and cross-sectional images of the NBTNi 
thin films with different thicknesses are shown in Fig. 2. It 
can be seen that all the films have some randomly scattered 
pinholes caused by the volatilization of organic substances 
when conducting annealing treatment, which is inevitable 
during the process of pyrolysis and crystallization. In our 
study, we analyse the size distribution of each film using 
an image analysis software (Nano Measurer 1.2) [14], and 
the grain size distributions can be seen in Fig. 3. The aver-
age grain size for the films with thickness of 250, 300, 650, 
880 nm are 36, 48, 76 and 112 nm, respectively. Such vari-
ation tendency that the grain size increases as the thickness 
raises can be also observed in the thin films of  BiFeO3 and 
 PbZr0.52Ti0.48O3 [15, 16]. According to the cross-sectional 
images, the thicknesses of the samples are within the range 
of 250 ~ 880 nm. One can see that all the interfaces between 
films and substrates are obvious, which suggests the well-
coated NBTNi films on the ITO/glass substrates and rela-
tively low ion diffusion.

Figure 4 shows the insulating characteristics of NBTNi 
thin films with various thicknesses. As the electric field 
(E) increases, the leakage current density (J) of each 
film increases monotonically. This could be explained as 
follows. When Ni substitutes Ti-site, the defect of Ni′′

Ti
 

will be formed, which can be combined with V ∙∙

O
 to form 

defect dipole of Ni��
Ti
-V

∙∙

O
 . At low E, it is difficult for oxygen 

Fig. 1  XRD patterns of NBTNi thin films with different thicknesses: 
a 250 nm, b 300 nm, c 650 nm and d 880 nm
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vacancies to be released from the defect dipoles because 
of the electrostatic attraction force. Nevertheless, under 
high E, more defect dipoles can be broken, leading to an 
increase of mobile oxygen vacancies, which contributes to 
the increased J in the films. Moreover, one can note that 
at a given electric field, the J exhibits a decreasing ten-
dency as film thickness increases, and the J of the NBTNi-
880 is at least two orders of magnitude lower than that 

of the NBTNi-250 thin film at 500 kV/cm. This may be 
explained from the following two aspects. (1) The carri-
ers in the thicker film have more difficulty reaching the 
electrodes due to the longer migration distance [17]. (2) 
Gradually, the large grain size has small volume fraction 
of grain boundary, resulting in fewer defects accumulating 
at the grain boundaries. The experimental results indicate 
that the insulating property of NBT-based film could be 

Fig. 2  Surface morphologies and cross-sectional images of NBTNi films with different thicknesses

Fig. 3  Grain size distributions 
of a NBTNi-250, b NBTNi-
300, c NBTNi-650, d NBTNi-
880 thin films, respectively
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effectively improved through appropriately increasing the 
thickness of thin film.

Figure 5 presents the polarization-electric field (P-E) 
hysteresis loops of NBTNi films with the thickness rang-
ing from 250 to 880 nm. Here, the maximum E is the peak 
value that the film can withstand. The NBTNi-250 thin 
film takes on poor P-E loops with round shape, indicating 
the severe electric leakage in film. So the “huge” polariza-
tion observed in Fig. 5a mainly originates from the charge 
injection and space charge contribution. The similar phe-
nomenon can also be found in the  BiFeO3 film [18]. On the 
contrary, the other three NBTNi films present obvious slim 
P-E loops, indicating the improved insulating property 
with the thickness increasing. The enhanced polarization 
can be obtained in the NBTNi-880 thin film with a large 
Pr value of 20.2 µC/cm2, which can be comparable to some 

ferroelectric films, such as NBT lead-free ferroelectric thin 
film prepared by the sol–gel method (Pr = 8.3 µC/cm2) 
[19],  Na0.5Bi0.5(Ti0.98Mn0.02)O3 thin film derived using 
CSD (Pr = 10.2 µC/cm2) [20] and NBT ferroelectric thin 
film grown by pulsed laser deposition (Pr = 15.9 µC/cm2) 
[21]. Note that the P-E hysteresis loops shift toward the 
negative E axis, which indicates the presence of positive 
internal filed in all films. The different work functions 
between top Au and bottom ITO electrodes can generate 
a local field [22]. At the top and bottom interfaces, the 
space charges may be in asymmetric distribution. When 
Ni substitutes Ti-site, the defect dipoles of Ni��

Ti
-V

∙∙

O
 should 

not be ignored.
Considering the application of dielectric materials in 

energy storage, we studied the energy-storage density W 
and energy-storage efficiency ƞ of the NBTNi films with 
different thicknesses by following formulas:

where E is the applied electric field, P is the polarization, 
Pr is the remanent polarization and Pmax is the maximum 
polarization. Moreover, W and Wloss are energy-storage den-
sity and energy loss density, respectively. And the calculated 
results are shown in Fig. 6. As expected, the W of all the 
films increases while the ƞ decreases with E increasing. The 
similar variation trend can be also found in 0.7(Na0.5Bi0.5)
TiO3-0.3SrTiO3 thin films [23]. Among all the samples, the 
NBTNi-880 film exhibits improved energy-storage perfor-
mance with W = 45.1 J/cm3 and ƞ = 37% at its critical break-
down electric field strength of 1500 kV/cm, which can be 
comparable to that of NBT film (W = 12.4 J/cm3, ƞ = 43% at 
1200 kV/cm) prepared using a polyvinylpyrrolidone-modi-
fied sol–gel technique [24].

The relative dielectric constant (εr) as a function of E 
for the NBTNi films with various thicknesses, measured 
at 500 kV/cm and 50 kHz, are presented in Fig. 7. It can 
be noted that each εr-E curve of NBTNi films exhibits 
the butterfly characteristic with E sweeping according to 
the measurement mode: −E to +E (the solid symbol), and 
then +E to −E (the open symbol). The dielectric constant 
on electric field is strongly nonlinear, confirming the fer-
roelectric nature of the NBTNi films. All the curves show 
asymmetric behavior at the negative and positive electric 
fields, which is coincident with the P-E loops presented in 
the Fig. 5. Generally, the most noticeable property of fer-
roelectric films for applying on tunable devices is the die-
lectric tunability [T = (ε0−εmax)/ε0, ε0 and εmax represent 

W = ∫
Pmax

Pr

EdP

� =
W

W +W
loss

Fig. 4  Leakage current density as a function of electric field for 
NBTNi thin films with thickness increasing from 250 to 880 nm

Fig. 5  The P-E hysteresis loops of NBTNi films with different thick-
nesses: a 250 nm, b 300 nm, c 650 nm and d 880 nm
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εr at the intersection point and the maximum negative E, 
respectively], which can evaluate the ability of εr variation 
following with E. The tunability increases as the thickness 
increases and the maximum value of 25.4% is obtained in 
NBTNi-880. The result implies that appropriate increase 
in thickness may be a favorable way to improve the tun-
ability in NBT-based films. Moreover, we can also see 
the existence of a slight valley in butterfly curves, which 
indicates that there may be defect dipoles in the films. 

This feature can be usually found in the aged ferroelectric 
thin films [23]. For NBT film doped with  Ni2+, the defect 
dipoles of Ni��

Ti
-V

∙∙

O
 give rise to the aging.

The εr and dissipation factor (tanδ) of NBTNi thin films 
with different thicknesses as functions of operating fre-
quency are measured and displayed in Fig. 8. For all the 
films, the εr decreases with increase in frequency, which can 
be attributed to the polarization processes. At higher fre-
quency, more polarizations have no sufficient time to switch 
following the changing electric field [25]. Meanwhile, at a 
certain frequency, the increased εr can be obtained with the 

Fig. 6  Electric field dependence 
of energy-storage density and 
energy-storage efficiency of thin 
films with different thicknesses

Fig. 7  The εr-E for NBTNi thin films with different thicknesses: a 
250 nm, b 300 nm, c 650 nm and d 880 nm

Fig. 8  Frequency dependence of the dielectric constant and dissipa-
tion factor for NBTNi thin films with thickness ranging from 250 to 
880  nm. The inset is the schematic of the series capacitor structure 
formed from ferroelectric layer, DL and two electrodes
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thickness increasing. This can be explained by that the 
capacitor structure of Au-NBTNi-ITO exists “dead layer” 
(DL) at the interface between metal electrode and ferroelec-
tric [26], as shown in the inset of Fig. 8. Generally, ferroe-
lectric layer, DL and two electrodes are in series. The thick-
ness of the interfacial DL can be considered to be 
independent of the total thickness of film and it is usually 
assumed that the εF is much larger than the εDL (εF and εDL 
are the permittivity of ferroelectric layer and DL, respec-
tively) [26]. Moreover, according to 1

C
=

1

CF

+
1

CDL

 and 

C =
�r×�0×S

d
 , the formula of �

r
=

d

d−dDL

�F

+
dDL

�DL

 can be obtained, 

where CF is the capacitance of the ferroelectric layer, CDL 
is the capacitance of the DL, S is the area of the electrode, 
d is the distance between the top and bottom electrodes, ε0 
is the permittivity of vacuum and dDL is the thickness of 
DL. Consequently, the εr increases with the film thickness 
increasing. In addition, the tanδ decreases slowly and then 
increases rapidly as the frequency raises. At lower fre-
quency, tanδ is strongly influenced by the space charge 
polarization effect [27]. And movable space charges are 
mainly from V ∙∙

O
 , which can lead to high leakage current 

density [28]. The release of V ∙∙

O
 can be more and more dif-

ficult from the defect dipoles with the increase of frequency, 
which could decrease the content of V ∙∙

O
 . Hence, the decrease 

of tanδ with increasing the frequency at lower frequency 
can be obtained. However, at higher frequency, the dipole 
inertia makes dominant contributions [29]. The similar 
dependence of εr and tanδ on frequency can also be 
observed in the  (Na1−xKx)0.5Bi0.5TiO3 thin film [30]. And 
for NBTNi-880 thin film, the εr and tanδ values are 450 and 
0.02 at 50 kHz, respectively.

4  Conclusion

In summary, we prepared NBTNi thin films with various 
thicknesses on ITO/glass substrates via CSD successfully. 
Each film has single perovskite structure. Among them, the 
NBTNi-880 film has enhanced ferroelectric properties with 
a large Pr value of 20.2 µC/cm2 and energy storage perfor-
mance with a relatively large W value of 45.1 J/cm3 as well 
as ƞ value of 37%. In addition, NBTNi-880 film has a large 
dielectric tunability of 25.4% under 500 kV/cm and 50 kHz. 
The εr and tanδ of NBTNi-880 film are 450 and 0.02 at 
50 kHz, respectively.
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