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A B S T R A C T

This study explores the novel synergistic co-doping of (Na1/2Bi1/2)2+ ions into the A-sites of Ba(Zn1/3Nb2/3)O3 
(BZN) perovskites to optimise dielectric properties and reduce sintering temperatures. Polycrystalline (Na1/2Bi1/ 

2)xBa1− xZn1/3Nb2/3O3 ceramics (x = 0.1–0.4) were synthesised via solid-state reaction, achieving dense micro
structures with relative densities exceeding 92 %. The presence of Na0.13Bi1.87O2.87 and ZnNb2O6 transient 
phases facilitated a significant reduction in sintering temperature from 1200 ◦C (x = 0.1) to as low as 950 ◦C (x 
= 0.4). XRD, Rietveld refinement and TEM confirmed the formation of phase-pure cubic perovskites with Pm 3 m 
symmetry. Dielectric studies revealed enhanced room-temperature relative permittivity (ε′) and optimised 
dielectric loss (tan δ), attributed to dipole polarisation induced by 6s2 lone-pair electrons of Bi3+ and improved 
grain size. Notably, the composition, x = 0.2 exhibited the lowest tan δ (~0.0096 at 1 MHz) and highest elec
trical resistance, representing the optimal balance of dielectric performance. Impedance spectroscopy analysis 
revealed grain-dominated electrical processes and reduced oxygen vacancies, thereby corroborating the corre
lation between composition, microstructure and electrical properties. This work highlights the functionality of 
(Na1/2Bi1/2)2+ co-doping to enhance the dielectric performance of BZN perovskites while achieving optimal 
density at reduced sintering temperatures, thus rendering them suitable for applications in Low-Temperature Co- 
Fired ceramic (LTCC) for advanced electronic devices.

1. Introduction

With the rapid progress and development of 5G networks, electric 
vehicles and portable devices, there has been a significant surge in the 
demand for cutting-edge electronic components characterised by low 
dissipation, high capacity, miniaturisation and seamless integration [1]. 
Complex perovskites containing Ba, distinguished by their excellent 

dielectric properties and exceptional frequency and temperature sta
bility, hold substantial promise for microelectronics [2,3]. Among these, 
the solid solutions of Ba2+(B1/3

2 +B2/3
5 +)O3 (B2+ = Mg, Ni, Co and Zn; B5+

= Ta and Nb) have garnered considerable attention due to their 
extremely low tan δ, e.g., the perovskites in the Ba(Zn1/3Ta2/3)O3 (BZT) 
and Ba(Mg1/3Ta2/3)O3 (BMT) systems [4,5]. Considering higher cost and 
poor sinterability of Ta2O5, the niobium analogue, Ba(Zn1/3Nb2/3)O3 
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(BZN) is preferable, particularly due to its modest ε′ of 41, low tan δ in 
the order of 10− 4-10− 3 and adjustable temperature coefficient of 
capacitance (τcc) of − 68.8 ppm/◦C, thus making it a promising candi
date for microwave components and capacitors [6,7].

In the recent past, BZN perovskites have been the subject of extensive 
research, encompassing the utilisation of various synthesis methods, 
chemical doping approaches and ordered domain engineering. Notably, 
the stoichiometric deviation in BZN perovskites has demonstrated a 
significant impact on B-site cation ordering, sintering behaviour and 
dielectric properties. Even a minimal concentration of Ba deficiency can 
lead to enhanced sinterability and an increased degree of ordering for B- 
site cations in Ba0.99(Zn1/3Nb2/3)O3 [8]. Furthermore, Zn-rich non-
stoichiometric Ba(Zn1/3Nb2/3)1− xZnxO3 (0.01 < x < 0.04) perovskites, 
synthesised at 1500 ◦C via solid-state reaction, have exhibited a 
remarkably low tan δ of 5.5 × 10− 4 at x = 0.02, attributable to the 
enhanced intrinsic packing fraction [9]. In other related studies, the 
incorporation of B2O3 and CuO has facilitated a substantial reduction in 
the sintering temperature of BZN perovskites, reaching 900 ◦C and 
875 ◦C, respectively. These alterations are attributed to liquid-phase 
assisted sintering as a result of the melting process of secondary pha
ses, e.g., BaB4O7, BaB2O4 and BaCu(B2O5) [10]. It is noteworthy that the 
BZN perovskite, with addition of CuO, exhibited an ε′ of 36 and a 
near-zero temperature coefficient of resonant frequency (τf) of 21 
ppm/◦C.

On the other hand, the enhanced B-site cation ordering in BZN pe
rovskites was discovered to be a critical factor in minimising tan δ [11]. 
Typically, annealing below the ordering-disordering phase transition 
temperature effectively promotes 1:2 ordering. Recently, BZN perov
skites with excellent dielectric properties (Q × f = 89,600 GHz and τf =

22 ppm/◦C) have been successfully synthesised using the novel digital 
light processing (DLP) technique followed by annealing at 1300 ◦C for 
24 h, attributed to the enhanced B-site 1:2 ordering degree [12]. How
ever, the potential Zn volatilisation and oxygen depletion during 
annealing could adversely impact dielectric properties, necessitating 
alternative low-temperature synthesis methods. Recently, a significant 
increase in Q × f values from 21,200 to 69,300 GHz was observed in Ba 
(Co0.7Zn0.3)1/3Nb2/3O3 (BCZN) with 0.2 wt% CuO [13]. This composi
tion also demonstrated an improved 1:2 ordering due to the formation of 
quasi-liquid CuO-xCu2O layers after firing at 1300 ◦C for 10 h. Despite 
these advancements, excessively high sintering temperatures above 
1300 ◦C should be avoided, as Zn or Ba evaporation may result in lattice 
defects; while, the lowered firing temperature enhances compatibility 
with Ag electrodes for Low-Temperature Co-Fired Ceramics (LTCC) 
applications. This also highlighted an urgent need to address this firing 
issue, particularly since most studies were still primarily focused on the 
B-site substitution instead of A-site modification.

Substitution on the larger A-site cations in perovskites is also 
important as this significantly impacts their crystallo-chemical structure 
and dielectric properties [14,15]. In this regard, Ca-doped Ba1-x

Cax(Zn1/3Nb2/3)O3 (0 ≤ x ≤ 0.2) perovskites exhibited a phase transition 
from a cubic to an orthorhombic structure at x ≥ 0.05, exhibiting a high 
Q × f value of 37.1 × 103 MHz for x = 0.15 [16]. The reactive and 
volatile Bi2O3, with a low volatilisation temperature of ~825 ◦C, has 
been extensively applied as a sintering aid in LTCC, including the sys
tems Sr1-x(Na1/2Bi1/2)xBi2Nb2O9 [17] and Sr1-x(Na1/2

Bi1/2)xTi0.99Mn0.01O3 [18]. Additionally, a higher ε′ was achievable due 
to the local structural distortion induced by the presence of Bi3+ 6s2 lone 
pair electrons, which contributed to the advancement of miniaturised 
dielectric antennas and microwave filters in mobile communications 
[19].

To preserve charge neutrality when substituting 12-fold coordinated 
Ba2+, the replacing (Bi1/2Na1/2)2+ ions with an average ionic radius of 
1.35 Å could be employed to control defect formation and facilitate mass 
transport during the sintering process. However, research on Bi/Na co- 
doped BZN perovskite is somewhat limited, with only a few analogous 
reports available, e.g., Sr1-x(Na1/2Bi1/2)xBi2Nb2O9 [17] and 

Sr1-x(Na1/2Bi1/2)xTi0.99Mn0.01O3 [18]. Furthermore, a thorough under
standing of electrical transport characteristics across various tempera
tures and frequencies is indispensable before any practical application. 
In this perspective, AC impedance spectroscopy could be employed for 
analysing relaxation processes, conduction mechanisms and establish
ing valuable correlations between composition, local structure and 
electrical processes.

Herein, (Bi1/2Na1/2)2+ ions are introduced synergically into the A- 
sites of BZN perovskites for the first time with specific objectives tar
geted to (i) lower the sintering temperature from 1200 ◦C to as low as 
950 ◦C, making them suitable for LTCC applications; (ii) study the role of 
transient phases, e.g., Na0.13Bi1.87O2.87 and ZnNb2O6, in facilitating 
phase formation and densification at reduced temperatures; (iii) inves
tigate structural and microstructural changes, focusing on the impact of 
crystallographic structure, grain size and microstructure of BZN perov
skites; (iv) optimise the dielectric properties of BZN ceramics, providing 
valuable insight into the design of functional electronic devices.

2. Experimental

Polycrystalline (Na1/2Bi1/2)xBa1− xZn1/3Nb2/3O3 ceramics (BNBZN, x 
= 0.1, 0.2, 0.3 and 0.4), abbreviated as BN01, BN02, BN03 and BN04, 
respectively, were synthesised via solid-state reaction. All high-purity 
precursors purchased from Alfa Aesar, including BaCO3 (99 %), 
Na2CO3 (99 %), ZnO (99.9 %), Nb2O5 (99.9 %) and Bi2O3 (99.9 %), were 
carefully weighed out in accordance with the stoichiometric ratios. 
Subsequently, these precursors were ground thoroughly in excessive 
acetone using an agate mortar and pestle. The resulting powders were 
subjected to calcination at 950 ◦C for 6 h, followed by an additional 
grinding process to bring fresh surfaces for reaction. Subsequently, 
pellets with a diameter of 10 mm and a thickness of 1–2 mm were 
meticulously formed using a uniaxial hydraulic press under a pressure of 
300 MPa. These green pellets were then sintered at temperatures 
ranging from 950 to 1200 ◦C for 4 h, employing a heating and cooling 
rate of 5 ◦C/min.

The relative density (ρr) of densified ceramics was calculated as the 
ratio of apparent density (ρb) to the theoretical density (ρt), using the 
equation below: 

ρr(%)=
ρb

ρt
× 100 =

m
t×πr2

ρt
× 100 (1) 

where ρt, m, r and t denote the theoretical density derived from refine
ment, the mass, radius and thickness of the pellet, respectively.

The crystallographic phases of the samples were determined using 
powder X-ray diffraction (XRD-6000, Shimadzu) with Cu Kα radiation 
(λ = 1.5406 Å) in the 2θ range of 10–70◦. The thermal behaviour of the 
precursor powders was investigated by thermogravimetry-differential 
thermal analysis (TG-DTA) using a simultaneous thermal analyser 
(STA8122, Rigaku) at a heating rate of 10 ◦C/min in nitrogen, from 
room temperature to 1000 ◦C. The surface morphology and chemical 
composition of the sintered pellets were examined by scanning electron 
microscopy (JSM-6400, JOEL) equipped with energy-dispersive spec
troscopy (EDS) after gold layer sputtering. The vibration characteristics 
were determined using FT-IR (UATR Spectrum 100, PerkinElmer) and 
Raman spectroscopy (Alpha 300R, Witec) with an excitation wavelength 
of 488 nm.

High-resolution transmission electron microscopy (HRTEM) and 
selected area electron diffraction (SAED) patterns were obtained using a 
transmission electron microscope (JEM-2100, JEOL). The photoelectron 
spectra of elements were recorded by an X-ray photoelectron spec
trometer (250XI, Thermo). To study the electrical and dielectric prop
erties, the surfaces of sintered pellets were coated with silver paste and 
cured at 550 ◦C for 1 h to form electrodes. The dielectric measurements 
were performed using an AC impedance analyser (1260A, Solartron) 
over a frequency range of 10 Hz to 1 MHz at temperatures from RT to 
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750 ◦C. All data were corrected for the geometry of the samples 
(thickness/electrode area, - cm− 1) and the stray capacitance of the 
empty jig prior to further analysis using ZView software.

3. Results and discussion

3.1. Thermal and structural studies

To establish the optimised calcination temperatures, TG-DSC anal
ysis and qualitative XRD studies were conducted on the BN02 (x = 0.2) 
precursor mixture. Fig. 1a presents the phase evolution of the BN02 
sample following calcination at temperatures up to 900 ◦C in an air at
mosphere. XRD patterns reveal the emergence of a bismuth-rich 
Na0.13Bi1.87O2.87 phase (ICDD# 49–0739) at temperatures exceeding 
400 ◦C, succeeded by the development of the columbite ZnNb2O6 phase 
(ICDD# 76–1827) and the BN02 phase at approximately 700 ◦C. 
Calcination at 800 ◦C demonstrates a substantial increase in the pro
portion of the BN02 phase, potentially attributable to extensive chemi
cal reactions among intermediate phases, as detailed in Eq. (5). 
Ultimately, calcination at 900 ◦C and higher temperatures yields a pure 
cubic BN02 phase, with no detectable secondary phases. The overall 
phase formation mechanism can be summarised as follows: 

0.065Na2CO3 +0.935Bi2O3 → Na0.13Bi1.87O2.87 + 0.065CO2 T > 400 ◦C
(2) 

Zn0+Nb2O5 → ZnNb2O6 700≤T ≤ 800 ◦C (3) 

On the other hand, TGA data in Fig. 1b exhibits a minor weight loss 
below 100 ◦C, corresponding to the removal of moisture or residual 
acetone solvent. A subsequent mass drop at ~400 ◦C is supported by an 
endothermic DSC peak. Such a thermal event could be due to the 
decomposition of sodium carbonate for the formation of 
Na0.13Bi1.87O2.87 intermediate phase, as shown in Fig. 1a. At ~700 ◦C, 
the third weight loss could be attributed to the emergence of interme
diate columbite, ZnNb2O6 and perovskite phase through decomposition 
of barium carbonate. The last significant weight loss in the range of 
800 ◦C–950 ◦C highlights that the temperature is sufficient high for a 
complete chemical reaction for phase pure BN02 perovskite. This mass 
drop is also accompanied by a rapid decline in DSC heat flow, signifying 
a reduction in the free energy to form a more stable perovskite. There
fore, the optimum calcination temperature for the synthesis of BNBZN 
powders was determined to be 950 ◦C. The total weight loss of 13.28 %, 
is consistent with the theoretical value of 13.76 %, which reflects the 

Fig. 1. (a) XRD patterns of the BN02 precursor calcined at various temperatures; (b) TG/DSC thermograms of the BN02 precursor and the related BZN plot shown as 
an inset; (c) bulk densities of the BNBZN perovskites sintered at different temperatures; (d) bulk and relative densities of BNBZN perovskites sintered at the optimised 
temperature.

0.8BaCO3 +0.053Na0.13Bi1.87O2.87 +0.093NaCO3 +1
/

3ZnNb2O6 → Ba0.8Na0.1Bi0.1Zn1/3Nb2/3O3 +CO2 700≤T ≤ 900 ◦C (4) 
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decomposition of metal carbonates.
Interestingly, both TG and DSC thermograms of undoped BZN 

showcase a continuing decreasing beyond the threshold of measuring 
temperature, i.e., 1000 ◦C, as depicted in the insert of Fig. 1b. This 
provides strong evidence that the formation temperature is significantly 
reduced by the synergistic doping of (Na1/2Bi1/2)2+ for Ba2+ at the A- 
site. Notably, the decrease in reaction temperature could be explained 
by the reduced barrier height of the chemical reaction (Ea) [20]: 

K=Ae− Ea/RT (5) 

where K, A, R and T is the chemical reaction rate constant, pre- 
exponential factor, universal gas constant and reaction temperature in 
Kelvin, respectively. Assuming a fixed K, a reduced Ea correlates well 

with a lower T. The comparatively low melting points of Bi2O3 (817 ◦C) 
and Na2O (1132 ◦C), relative to BaO (1923 ◦C), facilitate their function 
as flux agents within the reaction, thereby encouraging particle rear
rangement and accelerating solid-state diffusion. Furthermore, the 
smaller ionic radii of Na+ and Bi3+ contribute to enhanced ionic mobility 
and diffusion rates. The formation of a reactive transient phase 
(Na0.13Bi1.87O2.87) at approximately 400 ◦C further promotes rapid 
diffusional activity at lower temperatures. These factors collectively 
contribute to a reduction in Ea, consequently lowering the formation and 
sintering temperature.

The variation in bulk density of chemically modified BZN perovskites 
as a function of sintering temperature is shown in Fig. 1c. All plots depict 
an obvious increasing density at elevated temperatures wherein the 

Fig. 2. (a) XRD patterns of BNBZN perovskites with insets showing the XRD pattern for (Na1/2Bi1/2)0.5Ba0.5Zn1/3Nb2/3O3 (x = 0.5) ceramics and an enlarged view of 
the (101) peak; (b) Rietveld-refined XRD patterns of BNBZN perovskites; (c) Williamson-Hall plots; (d) schematic crystal structure of cubic (Pm 3 m) phase of BN02; 
(e) Raman spectra; (f) FT-IR spectra.
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densification process is usually induced by grain growth and boundary 
migration. However, excessively high sintering temperatures should be 
avoided to prevent substantial weight loss that may lead to partial 
melting and compositional non-stoichiometry. The optimal bulk den
sities, thereby, were achieved at 1200 ◦C for x = 0.1, 1100 ◦C for x = 0.2, 
1000 ◦C for x = 0.3 and 950 ◦C for x = 0.4. Fig. 1d presents the bulk and 
relative densities of the doped BZN perovskites sintered at their optimal 
temperatures. It is noteworthy that the increased (Na1/2Bi1/2)2+ con
centration acts as a sintering aid to achieve highly dense microstructure 
while forming a novel partial subsolidus solution.

The X-ray diffraction (XRD) patterns of the synthesised (Na1/2Bi1/ 

2)xBa1− xZn1/3Nb2/3O3 perovskites with varying concentrations (x = 0.1, 
0.2, 0.3 and 0.4) are presented in Fig. 2a. All the observed diffraction 
peaks correspond to a cubic perovskite structure with a space group of 
Pm 3 m (ICDD# 39–1474). No detectable impurities or secondary phases 
are discernible within the subsolidus solubility limit (x ≤ 0.4), indicating 
the successful incorporation of both Bi3+ and Na + into the sublattice of 
perovskite structure. However, for compositions exceeding this limit, 
additional diffraction peaks corresponding to the Bi5Nb3O15 secondary 
phase (ICDD# 51–1752) are observed (left inset of Fig. 2a). Further
more, the intense (110) diffraction peak shifts towards a higher angle 
with increasing (Na1/2Bi1/2)2+ concentration (right inset of Fig. 2a). This 
shift is attributed to the smaller average ionic radius of (Na1/2Bi1/2)2+

(1.35 Å) compared to that of twelve-fold coordinated Ba2+ (1.61 Å) 
[21]. Similar behaviour has been observed for the substitution of Sr2+ by 
(Na1/2Bi1/2)2+ [22].

For an in-depth study of crystallo-chemical structure, the diffraction 
patterns of the synthesised ceramics are refined based on a pristine 
structure model of BZN cubic perovskite using FULLPROF Rietveld soft
ware (Fig. 2b). A good agreement is observed between the experimental 
and calculated profiles, with discrepancy R-factors below 10 %, signi
fying highly coherent results. The refined structural parameters are 
summarised in Table 1. As x increases, the theoretical density (ρt) de
creases, reflecting the lower atomic weight of (Na1/2Bi1/2)2+ than that of 
Ba2+, notwithstanding the concurrent reduction in unit cell volume. 
Additionally, the bond lengths at both the A- and B-site decrease pro
gressively with increasing x, consistent with the unit cell contraction 
suggested by the shift in XRD diffractions. Subsequently, the crystal 
structure of BN02 was drawn by VESTA software, illustrating a network 
of corner-sharing oxygen octahedra surrounding the twelve-fold co- 
ordinate A-site cation (Fig. 2d). Both Zn2+/Nb5+ ions are demonstrated 
to reside at the centre of oxygen octahedra while Na+/Bi3+/Ba2+ ions 
occupy the dodecahedral A-sites, respectively.

To assess the stability of the synthesised perovskites, the Gold
schmidt tolerance factor (t), based on the chemical formula and ionic 
radii, was determined using the Shannon and Prewitt’s ionic radii for 
Ba2+, Zn2+, Nb5+, Bi3+, Na+ and O2− [22]. As presented in Table 1, the 
calculated t values decreased from 1.016 to 0.982 with higher dopant 

concentration, suggesting the anticipation of a cubic structure as the t 
value approaches unity [23]. Nonetheless, a potential local structural 
distortion may arise as the tolerance factor marginally falls below 1, 
particularly when the doping concentration exceeds 0.2.

X-ray peak profile analysis (XPPA) utilising the Debye-Scherrer or 
Williamson-Hall method serves as an effective means to determine 
crystallite size [24]. The Debye-Scherrer method operates on the 
assumption that XRD peak broadening solely originates from variations 
in crystallite size, as described by: 

DSch =
0.9λ

(βhkl cos θ)
(6) 

where DSch denotes the crystallite size (nm), λ is the wavelength of 
source radiation (λ = 1.5406 Å), βhkl represents the full width at half 
maximum (FWHM) of the most intense peak in radians and θ is the 
Bragg’s angle. The Williamson-Hall (W-H) approach, another integral 
breadth technique, considers both crystallite size and lattice strain 
contributions to the peak broadening [25]: 

βhkl cos θ=
0.9λ
DWH

+ (4ε sin θ) (7) 

where ε and DWH denote the lattice strain and average crystallite size, 
respectively. Five intense diffraction peaks, i.e., (101), (111), (200), 
(211) and (220), were used for the plot of 4 sinθ vs βhkl cosθ (Fig. 2c) 
wherein the linear fitted slope reveals the internal strain while the y- 
intercept determines the crystallite size. The calculated crystallite sizes 
are tabulated in Table 1. Notably, the crystallite sizes obtained from the 
W-H plot are much larger than those from the Scherrer method, sug
gesting the emergence of lattice strain and possible lattice distortion.

To further investigate the mesoscopic-scale structure of the BNBZN 
perovskites, Raman spectroscopy measurements were conducted at 
room temperature (Fig. 2e). Group theory suggests that an ideal cubic 
perovskite with a space group of Pm 3 m, should not exhibit any first- 
order Raman spectrum. Nevertheless, the presence of discernible 
Raman-active modes suggests the deviations from ideal symmetry 
caused by the ion displacements or local symmetry of nano-regions [26]. 
Within literature, the Raman spectra of complex perovskites can be 
categorised into three main bands [27,28]: (i) the A-site cationic vi
brations (50-200 cm− 1); (ii) the B-site cation ordering band (200-400 
cm− 1) and (iii) the BO6 octahedral vibrations (400-900 cm− 1).

On this basis, the first low-frequency mode at ~52 cm− 1 is assigned 
to the Bi-O vibration due to the relatively higher mass of Bi3+ (m =
208.98 g/mol) compared to Na+ (m = 23.00 g/mol) and Ba2+ (m =
137.33 g/mol). This mode is highly sensitive to any A-site cation off- 
centre and Bi3+ possesses a greater tendency towards off-centre from 
the twelve surrounding O2− anions than Na+ [29]. The active mode at 
~98 cm− 1, commonly observed in the Ba-based complex perovskites, is 
assigned to the F2g (Ba) mode, which is associated with the lattice vi
bration of Ba2+ relative to the oxygen octahedra [30]. The last peak in 
the A-O vibration band is ascribed to Na-O vibrations (~131 cm− 1).

In the mid-frequency range (200–400 cm− 1), the modes located at 
165 cm− 1 [Eg(Nb)], 290 cm− 1 [Eg

1(O)] and 374 cm− 1 [Eg
2(O)] are typi

cally indicative of the localised 1:2 ordering of complex perovskites 
[31]. As x increases to 0.2, the decreasing intensity of these modes 
suggests a weakened B-site chemical order. Notably, a red shift is 
observed for these modes, contradicting the prediction that Raman 
modes should exhibit a blue shift as both the bond length and molecular 
mass decrease with increasing substitution concentration (x). This 
behaviour could be explained by a reduction in the force constant k, 
induced by the decreasing ordering degree, i.e., weakened interactions 
among B-site cations, resulting in the observed red shift. Moreover, these 
broadened peaks suggest increasing disorder within the matrix, which is 
probably attributed to the random occupancy of Na+ and Bi3+ at the 
A-site [32].

In the high frequency region, modes A1g
1 (O) (~427 cm− 1), Eg

3(O) 

Table 1 
Refined structural parameters and microstructure parameters of BNBZN perov
skites at the optimal sintering temperatures.

x 0.1 0.2 0.3 0.4

a = b = c (Å) 4.09291(6) 4.08706(3) 4.07961(7) 4.07145(9)
V (Å3) 68.56(7) 68.27(5) 67.90(9) 67.49(10)
ρt (g/cm3) 6.46 6.44 6.42 6.41
ρr (%) 92.7 95.0 96.7 97.6
Rp (%) 11.1 7.90 8.93 10.8
Rwp (%) 14.1 11.1 11.8 14.9
χ2 1.92 1.18 1.42 1.88
t 1.016 1.004 0.993 0.982
DW-H (nm) 101.9(45) 140.7(32) 161.6(75) 128.4(87)
DScherr (nm) 41.2(27) 48.08(18) 55.2(56) 45.6(59)
Lattice strain 0.00182(8) 0.00172(10) 0.00147(5) 0.00159(12)
Grain Size (μm) 0.78(14) 2.45(33) 2.29(11) 2.08(20)
A-O (Å) 2.89412(10) 2.88999(22) 2.88472(9) 2.87895(13)
B-O (Å) 2.04645(8) 2.04353(31) 2.03980(28) 2.03573(17)
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(~523 cm− 1) and A1g
2 (O) (~792 cm− 1), are all resulting from oxygen 

octahedron vibrations [33]. An additional peak at ~473 cm− 1 (ν1) for x 
= 0.1, could be attributed to the strengthened oxygen octahedra tilting 
and/or local lattice deformation [6,34]. Such phenomenon is indicated 
by the decreasing tolerance factor (t) and average ionic radii at the 
A-site. The most intense A1g

2 (O) vibration mode, corresponding to the 
stretching of oxygen octahedron along the c-axis, serves as an indicator 
of B-site cation ordering [27]. A broader A1g

2 (O) mode with increasing x 
qualitatively indicates enhanced phonon interference and thus a 
decreased degree of ordering, corroborating the analysis of the B-site 
cation ordering band.

The FT-IR spectra of BNBZN perovskites, as illustrated in Fig. 2f, 
exhibit a pattern similar to that of undoped BZN [35], as measured at 
room temperature within the 400–2000 cm− 1 range. The characteristic 
absorption bands below 800 cm− 1 correspond to the symmetric 
stretching mode of the NbO6-octahedra in the perovskite structure [36]. 
As the x value increases, a blue shift in this octahedral band is observed, 
consistent with the Raman results. Simultaneously, the gradual decrease 
in the band’s intensity implies reduced coherence of Nb-O vibrations 
and a lower ordering degree arising from the heterogeneous local 
environment induced by mixed occupancy at the A-site [37]. Further
more, a slight dip observed in the lower frequency region (400-420 
cm− 1) is attributed to Nb-O bending vibrations.

3.2. Microstructural characterisation

The SEM micrographs of all the prepared BNBZN perovskites sin
tered at their optimal temperatures are shown in Fig. 3a–d. All 

compositions exhibit a dense microstructure with well-defined grains 
ranging from ~0.8 to 2.5 μm. The obtained average grain sizes signifi
cantly exceed the aforementioned crystallite sizes, indicating the poly
crystalline nature of these perovskites. At low doping concentrations (x 
≤ 0.2), the doping elements facilitate grain growth by acting as sintering 
aids. Notably, the smaller ionic radii of Na+ and Bi3+ contribute to a 
higher ionic mobility and rapid diffusion rate, enhancing grain bound
ary mobility during sintering. However, excessive dopant (x > 0.2) can 
lead to a smaller average grain size, associated with the reduced surface 
anisotropy energy, potentially due to hindered ionic diffusion [30]. 
Furthermore, all the BNBZN perovskites exhibit larger grain sizes and a 
denser microstructure than the undoped BZN [35]. Such a phenomenon 
can be attributed to the lower melting points of Bi2O3 (817 ◦C) and Na2O 
(1132 ◦C) compared to BaO (1923 ◦C), which act as flux agents during 
sintering. Similar behaviour has been reported for 
Sr1− x(K1/2Bi1/2)xBi2Nb2O9 [38].

The elemental distribution analysis for BN02 was conducted using 
EDS. As displayed in Fig. 3e, the characteristic peaks of Ba, Bi, Na, Zn, 
Nb and O constituent ions in the EDS spectrum are observed, confirming 
the successful substitution of (Na1/2Bi1/2)2+ for Ba at the A-sites. The 
atomic and weight percentages show that the experimental values are in 
accordance with the expected stoichiometry with negligible Bi losses 
(Fig. 3f).

Meanwhile, the microstructure of BN02 ceramics was further 
investigated using Transmission Electron Microscopy (TEM). The 
Selected Area Electron Diffraction (SAED) pattern exhibited distinct 
diffraction spots, corresponding to the [132] zone axis of a cubic struc
ture (Fig. 3g). The High-Resolution Transmission Electron Microscopy 

Fig. 3. SEM images of BNBZN perovskites sintered at their optimal temperatures: (a) x = 0.1, (b) x = 0.2, (c) x = 0.3, and (d) x = 0.4, with corresponding grain size 
distribution histograms shown in the insets; (e) EDS spectrum of BN02 (x = 0.2) and (f) corresponding atomic and weight fractions; TEM analysis of BN02: (g) SAED 
pattern, (h) HRTEM image; (i) TEM-EDS elemental mapping.
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(HRTEM) image (Fig. 3h) revealed lattice fringes with interplanar 
spacings of 0.253 and 0.195 nm, corresponding to the (111) and (201) 
crystal planes of the cubic-structured BN02, respectively. Furthermore, 
the TEM Energy Dispersive X-ray Spectroscopy (EDS) mapping also 
confirmed a uniform distribution of lattice cations without any aggre
gation or segregation, indicating a good chemical homogeneity of the 
material (Fig. 3i).

X-ray photoelectron spectroscopy (XPS) analysis was conducted to 
investigate the oxidation states and chemical environment of the con
stituent elements. The XPS survey spectrum of BN02 ceramics, cali
brated to the C 1s peak at 284.8 eV, confirmed the presence of Ba2+, 
Zn2+, Nb5+, Bi3+, Na+ and O2− without any detectable impurities. 
Again, this indicates successful substitution of Ba2+ by (Na1/2Bi1/2)2+

ions. The deconvoluted XPS spectra using a Lorentzian function for 
BN02 are presented in Fig. 4b–g. As displayed in Fig. 4b, the peaks 
ascribed to Ba2+ ions, namely Ba 3d5/2 (779.56 eV) and 3d3/2 (794.80 
eV), are clearly visible [39]. The presence of Nb5+ is manifested by the 
binding energies of the 3d3/2 level (209.48 eV) and 3d5/2 level (206.74 
eV), with a spin-orbit splitting of 2.74 eV (Fig. 4c) [40]. Two peaks for 
the Zn 2p state, Zn 2p3/2 (1021.87 eV) and Zn 2p1/2 (1044.90 eV), are 
attributed to Zn2+ ions (Fig. 4d) [41]. In addition, the core level spectra 
of Bi3+ show two peaks centred at 159.11 eV and 164.44 eV for 4f7/2 and 
4f5/2 states, respectively, with an area ratio of ~ 4:3 between the 4f7/2 
and 4f5/2 peaks (Fig. 4e) [42]. As shown in Fig. 4f, Na+ is manifested by 
a single peak at 1072.29 eV for Na 1s. Interestingly, the deconvoluted 
spectra for Bi3+ and Na + closely resemble those reported for 
(Na1/2Bi1/2)TiO3 perovskites [39,42], further confirming the successful 
substitution of A-site cations. Fig. 4g shows the O 1s region, deconvo
luted into two peaks at 529.84 eV and 531.83 eV, corresponding to 
lattice oxygen species (Olat) and adsorbed oxygen (Oads), respectively 
[43]. The oxygen vacancies (OVs) in BN02 perovskites are closely 
associated with the area of the Oads peak, and the deconvolution area 
ratio of Oads to Olat is 0.54, lower than that of pure BZN (0.61), signifying 
a reduction in OVs after the A-site doping.

The observed reduction in oxygen vacancies (OVs) may be linked to 
the lower sintering temperature of BN02 compared to undoped BZN. The 
generation of OVs in perovskites is typically associated with oxygen 
depletion during high-temperature sintering under reduced oxygen 
partial pressure, e.g., in air or vacuum environment [44]. Furthermore, 
the decreased sintering temperature could potentially limit the volati
lisation of Bi2O3 and Na2O, which often leads to A-site vacancies and the 
subsequent formation of oxygen vacancies to preserve charge neutrality. 
Moreover, the refined shorter and stronger average A-O bond length of 
BN02 also potentially leads to this reduced OVs due to the strengthened 
binding force of oxygen ions [45].

3.3. Dielectric studies

Both ε′ and tan δ at ambient temperature (~25 ◦C) exhibit a 
decreasing trend with increasing frequency, reaching a plateau in the 
high-frequency region (Fig. 5a and b). As illustrated in the inset of 
Fig. 5a, ε′ at 1 MHz characterising bulk response exhibits a rising trend as 
the (Na1/2Bi1/2)2+ concentration increases, which is higher in all cases 
compared to undoped BZN. This observation is consistent with the re
ported Sr1-x(Na0.5Bi0.5)xTi0.99Mn0.01O3 (0 ≤ x ≤ 0.02) thin films and Sr1- 

x(K0.5Bi0.5)xBi2Nb2O9 (0.02 ≤ x ≤ 0.10) bulk ceramics [18,38]. The 
Clausius-Mossotti equation defines the relationship between micro
scopic ionic polarisability (αtheo.) and the macroscopic dielectric con
stant [46]: 

ε’=
3 + 8παtheo/Vm

3 − 4παtheo/Vm
(8) 

where Vm. represents the molar volume. Notably, ε′ is proportional to 
polarisability density (αtheo./Vm) and αtheo. can be mathematically 
expressed by the Shannon additive rule [11]: 

αtheo. =(1 − x)α
(
Ba2+)+ xα

[(
Na1/2Bi1/2

)2+]
+ α

[(
Zn1/3Nb2/3

)4+]

+ 3α
(
O2− ) (9) 

where α(Ba2+) = 6.40 Å3, α[(Na1/2Bi1/2)2+] = 3.96 Å3, α[(Zn1/3Nb2/ 

3)4+] = 3.33 Å3 and α(O2− ) = 2.01 Å3 [47]. The calculated αtheo. and 
αtheo./Vm values are presented in Table 2.

The αtheo./Vm appears to be independent of doping concentration, 
indicating that other factors, e.g., sintering temperature, microstructural 
defect, grain size, cation ordering and contributing dopant species, 
should be considered to account for the observed increasing ε′. A 
comparative summary of the dielectric properties from this work and the 
related studies is included in Table 3. Notably, the active 6s2 lone-pair 
electrons of the Bi3+ cation may induce dipole polarisation through 
off-centre displacements and this results in the increase in ε′ with x. In 
addition, a smaller divalent pseudo-cation (Na1/2Bi1/2)2+ into the Ba2+

site may enhance the rotational freedom of the oxygen octahedra, 
thereby enhancing the dielectric response [38].

The inset of Fig. 5b illustrates the variation in the tan δ at 1 MHz with 
composition. Initially, tan δ decreases from 0.058 at x = 0.1 to 0.009 at 
x = 0.2. Subsequently, it increases with higher dopant concentration. 
The optimal tan δ achieved at x = 0.2 can be attributed to the relatively 
larger grain size of BN02 compared to other compositions. This signifies 
fewer grain boundaries where impurities and defects tend to accumu
late. Furthermore, tan δ can be influenced by the internal cause of lattice 
vibrations, which can be defined by the intrinsic packing fraction (P.F.) 
[48]: 

Packing fraction=
4π
3

×
(1 − x)R3

Ba +
1
3 R3

Zn +
2
3 R3

Nb + xR3
Bi/Na + 3R3

O

Vm
× Z

(10) 

where Z (=1) represents the unit formula of perovskite structure. In 
Table 2, there is a gradual decline in P.F. as x increases. This accounts for 
the upward trend of tan δ, which corresponds to loosely packed crystal 
structures that contribute to potential scattering losses and/or defect- 
induced energy dissipation [49]. Additionally, the B-site cation 
ordering can play a role in energy dissipation for complex perovskites. 
The increment of the FWHM of the A1g(O) Raman mode suggests 
weakened ordering and thus increased tan δ [50].

3.4. Impedance spectroscopy

Typical complex impedance plane (Z*) plots for BN02 are shown in 
Fig. 6a, and it is noteworthy that the other compositions exhibited 
similar characteristics. A semi-circular arc only becomes visible at 
~550 ◦C due to the electrically insulating nature of the samples. At 
higher frequencies, a single suppressed semicircle emerges from the 
origin, decreasing in diameter as temperature increases with no sign of 
any low frequency spike. This behaviour indicates Negative Tempera
ture Coefficient of Resistance (NTCR) behaviour based on grain (bulk) 
effects. To further investigate the correlation between x, microstructure 
and the conduction properties, all data were modelled on a single par
allel RC equivalent circuit, consisting of a capacitor (C) and a resistor 
(R). The use of a parallel RC element instead of an R-CPE (Constant 
Phase Element) model was based on the fact that the observed depres
sion of the semicircle was subtle and could be satisfactorily fitted to 
obtain the resistances R [51]. The Arrhenius-type plots of ln (R) for all 
samples are shown in Fig. 6b. By extrapolating the linear fit, the acti
vation energy for the bulk conduction was ~1.22, 2.01, 1.79 and 1.29 eV 
for BN01, BN02, BN03 and BN04, respectively, which reveals x = 0.2 to 
have the highest insulation resistance because of its higher energy bar
rier for the charge carrier movement and/or the reduced oxygen va
cancies concentration, as evidenced by XPS analysis. Interestingly, the 
variation of activation energy with x shows an inverse relationship with 
that of tan δ, suggesting that conductive loss may also contribute to the 
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Fig. 4. XPS spectra of BN02 perovskite: (a) Full survey; (b) Ba 3d; (c) Nb 3d; (d) Zn 2p; (e) Bi 4f; (f) Na 1s; (g) O 1s.
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dielectric loss.
To probe the electrical homogeneity of the ceramics, combined -Z″, 

M″ spectroscopic plots were inspected. The M″ spectra, highlighting the 
effect of small capacitance, serve as an indicator of a grain-dominated 
electrical process. There is good overlap between the -Z″ and M″ 
Debye-type peaks for BN02 at 550 and 750 ◦C (Fig. 6c), which confirms 
the Z* plots are dominated by a bulk (grain) response. Fig. 6d illustrates 
the variation of M″ plots for all x at 750 ◦C. It is evident that a single 
relaxation peak appears in the high-frequency region, confirming the 
grain-dominated electrical process across the compositions. The pro
gressive reduction in M″max indicates that the addition of (Na1/2Bi1/2)2+

significantly enhances the capacitance of undoped BZN, which is 
consistent with the aforementioned increased ε′ from the dielectric 
measurements in Fig. 5a. Notably, the relaxation frequency (fmax) 

exhibits a similar non-monotonic variation trend to that of tan δ in 
Fig. 5b, initially decreasing up to x = 0.2 before increasing with higher 
dopant concentration. This behaviour can be primarily attributed to the 
introduction of a small amount of Na+/Bi3+ into the BZN matrix, which 
increases the grain impedance and consequently slows down the relax
ation process. On the contrary, higher doping concentration facilitates 
enhanced charge carrier movement due to lattice defects that possibly 
originate from volatilisation, leading to greater tan δ [52]. Further 
studies are required to elucidate the bulk conduction mechanism(s) in 
these materials.

Although no low-frequency electrode spike was observed in the IS 
data, empirically suggesting that the dominant conducting species are 
electrons [53], there may be some ionic conduction associated with OVs 
induced during the firing of BNBZN perovskites. As is well known, the 
presence of OVs in perovskites can exist in different charge states, i.e., 
single ionised oxygen vacancies 

(
V⋅

o
)

and/or doubly ionised oxygen 
vacancies 

(
V⋅⋅

o
)
, expressed by Kröger-Vink notation [54]: 

Ox
o → V⋅

o + e + 1
/

2O2 (11) 

V⋅
o → V⋅⋅

o + e (12) 

Considering that the activation energy for bulk conduction in this 
study lies in the range of (1.2–2.01 eV), comparable to the reported 
activation energies (1.2–1.6 eV) for ionic conduction by V⋅⋅

o in 
perovskite-type oxides [55,56], it is reasonable to reckon that the con
duction mechanism may involve a mixed contribution from both elec
tronic and oxygen-vacancy-mediated ionic transport.

4. Conclusion

In this study, the novel Bi and Na co-doped (Na1/2Bi1/2)xBa1− xZn1/ 

3Nb2/3O3 (x = 0.1, 0.2, 0.3 and 0.4) perovskites were successfully syn
thesised using solid-state reaction. These chemically modified perov
skites exhibited dense microstructure and well-packed grains with an 
average size between ~0.8 and 2.5 μm, resulting in high relative density 
(ρr > 92 %). The introduction of (Na1/2Bi1/2)2+ enhances densification, 
thereby reducing the sintering temperature significantly from 1200 ◦C to 
950 ◦C. Dielectric studies revealed increased ε′ and tan δ with increasing 
x, primarily due to enhanced dipole polarisation and the synergistic 
effects of grain size, packing fraction, cation ordering and activation 
energy. Notably, the composition, x = 0.2 sintered at 1100 ◦C for 4 h, 
exhibits enhanced ambient relative permittivity (ε′ ~ 57) compared to 
undoped BZN and has the lowest dielectric loss (tan δ ~ 0.0096 at 1 
MHz), whereas x = 0.4 displays the highest ε′ (~92) and dielectric loss 
(>0.06) along with the lowest sintering temperature of 950 ◦C. All 

Fig. 5. Frequency-dependent dielectric properties of BNBZN perovskites at 30 ◦C: (a) ε′ with inset of ε′ vs. composition (x); (b) tan δ with inset of tan δ vs. 
composition (x).

Table 2 
Calculated dielectric properties, αtheo., αtheo./Vm and P.F. values of the BNBZN 
perovskites.

x ε′ (1 MHz) tan δ × 10− 2 (1 MHz) P. F. (%) αtheo. αtheo/Vm

0.1 51.2 5.8 76.6 15.76 0.23
0.2 56.8 0.9 75.9 15.52 0.23
0.3 71.6 1.1 75.3 15.27 0.22
0.4 92.1 6.6 74.7 15.03 0.22

Table 3 
Sintering temperature and corresponding dielectric properties of BZN-based 
ceramics.

Material Temperature ε′ tan δ/Q × f Ref.

0.7ZnNb2O6–0.3Ba(Zn1/ 

3Nb2/3)O3

1200 ◦C/4 h 31 39,611 
(GHz)

[5]

(Ba1-xSrx)(Zn1/3Nb2/3)O3 1400 ◦C/3 h 42 11,550 
(GHz)

[6]

BZN+15 mol % BaLiF3 1150 ◦C/2 h 48 Not 
Available

[7]

Ba0.99Zn1/3Nb2/3O3 1450 ◦C/4 h 39 66,532 
(GHz)

[8]

Ba(Zn1/3Nb2/3)0.98Zn0.02O3 1500 ◦C/2 h – 0.0005 (1 
MHz)

[9]

BZN + 5 mol% B2O3 900 ◦C/2 h 32 3500 (GHz) [10]
Ca0.9Ba0.1(Zn1/3Nb2/3)O3 1200 ◦C/3 h 36 16,170 

(GHz)
[14]

La0.1Ba0.9(Zn1/3Nb2/3)O3 1350 ◦C/4 h 35 0.005 (1 
MHz)

[15]

BN02 1100 ◦C/4 h 56 0.0096 (1 
MHz)

Current 
Work

BN04 950 ◦C/4 h 92 0.066 (1 
MHz)

Current 
Work
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compositions exhibit modest bulk conduction at elevated temperatures 
(>500 ◦C) with an associated activation energy in the range of ~1.0–2.0 
eV, showing these materials to have good insulation resistance proper
ties at lower temperatures. These findings indicate that further optimi
sation of NBBZN perovskites to reduce the dielectric loss of ceramics 
sintered below 1000 ◦C could yield dielectrics suitable for integration 
with Ag or Au electrodes through LTCC processing.
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