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1 Introduction 
 

Multilayer ceramic capacitors (MLCCs) are indispensable passive 

components widely employed in modern electronic systems for 

power delivery, signal filtering, decoupling, energy storage, and 

electromagnetic noise suppression. Owing to their high volumetric 

efficiency, low equivalent series resistance (ESR), fast response 

characteristics, and excellent manufacturability, MLCCs have 

become the dominant capacitor technology in consumer 

electronics, industrial equipment, automotive electronics, 

communication infrastructure, and data-center systems. In recent 

years, the rapid expansion of artificial intelligence (AI) servers, 

high-performance computing (HPC) platforms, advanced 

automotive electronics, and high-frequency power conversion 

systems has significantly increased the demand for MLCCs 

exhibiting higher capacitance, improved temperature stability, and 

superior electrical reliability [1–3]. 

To satisfy the continuously increasing capacitance requirements of 

modern electronic devices, the dielectric layer thickness of 

MLCCs has been progressively reduced to the sub-micrometer 

range while the number of active layers has substantially increased. 

Although such structural miniaturization enables remarkable 

capacitance enhancement, it also results in significantly increased 

internal electric fields within the dielectric layers. Consequently, 

various reliability issues arise, including dielectric permittivity 

degradation, increased dielectric loss, capacitance instability, 
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insulation resistance deterioration, and reduced long-term 

reliability. These challenges have become increasingly critical in 

AI server power-delivery networks, GPU voltage-regulation 

modules, and automotive electronic systems, where capacitors are 

subjected to elevated temperatures, wide frequency ranges, and 

severe electrical loading conditions [4–7]. BaTiO₃-based ceramics 

have been extensively utilized as dielectric materials for MLCCs 

because of their high dielectric permittivity, excellent sinterability, 

and compatibility with multilayer fabrication processes. However, 

pure BaTiO₃ exhibits a relatively sharp ferroelectric–paraelectric 

phase transition near the Curie temperature, resulting in significant 

temperature-dependent dielectric variation. Such behavior often 

leads to undesirable capacitance fluctuations and limited 

temperature stability. Furthermore, dielectric properties of BaTiO₃ 

are strongly influenced by measurement frequency, electric field, 

and domain-wall dynamics, which can adversely affect capacitor 

performance under practical operating conditions. Therefore, 

improving dielectric stability while maintaining high permittivity 

remains a key challenge in the development of next-generation 

MLCC dielectric materials. Various compositional modification 

approaches have been proposed to address these limitations. 

Among them, BaZrO₃ addition has attracted considerable attention 

because Zr⁴⁺ ions can substitute for Ti⁴⁺ ions at the B-site of the 

perovskite lattice. Since the ionic radius of Zr⁴⁺ (0.72 Å) is larger 

than that of Ti⁴⁺ (0.605 Å), Zr incorporation induces lattice 

expansion, local structural distortion, compositional heterogeneity, 

and microstructural disorder [8–14]. These structural 

modifications alter the ferroelectric behavior of BaTiO₃ and can 

broaden the dielectric transition, thereby improving dielectric 

stability over a wider temperature range. Previous studies have also 

reported that Zr substitution influences polarization dynamics, 

dielectric relaxation behavior, and temperature-dependent 

permittivity characteristics in BaTiO₃-based systems. In addition 

to dielectric stabilization, electrical reliability is another critical 

issue for base-metal-electrode (BME) MLCCs. Because Ni 

internal electrodes require reducing-atmosphere co-firing, oxygen 

vacancies and defect states are inevitably generated during 

sintering. These defects can act as charge-transport pathways, 

resulting in increased leakage current and reduced insulation 

resistance, particularly under elevated-temperature operating 

conditions. The suppression of defect-assisted conduction is 

therefore essential for ensuring long-term reliability of BME 

MLCCs. Zr incorporation has been reported to modify the local 

defect structure and reduce charge transport through the Ti–O 

network, potentially contributing to improved insulation resistance 

and enhanced reliability. Despite extensive investigations of 

BaTiO₃–BaZrO₃ systems, most previous studies have focused 

primarily on phase evolution, ferroelectric behavior, or dielectric 

permittivity in bulk ceramics. Relatively few studies have 

systematically examined the relationship between crystal structure 

evolution, dielectric temperature stability, frequency-dependent 

capacitance characteristics, dielectric loss, and insulation 

resistance in practical BME MLCC dielectric compositions [15]. 

Furthermore, the optimum BaZrO₃ concentration required to 

achieve a balance between dielectric performance and electrical 

reliability remains insufficiently understood. Therefore, the 

present study investigates the effects of BaZrO₃ addition (0–9 wt%) 

on the crystal structure, dielectric properties, temperature 

coefficient of capacitance (TCC), frequency stability, dielectric 

loss, and insulation resistance of BaTiO₃-based BME MLCC 

ceramics. Structural evolution was analyzed using X-ray 

diffraction (XRD) and Rietveld refinement, while dielectric and 

electrical characteristics were systematically evaluated over a wide 

temperature and frequency range. Particular emphasis was placed 

on correlating Zr-induced structural modifications with dielectric 

stability and electrical reliability in order to identify the optimum 

BaZrO₃ content for advanced BME MLCC applications. The 

results provide valuable design guidelines for developing high-

reliability dielectric materials suitable for AI servers, high-

frequency power electronics, advanced automotive electronics, 

and next-generation electronic systems. 

 

 

2 Experimental Methods 
 

2.1 Preparation of BaTiO₃–BaZrO₃-Based 

BME MLCC Ceramics 

BaTiO₃-based dielectric ceramics containing 0, 3, 6, and 9 wt% 

BaZrO₃ were prepared using a conventional solid-state reaction 

process. Commercial BaTiO₃, BaZrO₃, MgO, Y₂O₃, Mn₃O₄, and 

(Ba,Ca)SiO₃ powders were used as starting materials. After ball 

milling in ethanol for 24 h, the mixed powders were dried, sieved, 

and calcined. The calcined powders were mixed with organic 

additives to prepare ceramic slurries, which were cast into green 

sheets by a doctor-blade process. The sheets were laminated, 

pressed, and subjected to binder burnout. Co-firing was performed 

at 1,220–1,260°C for 2 h under a reducing atmosphere (PO₂ ≈ 1 × 

10⁻¹¹ Pa), followed by reoxidation at 900°C for 60 min (PO₂ = 1 × 

10⁻⁷ MPa). External Ag electrodes were subsequently formed by 

firing at 600°C. 
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2.2 Structural Characterization 

Crystal structures were analyzed by X-ray diffraction (XRD, Cu 

Kα radiation). Rietveld refinement was performed to determine 

lattice parameters, unit-cell volume, and crystallite size. 

Diffraction peak shifts and peak broadening were examined to 

evaluate structural changes induced by BaZrO₃ addition. 

 

2.3 Electrical Characterization 

Dielectric permittivity (εr) and dielectric loss (tanδ) were measured 

using an LCR meter at frequencies of 100 Hz, 1 kHz, 100 kHz, and 

1 MHz. Temperature-dependent dielectric behavior was evaluated 

to determine dielectric stability and maximum permittivity. 

The temperature coefficient of capacitance (TCC) was obtained 

from capacitance measurements as a function of temperature and 

frequency. Insulation resistance (IR) was measured under DC bias 

at 25°C, 85°C, and 125°C to evaluate electrical reliability. The 

relationships between structural evolution and electrical properties 

were analyzed using the XRD and electrical characterization 

results. 

 

 

3 Results and Discussion 
 

Figure 1 shows the XRD patterns of BaTiO₃-based BME MLCC 

ceramics containing various amounts of BaZrO₃, and the 

corresponding Rietveld refinement results are summarized in 

Table 1. All compositions exhibited a single-phase perovskite 

structure without detectable secondary phases, indicating 

successful incorporation of BaZrO₃ into the BaTiO₃ lattice. With 

increasing BaZrO₃ content, the diffraction peaks gradually shifted 

toward lower diffraction angles. This behavior is attributed to the 

substitution of larger Zr⁴⁺ ions for Ti⁴⁺ ions at the B-site of the 

perovskite lattice. Consistent with this observation, the unit-cell 

volume increased from 64.61 Å³ to 66.05 Å³, while the lattice 

parameter c increased from 4.023 Å to 4.074 Å, confirming lattice 

expansion induced by Zr incorporation. 

Diffraction peak broadening became more pronounced with 

increasing BaZrO₃ content, indicating the development of local 

lattice distortion induced by Zr substitution. Although the c/a ratio 

increased from 1.0041 to 1.0117, suggesting retention of tetragonal 

distortion, the simultaneous increase in peak broadening and LVol-

FWHM indicates the coexistence of local structural disorder within 

the tetragonal framework. Therefore, the structural evolution 

 

Fig. 1. XRD patterns of BaTiO₃-based BME MLCC ceramics containing 0–9 wt% BaZrO₃ 
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observed in the present study is more appropriately described as 

local lattice distortion rather than complete pseudo-cubic 

transformation or simple compositional complexity. 

The crystallite size exhibited a non-monotonic variation with 

increasing BaZrO₃ content, increasing from 73.0 nm for the 

undoped composition to 141.4 nm at 3 wt% BaZrO₃, followed by 

a gradual decrease to 44.6 nm at 9 wt% BaZrO₃. This behavior 

suggests the presence of two competing effects associated with Zr 

incorporation. At relatively low BaZrO₃ contents, limited Zr 

substitution may facilitate crystallite growth during sintering, 

resulting in an increase in crystallite size. However, further 

increases in BaZrO₃ content appear to enhance lattice strain and 

diffraction peak broadening, which can suppress crystallite growth 

and reduce coherent diffraction domain size. This interpretation is 

supported by the significant increase in LVol-FWHM observed for 

the 6 wt% specimen. Therefore, the observed non-monotonic 

behavior is considered to result from the competition between 

crystallite-growth promotion at low BaZrO₃ contents and 

crystallite-growth suppression caused by increased lattice strain at 

higher BaZrO₃ concentrations. In addition, the c/a ratio increased 

from 1.0041 to 1.0117 with increasing BaZrO₃ content, indicating 

progressive modification of the crystal structure [16–20]. The 

XRD and Rietveld refinement results demonstrate that BaZrO₃ 

addition effectively modifies the BaTiO₃ lattice through lattice 

expansion, diffraction peak broadening, and changes in crystallite 

size. These structural changes are expected to influence the 

dielectric and electrical properties discussed in the following 

sections.  

Figure 2 shows the dielectric permittivity (εr) and dielectric loss 

(tanδ) of BaTiO₃-based BME MLCC ceramics as a function of 

BaZrO₃ content. The dielectric permittivity increased with BaZrO₃ 

addition, reached a maximum value of approximately 2,110 at 6 

wt%, and subsequently decreased to about 1,930 at 9 wt%. In 

contrast, dielectric loss decreased continuously with increasing 

BaZrO₃ content. The enhancement of dielectric permittivity up to 

6 wt% BaZrO₃ is closely related to the structural modifications 

identified by XRD analysis. As shown in Fig. 1 and Table 1, Zr 

substitution resulted in lattice expansion and increased structural 

heterogeneity, which contributed to the improvement of dielectric 

performance. The 6 wt% composition exhibited the highest 

dielectric permittivity together with the largest LVol-FWHM value, 

indicating that an appropriate degree of structural modification is 

beneficial for dielectric response. However, further increasing the 

BaZrO₃ content to 9 wt% resulted in a reduction in dielectric 

permittivity despite the continued increase in unit-cell volume. 

This suggests that excessive structural modification is not 

favorable for maximizing dielectric performance and that an 

optimum BaZrO₃ concentration exists. The dielectric loss 

remained approximately 0.9% for the undoped and 3 wt% 

compositions but decreased significantly at higher BaZrO₃ 

contents, reaching approximately 0.3% at 9 wt%. The 

simultaneous increase in dielectric permittivity and decrease in 

dielectric loss observed at 6 wt% BaZrO₃ indicate an excellent 

balance between dielectric performance and electrical stability. 

BaZrO₃ addition effectively improved the dielectric characteristics 

Table 1. Structural parameters obtained from Rietveld refinement of BaTiO₃-based BME MLCC ceramics with different BaZrO₃ contents 

BaZrO₃ content  

(wt%) 

Cell volume  

(Å³) 

Density 

(g/cm³) 
a (Å) c (Å) 

c/a  

Ratio 

Crystallite size 

(nm) 

LVol-IB 

(nm) 

LVol-FWHM 

(nm) 

0 64.61 5.993 4.007 4.023 1.0041 73.0 27.4 36.57 

3 64.67 5.987 4.000 4.041 1.0104 141.4 27.1 32.25 

6 65.01 5.956 4.007 4.049 1.0106 90.4 44.6 65.57 

9 66.05 5.862 4.026 4.073 1.0117 44.6 28.3 39.69 

Fig. 2. Variation of dielectric permittivity (εr) and dielectric loss 

(tanδ) as a function of BaZrO₃ content 
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of BaTiO₃-based BME MLCC ceramics. Among the investigated 

compositions, the specimen containing 6 wt% BaZrO₃ exhibited 

the most favorable combination of high dielectric permittivity and 

low dielectric loss, making it a promising candidate for high-

capacitance and high-reliability MLCC applications. 

Figure 3 shows the temperature dependence of the capacitance 

change ratio for BaTiO₃-based BME MLCC ceramics containing 

various amounts of BaZrO₃ measured at 1 kHz. Significant 

improvements in capacitance stability were observed with 

increasing BaZrO₃ content. The undoped composition exhibited a 

pronounced capacitance variation near 120–130°C, corresponding 

to the dielectric transition region of BaTiO₃. In contrast, the 

specimen containing 3 wt% BaZrO₃ showed a broader and more 

gradual capacitance response, indicating reduced temperature 

sensitivity. More substantial improvements were observed for the 

6 wt% and 9 wt% compositions. The capacitance change ratio 

became considerably flatter over the investigated temperature 

range, and the sharp capacitance variation observed in the undoped 

composition was largely suppressed. These results demonstrate 

that BaZrO₃ addition effectively enhances capacitance stability 

under varying temperature conditions. The improved TCC 

behavior is consistent with the structural modifications identified 

by XRD analysis. 

Increasing BaZrO₃ content resulted in lattice expansion and 

enhanced diffraction peak broadening, which broadened the 

dielectric transition and reduced abrupt capacitance variation near 

the dielectric transition region [21,22]. The broadened dielectric 

response indicates a more diffuse dielectric transition, leading to 

improved capacitance stability over a wide temperature range. 

Among the investigated compositions, the specimen containing 6 

wt% BaZrO₃ exhibited the most favorable combination of high 

dielectric permittivity, low dielectric loss, improved temperature 

stability, and high insulation resistance. Although the 9 wt% 

composition showed comparable temperature stability, its 

dielectric permittivity was lower than that of the 6 wt% 

composition. BaZrO₃ addition effectively improved the 

temperature stability of BaTiO₃-based BME MLCC ceramics, with 

the 6 wt% composition providing the optimum balance between 

dielectric performance and capacitance stability. 

Figure 4 shows the temperature dependence of the capacitance 

change ratio measured at different frequencies for BaTiO₃-based 

BME MLCC ceramics containing various amounts of BaZrO₃. The 

frequency dependence of capacitance behavior changed 

significantly with increasing BaZrO₃ content. The undoped 

composition [Fig. 4(a)] exhibited considerable variation in 

capacitance response with frequency, particularly near the 

dielectric transition region, indicating strong frequency-dependent 

dielectric behavior. A similar tendency was observed for the 3 wt% 

BaZrO₃ specimen [Fig. 4(b)], although the frequency dispersion 

became less pronounced than that of the undoped composition. 

More substantial improvements were observed for the 6 wt% and 

9 wt% compositions [Fig. 4(c) and (d)]. The capacitance change 

ratio exhibited only minor variation with frequency, and the 

capacitance curves measured at different frequencies became 

increasingly similar, indicating enhanced frequency stability. The 

improved frequency stability is consistent with the structural 

modifications identified by XRD analysis. Increasing BaZrO₃ 

content resulted in lattice expansion and increased structural 

heterogeneity, which broadened the dielectric response and 

reduced the sensitivity of capacitance to frequency variation. 

Among the investigated compositions, the specimen containing 6 

wt% BaZrO₃ exhibited the most favorable frequency stability 

while maintaining the highest dielectric permittivity and low 

dielectric loss. Although the 9 wt% composition showed 

comparable frequency stability, its dielectric permittivity was 

lower than that of the 6 wt% composition. The reduction in 

frequency-dependent capacitance variation is particularly 

beneficial for MLCC applications operating under wide frequency 

ranges and rapidly changing load conditions. Therefore, the 

improved frequency stability achieved through BaZrO₃ addition is 

advantageous for high-reliability MLCC applications. 

Figure 5 shows the temperature dependence of dielectric 

permittivity measured at various frequencies for BaTiO₃-based 

BME MLCC ceramics containing different amounts of BaZrO₃. 

The dielectric response changed significantly with increasing  

Fig. 3. Capacitance change ratio as a function of temperature for 

BaTiO₃-based BME MLCC ceramics with different BaZrO₃ 

contents measured at 1 kHz 
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BaZrO₃ content, indicating that Zr substitution strongly influences 

both temperature stability and frequency dependence. The 

undoped composition [Fig. 5(a)] exhibited a pronounced dielectric 

maximum near 120–130°C together with significant frequency 

dispersion. The dielectric permittivity decreased noticeably with 

increasing frequency, reflecting the strong contribution of 

ferroelectric domain-wall motion and polarization switching to the 

dielectric response. For the specimen containing 3 wt% BaZrO₃ 

[Fig. 5(b)], the dielectric peak became broader and the frequency 

dependence was reduced, suggesting partial suppression of long-

range ferroelectric ordering. A more substantial improvement was 

observed for the specimen containing 6 wt% BaZrO₃ [Fig. 5(c)]. 

The dielectric permittivity remained relatively stable over a broad 

temperature range, and the dielectric curves measured at different 

frequencies became considerably closer. In addition, a high 

dielectric constant of approximately 2,000 was maintained 

throughout most of the investigated temperature range. For the 9 

wt% composition [Fig. 5(d)], frequency dispersion was further 

suppressed, although the overall dielectric permittivity decreased 

compared with the 6 wt% specimen. The dielectric behavior 

presented in Fig. 5 is closely related to the structural evolution 

revealed by the XRD and Rietveld refinement analyses. Increasing 

BaZrO₃ content resulted in lattice expansion and enhanced 

diffraction peak broadening. These structural changes broadened 

the dielectric transition and reduced the sensitivity of dielectric 

permittivity to temperature and frequency variations. The 

reduction in frequency dispersion is also consistent with the 

improved capacitance stability observed in Figs. 3 and 4. The 

broadening of the dielectric peak and suppression of frequency 

dependence suggest the development of a diffuse dielectric 

response induced by Zr substitution. Similar behavior has been 

reported in Ba(Zr,Ti)O₃-based systems, where Zr incorporation 

broadens the dielectric transition and improves dielectric stability 

over a wide temperature range. This behavior is consistent with the 

 

Fig. 4. Temperature dependence of capacitance change ratio measured at different frequencies for BaTiO₃-based BME MLCC ceramics 

containing (a) 0 wt%, (b) 3 wt%, (c) 6 wt%, and (d) 9 wt% BaZrO₃ 
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increase in unit-cell volume and diffraction peak broadening 

observed in the present study. Among the investigated 

compositions, the specimen containing 6 wt% BaZrO₃ exhibited 

the most favorable balance between high dielectric permittivity 

and dielectric stability. BaZrO₃ addition effectively broadened the 

dielectric response, suppressed frequency-dependent dielectric 

variation, and improved temperature stability in BaTiO₃-based 

BME MLCC ceramics. The 6 wt% composition exhibited the 

optimum combination of high dielectric permittivity, low dielectric 

loss, reduced frequency dispersion, and excellent dielectric 

stability, making it a promising candidate for high-reliability 

MLCC applications. 

Figure 6 shows the insulation resistance (IR) of BaTiO₃-based 

BME MLCC ceramics as a function of BaZrO₃ content measured 

at 25°C, 85°C, and 125°C. For all compositions, IR decreased with 

increasing temperature because of thermally activated charge 

transport. However, a significant increase in IR was observed with 

increasing BaZrO₃ content over the entire temperature range. At 

25°C, the undoped composition exhibited an IR of approximately 

1 × 10¹⁰ Ω, whereas the specimen containing 6 wt% BaZrO₃ 

reached approximately 4 × 1011 Ω. Similar improvements were 

observed at 85°C and 125°C, indicating enhanced electrical 

reliability at elevated temperatures. The improvement in insulation 

resistance is closely related to the structural modifications induced 

by Zr incorporation. As shown in Fig. 1 and Table 1, BaZrO₃ 

addition resulted in lattice expansion and increased structural 

heterogeneity. These changes are expected to influence defect-

related charge transport and suppress leakage conduction in BME 

MLCC ceramics [23–26]. Among the investigated compositions, 

the specimen containing 6 wt% BaZrO₃ exhibited the highest 

insulation resistance together with excellent dielectric performance. 

Although the 9 wt% composition also maintained high IR values, 

its dielectric permittivity was lower than that of the 6 wt% 

composition. BaZrO₃ addition effectively enhanced the insulation 

 

Fig. 5. Temperature dependence of dielectric permittivity measured at different frequencies for BaTiO₃-based BME MLCC ceramics containing 

(a) 0 wt%, (b) 3 wt%, (c) 6 wt%, and (d) 9 wt% BaZrO₃ 
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resistance and high-temperature reliability of BaTiO₃-based BME 

MLCC ceramics. The improvement in insulation resistance is 

attributed not only to local lattice distortion but also to the 

suppression of oxygen-vacancy-assisted charge transport. Partial 

substitution of Ti⁴⁺ by chemically stable Zr⁴⁺ ions disrupts electron 

hopping pathways within the Ti–O–Ti network, thereby reducing 

leakage conduction and enhancing insulation resistance, 

particularly at elevated temperatures. 

 

 

4 Conclusions 
 

BaTiO₃-based BME MLCC ceramics containing 0–9 wt% BaZrO₃ 

were investigated to clarify the effects of Zr substitution on crystal 

structure, dielectric properties, capacitance stability, and insulation 

resistance. XRD and Rietveld refinement analyses confirmed that 

all compositions maintained a single-phase perovskite structure. 

Increasing BaZrO₃ content resulted in systematic lattice expansion 

and local lattice distortion, indicating successful incorporation of 

Zr⁴⁺ ions into the BaTiO₃ lattice. BaZrO₃ addition significantly 

influenced the dielectric and electrical properties of the ceramics. 

Dielectric permittivity increased initially and then decreased at 

higher BaZrO₃ contents, while dielectric loss continuously 

decreased. In addition, the dielectric response became 

progressively broader, leading to improved temperature stability 

and reduced frequency-dependent dielectric variation. Insulation 

resistance was also markedly enhanced, particularly at elevated 

temperatures, demonstrating improved electrical reliability. The 

observed improvements are attributed to Zr-induced local lattice 

distortion, which broadened the dielectric transition behavior and 

stabilized the dielectric response over a wide temperature and 

frequency range. The coexistence of tetragonal distortion and local 

structural disorder contributed to enhanced capacitance stability 

and insulation resistance. The strong correlation between structural 

evolution and dielectric behavior confirms that controlled Zr 

incorporation is an effective approach for optimizing BaTiO₃-

based dielectric materials. Among the investigated compositions, 

6 wt% BaZrO₃ provided the optimum balance between dielectric 

performance and electrical reliability. These results demonstrate 

that BaZrO₃-modified BaTiO₃ ceramics are promising candidates 

for next-generation high-reliability MLCC applications requiring 

stable dielectric performance and long-term operational reliability. 
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