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Abstract: Nb5+ and Ga3+ co-doped Ti0.9Zr0.1O2 ceramics were synthesized using the conventional 

solid-state reaction method. Single rutile-liked phase of octahedron structure were identified for all 

compositions in (Nb0.5Ga0.5)x(Ti0.9Zr0.1)1-xO2 (NGT) with x = 0.01 to 0.10 by X-ray diffraction patterns 

coupled with Rietvele refinement. Microstructural scanning image, together with energy dispersive x-

ray spectroscopy (EDX), revealed good chemical homogeneity in NGT samples. A giant dielectric 

permittivity of 5×104 and a low loss of 0.02 were obtained in NGT with x=0.01 due to the contribution 

of electron-pinned and defect-dipole effect. Furthermore, a temperature (-20~120 oC), frequency 

(0.1~104 Hz) and bias electric field (100~200 V/mm) independent dielectric permittivity and loss are 

found in this composition, which is critical for potential applications of supercapacitors. 
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1 Introduction 

Over the past few years, a giant permittivity (İƍ >104) were reported TiO2-based ceramics, which 

have drawn considerable attention for electronic and electrical energy storage devices.[1-3] For example, 

Nb-doped TiO2 was reported to exhibit giant dielectric permittivity due to the reduction of Ti4+ to Ti3+.[4] 

For Nb+In co-doped TiO2, excellent dielectric properties with desirable temperature stability was 

obtained by means of local oxygen-vacancy trap of the delocalized activation electrons [10-14] Rare 

earth (RE) elements are also commonly found to optimize dielectric properties, such as Li-doped 

NiO,[6] La-doped Sr1/8NiO4,[7] etc. [4,8-9]  

Recently, increasing number of RE doped TiO2 has been reported to exhibit giant dielectric 

permittivity and low loss. In these elements, a combination of A3+ andB5+ is commonly reported, where 

A is an acceptor dopant, including In, Ga, Yb, La, Sc, Al, Bi, Er, Sm, Y, etc., and B is a donor dopant, 

such as Nb, Sb, Ta, and etc. [6,9,13,15-19] It is proposed that giant dielectric permittivity response of these 

materials is attributed by the generation of the electron-pinned defect-dipole (EPDD). Nevertheless, 

many controversial statements believed the classical Maxwell induces giant dielectric permittivity–

Wagner polarization, including the traditional electrode effects,[14] internal barrier layer capacitor 

(IBLC) effects, surface barrier layer effects,[20] hopping ions conductivity,[21] and special polaronic 

relaxation or microscopic inhomogeneities.[12-13] 

To understand the origin of giant dielectric permittivity in depth, it was found that EPDD 

mechanism applied at low temperature while Maxwell-Wagner polarization mechanism is more 

suitable to hot circumstance. Therefore, to obtain excellent TiO2-based ceramics with temperature-

independent giant dielectric permittivity, an effective way is controlling EPDD’s effects while 

depressing the Maxwell–Wagner interfacial polarization. Actually, many researchers have introduced 

using La, Zr, etc.[22-24] to form a second phase to modify the dielectric response of CaCu3Ti4O12 (CCTO) 

series materials.[25-26] to reduce the effect of Maxwell–Wagner polarization on the giant dielectric 



permittivity materials. The grain size reduced and resistance of grain boundary enhanced for La, Zr 

co-doped CCTO, leading to a stable dielectric permittivity on a high DC bias.[14,21,27–30]. More 

importantly, it has confirmed that secondary phases of La, Zr, etc. can be diffused into rutile TiO2 

ceramics due to the generation of noncovalent substitution.[31-33] Similar studied was reported for Nb,Ta 

co-doped TiO2. 

Therefore, a series of (Nb0.5Ga0.5)x(Ti0.9Zr0.1)1-xO2 (NGT) ceramics with x=0.00-0.10 were 

synthesized using traditional solid-state method to examine different dopants on dielectric properties. 

Ga3+ and Nb5+ were added into TiO2 to facilitate the formation of the oxygen-vacancy trap. The crystal 

structure of NGT ceramics were examined under x-ray diffraction (XRD). The dielectric properties, 

including dielectric permittivity, loss, temperature stabilities, frequency stabilities, and DC bias 

stability depending was investigated. As a result, the giant dielectric permittivity and depressed 

dielectric loss were obtained from Ga/Nb co-doped TiO2 materials due to combined effect of oxygen-

vacancy trap and EPDD. 

2 Experimental section 

2.1 Preparation of NGT ceramics 

 (Nb0.5Ga0.5)x(Ti0.9Zr0.1)1-xO2 ceramics with x=0.00-0.10 were prepared by traditional solid-state 

reaction method with ZrO2 (99.99%), rutile TiO2 (99.98%), Nb2O5 (99.98%) and Ga2O3 (99.5%) 

powder as raw material. The samples were sintered from 1350 to 1450 oC with variation dwelling time 

in the air to obtain highly density. The compositions with x=0, 0.01, 0.03, 0.05, 0.07, 0.09, and 0.10 

were marked as NGT, NGT-1, NGT-3, NGT-5, NGT-7, NGT-9, and NGT-10, respectively.  

2.2 Characterization 

The crystal structure of NGT ceramics was examined by XRD (D/MAX 2400, Japanese) at a scan 

step of 0.05o. The microstructural morphology of the ceramics was prepared by grinding, polishing 



and thermal etching, followed by examination under SEM (Quanta F250, Germany) with energy 

dispersive x-ray spectroscopy (EDX) detector. The valent state of NGT ceramics were investigated 

using X-ray photoelectron spectroscopy (XPS, AXIS ultra DLD, England). Specimens for dielectric 

measurement were painted silver paste first as electrode, followed by a firing procedure at 500 oC for 

0.5 h. The temperature-dependent and frequency-dependent dielectric properties were measured in the 

frequency range of 0.1~1 MHz and temperature range of -20~120 oC, respectively, using a broadband 

dielectric spectrometer (Novocontrol alpha-A, German). 

3 Results and Discussion 

3.1 The phase microstructure  

The XRD patterns of NGT ceramics with x=0.00-0.10 are given in Fig.1 (a), exhibiting a single 

rutile phase for all ceramics (PDF: 04-005-4859).[1,15,36] The intensity of (211) diffraction peak of NGT 

ceramics increases with the increase of Nb, Ga content, suggesting that the doping of Nb, Ga may 

minimize the grain size of ceramics[8] and improve the pinning effects from Nb and Ga atoms. 

 

Fig.1. (a) XRD patterns for different NGT ceramics, (b) Rietveld refinement of XRD patterns for NGT-5 based on 

the tetragonal rutile crystal structure using P42/mmm . The schematic crystal structure of NGT-5 is given in the inset 

of Fig.1 (b). 



Full pattern Rietveld refinement was performed for Nb, Ga co-doped Ti0.9Zr0.1O2 ceramics, as 

illustrated in Fig. 1b, with the best fitting factors of Rp=8.3%, Rwp=9.1% and Ȥ2=1.8 being obtained 

using P42/mmm. For tetragonal rutile phase, the center site is occupied by a Ti4+ or Zr4+ ion with radius 

of 0.745 Å or 0.86 Å, respectively, which is connected with six close O2- ions (radius 1.28 Å), forming 

[TiO6] octahedron (Fig.1b). It is worthy noted that Ga3+ and Nb5+ ions could substitute the place of 

Ti4+ to form [GaO6 and NbO6] octahedron, where their radius is 0.62 Å (Ga3+) and 0.78 (Nb5+) 0.78 Å, 

respectively. Therefore, all samples are obtained as single rutile phase structure, indicating that the 

dielectric response is not manipulated by the crystal structure.[24,37]

3.2 Microstructural morphology  

The microstructure morphology of NGT ceramics were shown in Fig.2 (a-f). The cross-

section images of all ceramics appear to be dense, yielding a density of approximately 4.3 g 

cm-3. The grain size of NGT ceramics reduces significantly from 100 to 40 ȝm as increasing x 

concentration from 0.01 to 0.1 due to pinning effect. The EDX element mapping of NGT-10 is 

illustrated in Fig.3, indicating homogeneous distribution of O, Zr, Nb, Ti and Ga elements.   

Fig.2. SEM images of (Ga0.5Nb0.5)x(Ti0.9Zr0.1)1−xO2 ceramics with (a)x=0.01, (b)x=0.03, (c)x=0.05, 

(d)x=0.07, (e)x=0.09 and (f)x=0.10.  



 

Fig.3. (a) SEM and (b-f) surface EDX element mapping and (h) EDS of (Ga0.5Nb0.5)x(Ti0.9Zr0.1)1−xO2 ceramics with 

x=0.10.

3.3 Valence state analysis 

The valence state of elements has a significant influence on the TiO2-based dielectric 

materials. Therefore, XPS spectra were performed on NGT-5 to illustrate the valence state of 

Zr, Nb, O, and Ti ions, as shown in Fig.4. The XPS fitting was performed on Casa. As 

illustrated in Fig. 4(a), the binding energies of Zr4+ 3d5/2 electronic orbit and 3d3/2 electronic 

orbit are 181.87 and 184.27 eV, respectively, which refers to quadrivalent Zr ions.[16] Four Ti 

binding energy peaks of 464.27, 461.47, 458.67, and 456.97 eV, are considered to be Ti4+ 2p1/2, 

Ti3+ 2p1/2, Ti3+2p3/2, and Ti4+ 2p3/2 electronic orbits, respectively, as shown in Fig. 4(b). The 

binding energy of 3d5/2-3d3/2 of Nb5+ ions is expected to be 207.67-210.67 eV, as shown in Fig. 

4(c). Meanwhile, there is no extra Nb 3d from XPS results, indicating pentavalent Nb ions in 

NGT-5.[27] Besides, as shown in Fig.4 (d), a low binding energy peak of 530.07 eV (shorthand 

for OL) and a high one of 531.27 eV (shorthand for OH) are obtained, which are induced by the 

negative bivalent oxygen atoms into the Ti-O bond and oxygen vacancy ܸ݋ሷ , respectively. To 



balance the charges of the oxygen vacancy ܸ݋ሷ , Ti4+ ions intend to reduce to Ti3+ in NGT, as 

shown in Fig.4 (b). The introduction of oxygen vacancies and the reduction of Ti ions are 

illustrated in equation 1. The introduction of oxygen vacancies trapped with the corresponding 

complex defect dipoles may affect the dielectric performance of NGT materials.              

ʹTiܱଶ ՜ ʹܶ݅ᇱ ൅ ሷ݋ܸ ൅ ͵ ௢ܱ ൅ ͳȀʹܱଶ ՛                    (1) 

 

Fig. 4. The XPS results for co-doped NGT-5 ceramics. (a) Zr , (b) Ti, (c) Nb, and (d) O ions.

3.4 Dielectric characterization   

The dielectric properties of NGT ceramics were evaluated in a frequency range from 0.1 

to 1 kHz, as shown in Fig.5. The frequency-dependent dielectric characterization of NGT-1~10 

shows a good frequency stability at low frequency (<200 Hz), indicating that the giant dielectric 

permittivity of NGT could not be attributed to the interface polarization effect, such as surface 



layer effect and Maxwell-Wagner effect. The highest frequency-independent permittivity ~ 

7×104 is obtained for NGT-1 due to possible weakly-localized electrons in defect-dipole 

clusters of Nb and Ga. Based on the electron-pinned and defect-dipole theory proposed by the 

Hu et. al.,[4,34,39] oxygen vacancy is localized by designated lattice defect states to trap the 

weekly-localized electrons, leading to defect-dipole polarization. Another attracted point 

observed in NGT-5 is the lower dielectric loss ~ 0.02, exhibiting a frequency-independent 

character above 104 dielectric permittivity. It is worthy noted that the NGT-10 has a maximum 

dielectric loss, which may be associated with the little reduction of Ga2O3 oxides to Ga metal 

with significantly decreasing oxygen partial pressure under high temperature. The evaporation 

of Ga ions will enhance the conductivity of samples, leading to the increase of dielectric loss.     

 

Fig.5 Dielectric permittivity (a) and loss (b) spectrum for various NGT ceramics vs frequency range from 

0.1 to 1 kHz. 

The temperature- and frequency-dependent dielectric performance of NGT5 ceramics are 

illustrated in Fig.6. The dielectric permittivity is found to decrease with decreasing temperature 

and/or frequency in the whole temperature and frequency region. Furthermore, a sharp drop on 

the dielectric permittivity is observed at a frequency ~ 10 kHz for NGT5 ceramics. Meanwhile, 

the dielectric loss exhibits a decrease with increasing frequency, as shown in Fig.6 (b). The 

dielectric behaviour in NGT5 sample at low frequency above 80 oC is considered to be the 

typical characteristic of Maxwell-Wagner effect, as shown in Fig.6 (c). Additionally, the 



dielectric permittivity of NGT5 increases significantly with increases temperature in a 

frequency range of 0.01 to 100 kHz, further confirming the interface-polarization mechanism 

due to Nb and Ga co-doping. The temperature-dependent dielectric behaviour in a frequency 

range from 0.1 to 10MHz is displayed in Fig. 6(d). It is found that the temperature-independent 

dielectric permittivity of NGT5 decreases with increasing frequency. Compared to the 

dielectric loss at low frequencies of 0.1, 1, 10 and 100 Hz, the dielectric loss in high frequencies 

(1 k to 10 MHz) shows relative frequency stability because interface-polarization probably is 

no longer catching the step of the frequency of the polarizing electric field. 

Fig.6 3D view frequency-dependent (a) dielectric permittivity and (b)loss at selected temperature for NGT 

5; (c) Frequency-dependent permittivity and loss at selected temperatures for NGT5; (d) Temperature-

dependent permittivity and loss at selected frequencies for NGT5. 

The frequency-dependent (from 1 to 10 kHz) dielectric properties for NGT5 under various 

DC bias electric fields are shown in Fig.7.The dielectric permittivity of NGT5 exhibits no 

obvious change under various bias electric fields from 100 to 200V/mm. However, the 

dielectric loss of NGT5 changes slightly under various bias electric fields. As reported in the 



literatures, [12-14, 20-21] the polarization at ultra-low frequency range (<10 Hz) is mainly 

dominated by Maxwell-Wagner polarization between samples and electrodes, i.e., the surface 

barrier layer capacitor effects.[21,40] The existence of interface-polarization in the NGT5 is 

confirmed in Figs. 5 and 6. Therefore, the various of dielectric loss in the ultra-low frequency 

region is anticipated to be the traditional Maxwell-Wagner effects. During the application of 

the external electric field to the samples, the weekly-delocalized electrons are forced or trapped 

to the oxygen vacancy so that the dielectric loss declines. 

 

Fig.7. The frequency-dependent dielectric permittivity and loss for NGT-5 under different bias electric fields. 

4 Conclusion 

In this study, (Nb0.5Ga0.5)x(Ti0.9Zr0.1)1-xO2 (NGT, x=0.01~0.10) ceramics were synthesized 

using a conventional solid-state method. XRD patterns, coupled with Rietveld refinement, 

prove that all the NGT ceramics possess a rutile-liked octahedron crystal structure. SEM 

images, together with EDX element mapping, show that all elements are distributed uniformly 

in NGT ceramics. Moreover, the grain size of NGT ceramics decreases with increasing Nb and 



Ga concentration. A giant dielectric permittivity of 7×104 with low loss ~0.02 is found in 

NGT10 ceramics. The weekly electrons can be localized by the trapping defects in designated 

lattice states, leading to generate defect-dipoles and excellent dielectric properties. In addition, 

the dielectric permittivity and loss of these ceramics are almost temperature, frequency and 

bias electric fields independent, which is critical for supercapacitors in electronics.   
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