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Bi3.25La0.75Ti3O12 (BLT) thin films are promising materials used in non-volatile memories. In this work, BLT films were deposited 
on Pt(111)/Ti/SiO2/Si substrates by rf-magnetron sputtering method followed by annealing treatments. The microstructures of 
BLT thin films were investigated via X-ray diffraction (XRD), scanning electron microscopy (SEM) and atomic force microscopy 
(AFM). With the increase in annealing temperature, the grain size increased significantly and the preferred crystalline orientation 
changed. A well-saturated hysteresis loop with a superior remnant polarization of 15.4 μC/cm2 was obtained for BLT thin films 
annealed at 700°C. The results show that the dielectric constant decreased with the increase in grain sizes.
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1.  Introduction

Ferroelectric thin films have been extensively studied for 
a wide range of applications, such as microsensor arrays, 
memories, radio-frequency devices, energy storages, photo-
catalysts, etc.1–6 Among the ferroelectric thin films, bismuth 
layer-structured ferroelectrics (BLSFs) are useful lead-
free materials due to their superior ferroelectric properties. 
Bi4Ti3O12 is a typical BLSF material with three layers, which 
consists of bismuth oxide layers (Bi2O3)2+ and perovskite-like 
layers (An−1BnO3n+1)2− along the c-axis.7,8 Lanthanum-doped 
bismuth titanate thin films, reported as La0.75Bi3.25Ti3O12 
(BLT), have driven a great interest in non-volatile ferroelec-
tric applications mainly owing to their high fatigue endur-
ance limit.9 Structurally, BLT consists of triple layers of Ti–O 
octahedral between (Bi2O3)2+ layers, where La substitutes for 
Bi atoms only in the perovskite-type unit.10 In the last years, 
dielectric capacitors have been a kind of special energy stor-
age device due to their high power densities and ultrafast 
charge/discharge rates.11 It is found that BLT/SrTiO3 multi-
layer films exhibited excellent energy storage performance.12 
BLT ferroelectric thin films have been fabricated by numer-
ous techniques, such as pulsed laser deposition (PLD), sol–
gel method, and rf-magnetron sputtering.13–15 Rf-magnetron 

sputtering technique shows advantages in industrial applica-
tions as fabricating films with larger areas and better unifor-
mity. In our previous studies, we found the ceramics target’s 
utilization rate was not high, because the sputtering gas argon 
emits a strong light blue glow during magnetron sputtering, 
forming a halo and the halo’s target is the most serious part 
bombarded by ions. Based on an overall consideration, we 
chose the rf-magnetron sputtering route to prepare BLT thin 
films with different grain sizes in this paper. The microstruc-
tures, ferroelectric properties, and dielectric properties of 
BLT thin films have been investigated.

2.  Experimental

BLT thin films were fabricated by a rf-magnetron sputtering 
method on Pt(111)/Ti/SiO2/Si substrate. Bi3.25La0.75Ti3O12+ 
30mol.% Bi2O3 ceramic was used as a target, which can 
compensate for bismuth element loss caused by bismuth vol-
atilization during sputtering. The target, suitable for rf-mag-
netron sputtering experiments, was prepared by a hot press 
sintering. The BLT powder was mixture of Bi2O3 (99.99%, 
Macklin, China), La2O3 (99.99%, Macklin, China) and TiO2 
(99.99%, Macklin, China). The powders were embedded in a 
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carbon die and sintered at 800°C with a pressure of 20MP. It 
is worth noting that the sintered ceramic was then heat-treated 
at 800°C for 30 min in air to remove the impurity. Because 
the ceramic sintered in the carbon die was dark gray due to 
the diffusion of carbon element. After that, the ceramic target 
was located about 40 mm from the substrate in the chamber. 
The deposition was performed at room temperature in pure 
Ar gas flow. The working pressure was kept at 0.7 Pa and the 
rf-power was fixed at 50 W. All BLT thin films were depos-
ited for 1h with the same deposition parameters. Then, the 
as-deposited thin films were annealed ranging from 600°C to 
700°C in air for 60min by a special heat process. To fabricate 
a capacitor structure, an array of circular Au top electrodes 
was patterned using the thermal evaporation method with a 
shadow mask.

The crystallization of thin films was performed by X-ray 
diffraction (XRD; Bruker D8 Advance, Karlsruhe, Germany). 
The microstructures and elemental composition of BLT thin 
films were detected by atom force microscopy (AFM; Icon, 
Burker Corporation, Santa Barbara, US) and a scanning elec-
tron microscopy (SEM; Quanta FEG 250, FEI, Hillsboro, 
OR, USA). Ferroelectric and dielectric properties were 
measured by a ferroelectric analyzer (TF-2000, aix-ACCT, 
Aachen, Germany) and a capacitance meter (Agilent 4294A, 
Agilent Inc., American).

3.  Results and Discussions

Figure 1 shows the XRD patterns of BLT thin films annealed 
at 600°C and 700°C, respectively. The characteristic (111) 
peak for platinum of the substrates is observed in 2θ rang-
ing between 37° and 45°. All the annealed BLT thin films 
exhibit similar diffraction peaks, corresponding with the 
standard diffraction pattern of Aurivillius Bi4Ti3O12 phase 
(JCPDS 73-2128, a=0.541 nm, b=0.5448 nm, and c=3.284 
nm). However, comparing the XRD data of the two samples, 

it is found that the relative intensities of the diffraction peaks 
of different crystal planes are obviously different. In view of 
orientation-sensitive ferroelectric properties in bismuth tita-
nate-based materials, the proportion of (117)-oriented grains 
was estimated. Simplified approximation of the 117-orienta-
tion degree (α) was evaluated according to α=I117/(I117+I006), 
where I006 and I117 were the intensities of X-ray diffraction 
peaks for (006) and (117), respectively.16 An offset process 
was used in the XRD patterns to reduce the measuring error. 
The calculated α was 0.88 for thin film annealed at 600°C and 
increased to 0.52 for thin film annealed at 700°C. This result 
indicates that with the increase of annealing temperature, the 
preferred crystalline orientation was changed. When annealed 
at 600°C, the BLT film was oriented in the 〈117〉 direction 
preferentially. With the annealing temperature increased to 
700°C, the film was oriented in a mixed orientation of the 
c-axis and the 〈117〉 direction. As in Bi4Ti3O12 thick films, the 
preferred orientation is attributed to the anisotropic shrink-
age and morphological changes in particles during heating.17 
Similar mechanism might be occurred in this study.

Figures 2(a) and 2(b) show the surfaces and correspond-
ing cross-sections of BLT thin films annealed at 600°C and 
700°C, while their AFM images are displayed in Figs. 2(c) 
and 2(d), respectively. The dense and plate-like shaped 
grain formation is observed in both 600°C and 700°C BLT 
thin films. The formation of plate-like grains is attributed 
to the anisotropic growth of Bi4Ti3O12-based materials. The 
cross-section images reveal that thickness values are similar, 
which are 670 nm and 600 nm for 600°C and 700°C sam-
ples, respectively. The grain size increased significantly with 
the increase in annealing temperature. In addition, Figs. 2(c) 
and 2(d) reveal that the grain size directly influenced the 
surface roughness of the films. The surface roughness of the 
700°C annealed thin film was much higher than that of 600°C 
annealed thin film, which was 24.4 nm for the former and 
8.3 nm for the latter.

To analyze the element distribution in grains and grain 
boundaries, an energy dispersive spectrometer (EDS) as well 
as element line scanning of 700°C BLT thin films had been 
performed and the results are shown in Fig. 3. In the EDS 
image, La characteristic peaks are negligible, due to the small 
amounts of La element doped in BLT. During the element 
line scanning measurement, the scanning line crossed sev-
eral grains. As shown in the image, the peak intensities of 
Bi, O, Ti and La almost remain unchanged, indicating that 
all the elements in BLT thin films had a uniform distribution, 
regardless of their location in grains or grain boundaries.

Ferroelectric polarization–electric field (P–E) hysteresis 
loops BLT thin films annealed 600°C and 700°C measured at 
room temperature with a frequency of 1 KHz are displayed in 
Fig. 4(a). BLT thin film annealed at 700°C reveals a well-sat-
urated hysteresis loop with a remnant polarization (2Pr) of 
16.8 μC/cm2 and a coercive electric field (2Ec) of 216 kV/cm. 
This result is similar with those of BLT thin films grown by 
pulsed-laser deposition, whose remanent polarization (2Pr) 

Fig.  1. XRD patterns of BLT thin films annealed at 600°C and 
700°C.

2350017.indd   22350017.indd   2 10/11/23   10:46:54 AM10/11/23   10:46:54 AM



S. Ma et al. J. Adv. Dielect. 13, 2350017 (2023)

2350017-3

FA WSPC/270-JAD 2350017 ISSN: 2010-135X

Fig. 2. The surface and cross-section micrographs of BLT thin films: (a) 600°C, (b) 700°C, and AFM images of BLT thin films: (c) 600°C, 
(d) 700°C.

Fig. 3. EDS and element line scanning results of BLT thin film annealed at 700°C.
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and coercive field (2Ec) were 16 μC/cm2 and 168 kV/cm.18 
Note that the coercive electric field of the 600°C annealed 
sample had almost the same value, which was 215 kV/cm, 
but the remnant polarization (2Pr) was much lower than 
that of the 700°C annealed sample, which was 10.6 μC/cm2. 
Moreover, its max polarization under an applied electric field 
around 400 kV/cm was slightly lower than those of 600°C 
annealed thin film, but the calculated spontaneous polar-
ization (2Ps) was much higher (23.8 μC/cm2) than the lat-
ter (17.4 μC/cm2). Therefore, the ferroelectric properties are 
improved significantly with the increase in grain sizes. The 
spontaneous polarization of Bi4Ti3O12-based ferroelectrics 
mainly originates from relative displacement between A-site 
Bi atom and [TiO6] octahedra within the perovskite-like lay-
ers.19 It is speculated that the enlargement of grain size could 
increase the ionic displacement in the unit cells, thus enhanc-
ing ferroelectric properties. The I–E curves recorded during 
the hysteresis loop measurement are shown in Fig. 4(b). Both 
samples have current peaks in the positive and negative cur-
rent regions, but the current peaks of the films annealed at 
600°C are wide and diffuse, and the current peaks of the films 
annealed at 700°C are relatively sharp. All the current peaks 
are located in the vicinity of the corresponding coercive field, 
indicating that the current peaks are caused by the ferroelec-
tric domain inversion in the film. Comparing the hysteresis 
loops of the two samples, it is found that near the coercive 
field, the steeper the remanent polarization curve, that is, the 
greater the polarizability, the greater the peak value of the 
current peak in the I–V curve.

Figure 5 shows the fatigue curves of BLT films with dif-
ferent annealing temperatures tested at room temperature. 
The test frequency was 10 MHz, and the fatigue voltage was 
10  V. The BLT film annealed at 600°C shows fatigue-free 
behavior up to 109 switching cycles. The film annealed at 
700°C shows small degradation in the course of 109 switching 
cycles. In general, both BLT films had excellent fatigue resis-
tance. It is reported that the polarization fatigue in perovskite 

ferroelectrics is mainly attributed to the pinning of domain 
wall motion caused by the oxygen vacancies.20 Therefore, 
the film annealed at 700°C might own less oxygen vacancies 
than the film annealed at 600°C.

The dielectric constants (εr) and loss tangents (tan δ) BLT 
thin films annealed 600°C and 700°C were measured at room 
temperature as a function of frequency ranging from 1 kHz to 
3000 kHz. As shown in Fig. 6(a), the dielectric constants of 
600°C BLT at various frequencies are much higher than those 
of 700°C BLT, e.g., εr at 1 kHz is 193 for 600°C BLT and 
110 for 700°C BLT, respectively. In addition, the εr of 600°C 
BLT decreased slightly with the increase of frequency, and 
a similar change law is observed for εr of 700°C BLT within 
frequency region below 110 kHz.

This phenomenon is due to that the electric dipoles are 
unable to keep pace with the applied electric field in high 
frequency condition.21 As the frequency reached above  
110 kHz, a sudden decrease is observed in the dielectric con-
stant of 700°C BLT. The decrease in dielectric constant with 

(a) (b)

Fig. 4. P–E hysteresis loops and I–E curves recorded during the P–E curve measurement of BLT thin films annealed at 600°C and 700°C: 
(a) P–E hysteresis loops; (b) I–E curves.

Fig. 5. Polarization fatigue characteristics of BLT thin films an-
nealed at 600°C and 700°C.
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increasing frequency might be caused by the extrinsic reso-
nance behavior induced by the charges trapped at interface 
states that followed the altering current.22 Frequency depen-
dence of loss tangents of BLT annealed at 600°C and 700°C 
are plotted in Fig. 6(b). In agreement with the dielectric con-
stant result, the loss tangents of 700°C BLT increased signifi-
cantly in high-frequency region. The anomalous dispersion at 
high frequency might be attributed to space charge polariza-
tion or Maxwell–Wagner-type interfacial polarization.23 The 
measured frequency might be corresponding to the resonant 
frequency of the thin films annealed at 700°C with the con-
ventional dielectric bridges measurement circuit.

4.  Conclusions

BLT thin films with different grain sizes were fabricated on 
Pt(111)/Ti/SiO2/Si substrates using the rf-magnetron sputter-
ing method with a deposition atmosphere of Ar. After anneal-
ing treatment, both BLT thin films exhibited a dense structure 
with plate-like grains. XRD patterns and SEM images indi-
cate that thin films were well crystalline and the surface 
roughness was elevated with the increase of grain sizes. The 
thin film annealed at 700°C exhibited well-saturated hyster-
esis loops with a superior remnant polarization of 15.4 μC/
cm2 and a coercive field of 216 kV/cm. In addition, it was 
found that dielectric constants of 700°C annealed thin films 
decrease significantly with the increase of grain sizes. In gen-
eral, the rf-magnetron sputtering process method used in this 
study could be a promising way to prepare Bi4Ti3O12-based 
thin films with excellent ferroelectric properties.
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