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 We investigated the microstructures and electrical properties of Nd(Zn0.5Ti0.5)O3 thin films 
fabricated using the sol–gel method at various preheating temperatures and annealing 
temperatures. The composites and their morphological characteristics were analyzed using 
X-ray diffraction (XRD) and scanning electron microscopy (SEM) and were found to be 
sensitive to both the preheating temperature (100–300 ℃) and annealing temperature 
(600–800 ℃). The diffraction pattern indicated that the deposited films exhibit a polycrystalline 
microstructure. The dielectric constant and leakage current density of the Nd(Zn0.5Ti0.5)O3 thin 
films at a preheating temperature of 300 ℃ and an annealing temperature of 700 oC were 16 and 
2.13 × 10−8, respectively. The experimental data for Nd(Zn0.5Ti0.5)O3 thin films can be applied to 
wireless communication microwave components, such as temperature-sensing antennas.

1. Introduction

 The application of dielectric ceramics in wireless communication microwave components, 
including resonators, filters, dielectric resonator oscillators, and antennas, has garnered 
attention.(1–4) A dielectric ceramic often used in communication components is a perovskite 
ceramic system with a chemical formula of ABO3. A common perovskite ceramic is CaTiO3 
[dielectric constant = 160, quality factor (Q × f ) = 12000 GHz, and temperature coefficient of 
resonant frequency (τf) = +850 ppm/℃], but it has  low Q × f and large τf values; therefore, 
scholars have improved its composition.(5) Cubic complex perovskite ceramics such as 
A(B′1/2B″1/2)O3 and A(B′1/3B″2/3)O3, where the B-site position can be a single cation or several 
cations (Me2+, Me3+), have been developed. Common cubic complex perovskite ceramics are 
Ba(Mg1/3Ta2/3)O3, Ba(Mg1/3Nb2/3)O3, Nd(Zn1/2Ti1/2)O3, and Nd(Co1/2Ti1/2)O3, with dielectric 
constants of approximately 20–30 and Q × f > 50000 GHz.(6–10)

 Complex perovskite ceramics have been researched extensively because of their excellent 
microwave dielectric properties. Nd(Zn0.5Ti0.5)O3 ceramic has a dielectric constant (εr) of 31.6, a 
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Q × f of 170000 (GHz), and a τf of −42 ppm/℃. Nd(Zn0.5Ti0.5)O3 is a complex perovskite 
ceramic that is a suitable substrate for passive components used in microwave applications.(10) In 
this study, we determined the electrical, dielectric, and physical properties of Nd(Zn0.5Ti0.5)O3 
thin films fabricated using the sol–gel deposition method. The effects of the preheating 
temperature on the microstructural, electrical, and dielectric properties of Nd(Zn0.5Ti0.5)O3 were 
also investigated.

2. Experimental Procedure

 High-purity ZnO powder, Nd2O3 powder, and titanium isopropoxide (TiC12H28O4) were used 
in the sol–gel process with various preheating and annealing temperatures. First, ZnO powder 
was dissolved in acetic acid and water, which were then mixed to produce a solution. 
Simultaneously, Nd2O3 powder and titanium isopropoxide [TiC12H28O4] were dissolved in the 
solution. The mixed solution was stirred at a temperature of 80 ℃ for 24 h to produce the final 
precursor sol. This sol was placed on n-type Si substrates and spun at 3000 rpm for 10 s and at 
4000 rpm for 20 s to form the precursor thin films. The films were preheated at temperatures 
from 100 to 300 ℃ for 30 min. Finally, the films were annealed at annealing temperatures from 
600 to 800 ℃ for 60 min in an air furnace to induce their crystallization. The final thickness of 
the Nd(Zn0.5Ti0.5)O3 thin films was approximately 105–229 nm, as shown in Table 1. The film 
structure was analyzed using X-ray diffraction (XRD) and Cu Kα radiation. The morphology of 
the film surface was determined using scanning electron microscopy (SEM). The dielectric and 
electrical properties of the Nd(Zn0.5Ti0.5)O3 thin films were evaluated using capacitance–voltage 
(C–V ) and current–voltage (I–V ) measurements. Test samples with metal–insulator–
semiconductor (MIS) capacitor structures were prepared on Si substrates. The sample devices 
[Ag/Nd(Zn0.5Ti0.5)O3/Si/Ag] were fabricated using symmetrically deposited Ag electrodes 
(diameter = 1 mm) on both sides. All electrodes were prepared using ion sputtering. The C–V 
and I–V curves of the MIS capacitors were measured using an HP4284 LCR meter and an 
HP4155 semiconductor parameter analyzer, respectively. 

3. Results and Discussion 

 Figure 1 shows the XRD patterns of Nd(Zn0.5Ti0.5)O3 thin films deposited on n-type Si 
substrates at various preheating and annealing temperatures. According to the XRD analysis, 
the Nd(Zn0.5Ti0.5)O3 thin films had an amorphous structure at an annealing temperature of 

Table 1 
Thickness data of Nd(Zn0.5Ti0.5)O3 thin films for various preheating and annealing temperatures.

Thickness Annealing temperatures 
500 ℃ 600 ℃ 700 ℃

Preheating 
temperatures 

100 ℃ 105 nm 106 nm 128 nm
200 ℃ 208 nm 220 nm 211 nm
300 ℃ 205 nm 220 nm 229 nm
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600 ℃. As the treatment temperature increased, the prepared thin films entered a crystalline 
phase, and the two crystal phases of the deposited specimens were identified as Nd(Zn0.5Ti0.5)O3 
and Nd2TiO5. Additionally, the intensities of all peaks increased with the preheating and 
annealing temperatures.
 SEM micrographs of the deposited Nd(Zn0.5Ti0.5)O3 thin films are illustrated in Fig. 2. When 
the annealing temperature was 600 ℃, the grains were fine, which was consistent with the XRD 
results. Moreover, the films exhibited an amorphous structure at lower annealing temperatures. 
However, the grain size increased with the annealing temperature, and porous specimens were 
observed at an annealing temperature of 800 ℃. A higher annealing temperature may increase 
the kinetic energy of the atoms deposited on the film surface.(11) Additionally, at higher 
preheating and annealing temperatures, flaky and irregularly shaped grains coexisted, which 
corroborated the XRD results of the two crystal phases of Nd(Zn0.5Ti0.5)O3 and Nd2TiO5. These 
changes may directly affect the dielectric and electrical properties of the Nd(Zn0.5Ti0.5)O3 thin 
films.
 The C–V behavior of the Nd(Zn0.5Ti0.5)O3 thin films was evaluated to determine the 
Ag/Nd(Zn0.5Ti0.5)O3/Si/Ag (MIS) structure. Through the use of capacitance characteristics, the 
dielectric constant at 1 kHz of the Nd(Zn0.5Ti0.5)O3 thin films can be calculated from the 
capacitance values (Fig. 3). The dielectric constant is affected by the porosity, secondary phase, 
grain size, and crystallinity.(12) According to the XRD patterns, the intensities of the peaks of the 
two phases of Nd(Zn0.5Ti0.5)O3 and Nd2TiO5 increased with the preheating temperature, which 
indicates that the microstructure and phase of Nd2TiO5 affect the dielectric constant of 
Nd(Zn0.5Ti0.5)O3 thin films.(13) However, the relationship between the dielectric constant and the 

Fig. 1. (Color online) XRD patterns of Nd(Zn0.5Ti0.5)O3 thin films at various preheating and annealing 
temperatures.
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Fig. 3. Dielectric constants of Nd(Zn0.5Ti0.5)O3 thin films at various preheating and annealing temperatures.

Fig. 2. SEM micrographs of Nd(Zn0.5Ti0.5)O3 thin films at various preheating and annealing temperatures. (a) 
100–600 ℃; (b) 100–700 ℃; (c) 100–800 ℃; (d) 200–600 ℃; (e) 200–700 ℃; (f) 200–800 ℃; (g) 300–600 ℃; (h) 
300–700 ℃; and (i) 300–800 ℃.
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preheating temperature exhibited the same trend as that between the microstructure and the 
preheating temperature. Additionally, the dielectric constant at a preheating temperature of 
300 ℃ for the Nd(Zn0.5Ti0.5)O3 thin films depended on the annealing temperature; the dielectric 
constant ranged from 9.3 at 600 ℃ to 12.6 at 700 ℃.
 Figure 4 shows the I–V curves of Nd(Zn0.5Ti0.5)O3 thin films deposited on n-type Si 
substrates at various preheating and annealing temperatures; the curves represent the relationship 
between the leakage current density and the electrical field. The leakage current is affected by 
the crystallinity and surface morphology. The leakage current density decreased with increasing 
annealing temperature and reached its minimum at 700 ℃; thereafter, the value increased. 
Because the deposited atoms generate more kinetic energy at higher annealing temperatures, 
Nd(Zn0.5Ti0.5)O3 thin films with smaller surface roughness can be fabricated, resulting in a 
reduction in leakage current.(1) However, the higher surface kinetic energy produced at higher 
preheating temperatures may damage the microstructure, which is consistent with the results of 
XRD and the dielectric constant. Additionally, fewer crystal defects occur and the grain size 
increases with the preheating temperature.(14,15) A leakage current density of 2.13 × 10−8 A/cm2 
was observed near an electrical field of 10 kV/cm for a preheating temperature of 300 ℃, which 
is similar to the leakage current density of SiO2.

4. Conclusions

 The effects of the preheating and annealing temperatures of Nd(Zn0.5Ti0.5)O3 thin films on 
their microstructural, dielectric, and electrical properties were investigated. The intensities of 
the Nd(Zn0.5Ti0.5)O3 and Nd2TiO5 peaks increase with the preheating and annealing 

Fig. 4. (Color online) I–V curves of Ag/Nd(Zn0.5Ti0.5)O3/Si/Ag (MIS) structures at various preheating 
temperatures and annealing temperatures.
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temperatures. The Nd2TiO5 phase is observed in the Nd(Zn0.5Ti0.5)O3 thin films, whereas the 
dielectric constant is affected by the secondary phases. Moreover, grain growth increases with 
annealing temperature. However, the abnormal grain growth of the Nd(Zn0.5Ti0.5)O3 thin films 
occurs at an annealing temperature of 800 ℃. For a preheating temperature of 300 ℃ and an 
annealing temperature of 700 ℃, the films had a low leakage current density of 2.13 × 10−8 A/cm2 
and a dielectric constant of 16. The results of our study can contribute to applications employing 
wireless communication microwave components, such as temperature-sensing antennas.
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