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Abstract

A new strategy to improve the dielectric properties of BiFeOs is proposed by codoping with La®* and Mg?* to control the ceramic
microstructure and increase the dielectric permittivity (¢'), respectively. The main phase of BiFeOs is obtained in nanocrystalline
powders of LaxBi1-xFe1xMgxOs (x = 0, 0.05 and 0.1), which are prepared by a chemical co-precipitation method. The particle size of
the codoped LaxBi1xFe1-xMgxOs is smaller than that of the BiFeOs. A dense ceramic microstructure without porosity is obtained by
sintering at 800 °C for 3 h. The mean grain size of the BiFeOs ceramics decreases with increasing codoping (La**—Mg?*) concentration.
The primary roles of La®" and Mg?* are to suppress the grain growth and enhance the densification rate, respectively. At 1 kHz, the ¢’
of the LaxBi1-xFe1-xMgxOs with x = 0.1 increased significantly compared to that of the BiFeOs, while the loss tangent (tand) was lower
than that of the BiFeOs. In addition, another role of Mg?* is to increase the &’ without any effect on the tand. Two dielectric relaxations
are observed in low-frequency (150-250 K) and high-temperature (250-400 K) ranges. An X-ray photoelectron spectroscopy shows
that the Fe?*/Fe3* ration in the codoped LaxBi1-xFe1xMgxOs increased compared to that of the BiFeOs, corresponding to the increase in
¢'. Thus, a low-temperature dielectric relaxation is attributed to the electron hopping between Fe2*—O—Fe®*. On the other hand, a high-
temperature dielectric relaxation is caused by interfacial polarization relaxation.
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1. Introduction

In recent years, various kinds of giant dielectric materials such as Sr2TiCrOs [1], BaTiO3-0.5wt%NaosBiosTiOs [2], Nd-doped
BaTiOs [3], La2xSrxNiO4 (LSNO) [4, 5], CaCusTisO12 (CCTO) [6-11], co-doped NiO [12], co-doped SrTiOs [13, 14], and co-doped
TiO2 [15-21] have been intensively investigated. These ceramic oxides can exhibit very high dielectric permittivity (¢’ ~ 103-10) in
the radio-frequency range. Many research groups have focused on the potential applications of these ceramic oxides in electronic
devices and studied the origin(s) of the giant dielectric response.

Although the loss tangent of many giant dielectric oxides is difficult to reduce and still higher than the standard level for practical
applications, giant dielectric oxides have been intensively investigated to understand the underlying mechanism. The giant dielectric
response in giant dielectric oxides is unlikely originated from the ferroelectric phase transition. Instead, the extrinsic mechanisms
associated with the electron hopping and interfacial polarization are likely the primary cause [6, 12, 22-25]. Because of fascinating
giant dielectric behaviors, the investigation of electrical and dielectric properties is still going on [6, 12, 26-30].

Generally, the sintering temperature of all giant dielectric oxides are very high. The sintering temperatures of the SrTiOs-based,
La2xSr«NiOs, and co-doped TiO2 ceramics are in the range of 1300-1550 °C [5, 12, 13, 15-17]. A giant dielectric oxide that can be
fabricated by using a low temperature is a promising material for electronic industrials. BiFeOs ceramics can be prepared by using a
low-temperature range. Interestingly, the BiFeOs ceramics can simultaneously show ferroelectric and (anti)ferromagnetic ordering
[24, 31-35]. The dielectric permittivity of BiFeOs polycrystalline ceramics is lower than 200 at room temperature [36]. Interestingly, a
high dielectric permittivity of ~10° can be obtained in BiFeOs ceramics by introducing Fe?*/Fe®* ions. The electrical response of the
grain boundary and electron hopping between Fe?*«>Fe3* ions may be the critical factors contributing to the overall dielectric responses
in BiFeOs ceramics [33, 34].
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According to the grain boundary response, the dielectric properties can be improved by controlling the microstructure. Reduced
mean grain size to enhance the insulating grain boundary density is an effective method to suppress the leakage current and loss tangent.
It was reported that the substitution of La%* ions into BiFeOs ceramics could reduce the conductivity and loss tangent due to the
reduction in the mean grain size [24, 37]. However, the reduced mean grain size of the La%* single-doped BiFeOs ceramics is usually
accompanied by residual pores in the ceramic microstructure. For many giant dielectric oxides, especially for CCTO ceramics, the
substitution of Mg?* into ceramics can increase the dielectric permittivity by retaining the loss tangent [38, 39]. Furthermore, Mg?* can
also enhance the densification rate of these giant dielectric oxides, giving rise to a dense ceramic microstructure. Thus, the substitution
of La® and Mg?* into BiFeOs ceramics could improve the microstructure and give important information on the origin of the giant
dielectric properties.

Thus, this work aims to fabricate BiFeOs-based oxides with enhanced dielectric permittivity and retaining low loss tangent. A new
strategy to improve the dielectric properties of BiFeOs is proposed by codoping with La®* and Mg?* to control the ceramic
microstructure and increase the €', respectively. LaxBiixFe1-«MgxOs powders nanocrystalline powders were synthesized using a
chemical co-precipitation method. To obtain a dense ceramic microstructure, the compacted powders were sintered at 800 °C for 3 h.
The dielectric properties were investigated over a wide temperature and frequency ranges and discussed in detail.

2. Materials and methods
2.1 Sample preparation

A co-precipitation method was used to prepare LaxBii-xFe1-xMgxOs powders, where x = 0, 0.05, and 0.1 to obtain nanocrystal line
powders. The starting raw materials consisted of Fe(NO3)3-9H20 (99.9%, KANTO), MgN20s-H20 (99%, Aldrich), LaN3Oq-6H20
(99%, Aldrich), Bi(NOs)s-5H20 (99.9%, KANTO), nitric acid [HNOs] (65%, ACI Labscan), poly(ethylene glycol) [PEG] (Mw~ 4000,
LABCHEM), and ammonia solution [NH4sOH] (28%, Qrec). First, the stoichiometric amounts of Bi(NO3)s-5H20, Fe(NOs)s-9H:20,
MgN206-H20, and LaN3Og:6H20 were weighed in proportion to the molar ratio for each composition (e.g., 3.2338 g of Bi(NOz)s-5H20
and 2.6933 g of Fe(NO3)3-9H20 for preparation of BiFeOs) and mixed in deionized water (60 mL) with constant stirring at room
temperature for 1 h. Second, 20 ml of HNOs were dissolved in this aqueous solution. Third, the solution was stirred until the orange
transparent solution was observed. Next, PEG (2.6933 g) was added into the transparent solution, and then the temperature was
increased to 60 °C with continuous stirring for 24 h. After that, 120 mL of NH4sOH was carefully dropped into the transparent solution
until the precipitate solution was observed. Then, the precipitate solution was washed by deionized water until the pH of the solution
was ~7 and was dried at 80 °C. The precursor powder was calcined at 600 °C for 3 h to obtain nanopowders. Finally, the compacted
powders with a pellet shape were sintered in air at 800 °C for 3 h.

2.2 Sample characterization

The nanostructure particles of the calcined La.Bii-+Fei-\Mg«Os powders were revealed using Focus Ion Beam-Field Scanning
Electron Microscopy (FIB-SEM, FEI Helios NanoLab G3 CX). The phase formation and nanostructure of sintered LaBii-.Fei1-
xMg.O3 ceramics were analyzed using an X-ray Diffraction (XRD, PANalytical EMPYREAN). A scanning electron microscope
(SEM) was used to reveal the ceramic microstructure of the sintered samples (SEC SNE-4500M). The chemical states of Fe were
determined by X-ray photoelectron spectroscopy (XPS, PHI5S000 VersaProbe 11, ULVAC-PHI, Japan (at the SUT-NANOTEC-SLRI
Joint Research Facility, Synchrotron Light Research Institute (SLRI), Thailand).

2.3 dielectric measurements

For dielectric measurements, the Ag paste was coated onto both sides of the sintered samples. The dielectric properties were
tested in the frequency range of 10%-107 Hz. In the temperature ranges of 0-300 K and 300-473 K, the measurements were performed
using an Impedance Analyzer (KEYSIGHT E4990A) and Precision Impedance Analyzer (Agilent 4294 A), respectively.

3. Results and discussion

The morphologies of the La:Bii«Fe1.xMg:O3 powders prepared by a simple chemical co-precipitation method (calcined at 600 °C
for 3 h) with different doping concentrations (x) are revealed in Figure 1(a-c). It was observed that the particle size of the BFO
ceramics was remarkably reduced by co-doping with La’" and Mg?" ions. The particle size distribution is illustrated in Figure 1(d-f).
The particle size of the BFO powder was estimated to be ~429 nm, while the particle sizes of the codoped La,Bii«Fe1.-Mg:O3
powders with x = 0.05 and 0.1 were reduced to be ~140 nm and ~182 nm, respectively. This result is similar to that reported in the
literature [24, 37]. The reduction in the particle size is likely caused by the lattice strain due to the ionic size mismatch between the
dopant and host ions.

The obtained nanocrystalline powders were compacted and sintered at 800 °C for 3 h for achieving the ceramic samples. The
crystalline structure and phase compositions of the sintered ceramics were studied using the XRD technique. As shown in Figure 2,
all the XRD patterns showed the main phase of BiFeO3 with a rhombohedral perovskite structure (R3¢ space group, JCPDS 86-1518)
[37,40, 41]. However, the Bi2saFeOa4 and Bi2FesOo phases were also detected. The existence of these second phases was associated
with the evaporation of Bi at elevated temperatures, leading to nonstoichiometric compounds. Thus, the second phases were formed
during heating process. These impurities may have an influence on the microstructure of the co-doped LasBii-xFe1.xMgxO3 ceramics
with x = 0.05 and 0.1.
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Figure 1 SEM Images of La:BiiFe1.Mg:O3 powders with (a) x =0, (b) x = 0.05 and (c) x = 0.1 powders. Particle size distribution of
La:Bi1xFe1.xMg:O3 powders with (d) x =0, (¢) x = 0.05 and (f) x = 0.1
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Figure 2 XRD Patterns of LaBii-«Fe1.xMg<O3 ceramics with x = 0, 0.05 and 0.1

The oxidation states of an Fe element in the sintered ceramics were measured using the XPS technique. The XPS spectra of Fe2p
for the La:Bii~Fei1xMg:O3 ceramics with x =0, 0.05, and 0.1 are depicted in Figure 3. According to previous works, the variations of
oxidation states (Fe?*/Fe*") had an effect on the dielectric and electrical properties of BiFeOs ceramics due to the electron hopping
between Fe?*«<>Fe" sites [24, 25, 33]. As clearly shown in Figure 3, Fe?" and Fe*" ions were detected in all sintered ceramics,
corresponding to the previous reports [25, 42, 43]. By fitting the XPS curves of all ceramics, the ratio of Fe?*/Fe3* can be obtained
and found to be 61.96%, 63.53%, and 67.87% for the La:Bii-xFe1.xMg.O3 ceramics with x = 0, 0.05, and 0.1, respectively. The
Fe?*/Fe*" ratio slightly increased with increasing co-doping concentration. These results may be caused by the existence of oxygen
vacancies during the sintering process. When oxygen releases from the lattice structure, free electrons have entered into Fe?* ions,
which was eventually changed to Fe?'.
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Figure 3 XPS Spectra of Fe2p for LaxBii-xFe1xMg:O3 ceramics with (a) x =0, (b) x =0.05 and (c) x =0.1

The surface morphologies of the BiFeO; and codoped La:Bii<FeixMg:O3 ceramics, as well as the Mg?* and La** single-doped
BiFeOs3 ceramics, are illustrated in Figure 4. The grain size of BiFeO3 ceramics is significantly decreased by doping with La3* ions,
Figure 4(d). However, many pores are observed in the ceramic microstructure. The grain size of the Mg?* single-doped BiFeO3
ceramic (Figure 4(e)) slightly reduces compared to that of the undoped BiFeOs ceramic (Figure 4(a)). These results are similar to that
observed in the literature [24]. After substitution of Mg?* into the La" single-doped BiFeO3 ceramics with the same concentration for
5 at.% (LasBiixFe1.xMg:03 with x = 0.05), the ceramic microstructure was significantly changed. The microstructure of the La,Bii-
«Fe1.-Mg.O3 ceramic with x = 0.05 (Figure 4(b)) is similar to the undoped BiFeO3 ceramic, indicating the dominant effect of Mg?*
doping ions on the enhanced grain growth of a BiFeOs3 ceramic. Notably, the microstructure of the La.Bii«Fe1«Mg:O3 ceramic with x
= 0.1 was highly dense with largely reduced grain size (Figure 4(c)). Thus, it can be suggested that the primary roles of La** and Mg?*
are to suppress the grain growth and enhance the densification rate, respectively. Furthermore, impurity particles in these samples can
also inhibit grain growth rate. It is worth noting that the microstructures of the La\Bii.Fe1.xMg:O3 ceramics with x = 0, 0.05, and 0.1
are highly dense without porosity. The dense microstructures of the La,Bii-+Fei.x<Mg:O3 ceramics can be obtained by sintering at a
relative low temperature compared to LSNO (~1400 °C) [5], CCTO (~1100 °C) [6, 7], co-doped NiO (~1200 °C) [12], and co-doped
TiO2 (~1400-1550 °C) [15, 16, 44].

Figure 4 Surface morphologies of La,Bii.xFe1.:Mg:Os ceramics with (a) x =0, (b) x = 0.05, (¢c) x = 0.1, (d) 5%La doped-BiFeO3 and
(e) 5%Mg doped BiFeO3

The dielectric properties at room temperature of the LaBii-«Fe1xMg:O3 ceramics, as well as the La*" single-doped BiFeO3
ceramic, are illustrated in Figure 5. The dielectric permittivity of all sintered ceramics suddenly decreases in a high-frequency range,
corresponding to the observed loss tangent peak. This is the characteristic of the dielectric relaxation behavior [12, 25, 33]. The
dielectric permittivity values at room temperature and 1 kHz for the La** single-doped BiFeO3, BiFeO3, and La,Bii.<Fe1..Mg:O3
ceramics with x = 0.05 and 0.1 are about 480, 4333, 4843, and 6256, respectively. The loss tangent values are 0.313, 0.229, 0.648,
and 0.208, respectively. The dielectric permittivity of BiFeOs ceramics was decreased by doping with La>" ions. After further
codoping the La’" single-doped BiFeOs ceramic with Mg?*, the dielectric permittivity increased significantly, while the loss tangent
also increased. Interestingly, with increasing the codoping concentration of La’" and Mg?*, the dielectric permittivity was significantly
enhanced. Notably, the loss tangent was decreased. According to the XPS result, it is observed that the low-frequency dielectric
permittivity of the La,Bii«Fe1..Mg:O3 ceramics increases with increasing the Fe?*/Fe3* ratio. Obviously, the dielectric response at
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room temperature of these ceramics should have partially resulted from the electron hopping between Fe?*<>Fe?* ions. Codoping
BiFeOs3 ceramic with La*" and Mg?* can cause an increase in the Fe?*/Fe3* ratio. Another reason is the effect of the grain boundary
response. Doping Mg?" into BiFeOs can increase the grain boundary capacitance [38], resulting in the enhanced dielectric permittivity.
It is important to note that the loss tangent at 1 kHz of the LaxBii«Fe1.«MgxO3 ceramic with x = 0.1 is the lowest. This result is
correlated to its microstructure. As shown in Figure 4(c), the smallest grain size of the LaBii-xFe1.xMg.O3 ceramic with x = 0.1
reflects the largest density of the grain boundary layer, which is usually an insulating layer. Consequently, the DC conductivity in the
La:BiixFe1.xMgiO3 ceramic with x = 0.1 was decreased, giving rise to the decrease in the loss tangent.
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Figure 5 Dielectric properties at room temperature as a function of frequency for sintered La:BiixFe1xMgxO3 ceramics; (a) dielectric
permittivity (¢") and (b) loss tangent (tand)

To clearly clarify the effect of codopants on the dielectric relaxation behaviors, the dielectric properties as a function of frequency
have been studied over a wide temperature range. As illustrated in Figure 6, the overall dielectric relaxation behaviors of all the
samples are similar. Two dielectric relaxations are observed. The low-temperature dielectric relaxation exists in the temperate range
of 150-250 K. The dramatic decrease in the dielectric permittivity is accompanied by the appearance of the loss tangent peak. Both
the step-like decrease in the dielectric permittivity and the peak position of the loss tangent shift to higher temperatures as the
frequency increased, indicating the thermally activated dielectric relaxation mechanism. The high-temperature relaxation behavior is
observed in the temperature range of 250-400 K. This type of dielectric relaxation may be resulted from the interfacial polarization
due to the accumulation of free changes at the internal interfaces. The relaxation peak of loss tangent can be observed in the low -
temperature range only. Accordingly, the activation energy required for the relaxation process are 0.424, 0.554, and 0.436 eV for the
La:BiixFe1.xMg:O3 ceramics with x = 0, 0.05, and 0.1, respectively. The increased activation energy may be due to the fact that the
electron hopping between Fe?*«<>Fe?* is inhibited by the dopants. Thus, the energy required for the relaxation process is increased.
The dielectric permittivity in the temperature range below 150 K is lower than 100. The dielectric permittivity in such a low -
frequency range is independent on frequency and temperature. This observation is resulted from the intrinsic polarization, i.e., dipolar
and ionic polarizations.
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Figure 6 Temperature dependence of dielectric permittivity (¢') and loss tangent (tand) at various frequencies for sintered LaxBii-xFei-
xMgxOs ceramics with (a) x =0, (b) x = 0.05, (c) x=0.1
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4. Conclusions

We have prepared nanocrystal line powders of LaBii-<FeixMg:O3 with x =0, 0.05, and 0.1 using a chemical co-precipitation
method and calcined at 600 °C for 3 h. The particle size of BiFeO3 ceramics was reduced by codoping with La** and Mg?* ions. The
microstructure of the sintered ceramics was highly dense without porosity. The mean grain size of the codoped La.BiixFei..Mg:O3
ceramics was greatly reduced by increasing the doping concentration. The existence of Fe?" and Fe** ions were confirmed using the
XPS technique. The Fe?*/Fe’" ratio slightly increased with increasing the codoping concentration. The dielectric permittivity of the
La’** doped-doped BiFeOs ceramic largely decreased compared to that of the BiFeOs ceramic. The dielectric permittivity of the La3*
doped-doped BiFeOs ceramic can be enhanced by further codoping with Mg?*, while the loss tangent was lower than that of the
BiFeOs3 ceramic. Substitution of Mg?* ions can cause enhance the dielectric permittivity. The low- and high-temperature dielectric
relaxations were observed in all sintered ceramics. The electron hopping between Fe?*«>Fe3" and the interracial polarization were
suggested to be the origin of these two dielectric responses, respectively.
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