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Abstract 

Al/Nb co–doped SrTiO3 microwave ceramics with the composition of 

SrTi1–x(Al0.5Nb0.5)xO3 (x = 0.03, 0.05, 0.1 and 0.15) have been synthesized via a 

standard solid–state reaction method. The substitution of (Al0.5Nb0.5)
4+ in B–site 

inhibits the reduction of Ti4+ ions and the growth of grain size, then the transport of 

mobile charge carriers is limited, and thus the Q value is improved. For the 

SrTi0.9(Al0.5Nb0.5)0.1O3 ceramics, in addition to their high dielectric constant (εr ~185), 

they exhibit correspondingly a high Qf value (~ 9077 GHz) at 2.9 GHz, making the 

microwave ceramics suitable for myriad device miniaturization and high performance 

wireless communication. 

 

KEYWORDS: dielectric materials/properties; electroceramics; microwaves 

 

1 INTRODUCTION 

In the past few decades, the proliferation of commercial wireless technologies 

has brought increasing demands on the performance of high–frequency equipments 

and applications applying in the microwave range.1–3 To further minimize the size of 

microwave devices, it is urgent to increase the dielectric constant (εr) and reduce the 

dielectric loss of microwave dielectric materials.4–5 Therefore, the dielectric materials 

with high εr and quality factors (Qf) have been given much attention. Recently, high 
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dielectric constant SrTiO3 ceramics have been explored,6–7 however, the relatively 

low Qf (~3000) severely limits their practical application. Related studies show that 

oxygen loss occurs in most titanate–based materials under high sintering temperature, 

resulting in partially reduction of Ti4+ to Ti3+ and increase of dielectric loss.8–10 Some 

researchers found that substitution of acceptor and donor ions combination at Ti–site 

can improve the microstructure and restrain the reduction of Ti4+ in titanate–based 

materials, and thus enhances the dielectric properties.11–12 

In this study, Al3+ as an acceptor and Nb5+ as a donor substituting for Ti4+ in B 

site were co-doped in SrTiO3 based ceramics to reduce the dielectric loss. The 

substitution of combinations of aliovalent cations (Al0.5Nb0.5)
4+ keeps the charge 

balance and structural stability. The influences of the isovalent substitution of 

(Al0.5Nb0.5)
4+ on microstructure and microwave dielectric properties of SrTiO3 are 

discussed, and the influence of grain boundaries on properties of materials are studied 

comparatively.  

 

2 EXPERIMENTAL PROCEDURE 

SrTi1–x(Al0.5Nb0.5)xO3 (x = 0.03, 0.05, 0.1 and 0.15) ceramics were prepared by a 

conventional solid state reaction method from high–purity powders of SrCO3 (99.9%), 

Al2O3(99.9%), Nb2O5 (99.99%) and TiO2 (99.9%).The starting powders were mixed 

and grounded with ZrO2 balls in ethanol for 6 h. Then, the powders were dried and 

calcined at 1150 °C for 4 h, and pressed into pellets. The pellets were sintered at 1350 
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°C for 4 h in air. After the sintering temperature has dropped to 800 °C at a rate of 1 

°C/min, the sintered pellets were furnace cooled to room temperature. 

The crystal structure was examined by Powder X–ray diffraction analysis 

(D/MAX–2500; Rigaku, Tokyo, Japan) using Cu–Kα radiation. The microstructure 

was observed by field emission scanning electron microscopy (FE–SEM, S–4800; 

Hitachi, Ltd., Tokyo, Japan). Microwave dielectric properties were carried out by a 

network analyzer (8720ES; Agilent, Santa Clara, CA) in the frequency range of 2–4.5 

GHz. The dielectric constant (εr) and quality factor (Qf) values were measured by 

Hakki–Coleman’s method using TE011 resonant modes,5 and the temperature 

coefficient of resonant frequency (τf) values were evaluated by the resonant–cavity 

method.13 The leakage current was analyzed by a high resistance meter 

(Agilent4339B, Santa Clara, CA) at room temperature. 

 

3 RESULTS AND DISCUSSION 

The XRD patterns of SrTi1–x(Al0.5Nb0.5)xO3 (0 ≤ x ≤ 0.15) ceramics are 

illustrated in Fig. 1(a). A perovskite structure is identified in all components. The 

diffraction peaks are indexed according to the standard pattern of SrTiO3 (JCPDS 

#86–0179). The tolerance factors (t) of SrTi1–x(Al0.5Nb0.5)xO3 ceramics are calculated 

by the following equation:14–15 

t = ௥ಲା௥ೀ√ଶ×൬ೝಳᇲశೝಳᇴమ ା௥ೀ൰                       (1) 
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where rA, rO, rB′, and rB″ are the crystal radius of the Sr3+, Ti4+, (Al0.5Nb0.5)
4+ and O2+ 

ions, respectively. With x value increases from 0 to 0.15, the tolerance factor of 

SrTiO3  slightly increases from 0.9987 to 1.008, which indicates a stable perovskite 

structure for all the compositions. According to previous studies by Glazer16 and 

Reaney17, the entire process has no octahedral tilting thus it has no influence on the 

change of crystalline phase. With the increase of doping content, the diffraction peaks 

displace to higher 2θ angles, which reflects that the reduction of unit cell volume due 

to the substitution of Ti4+ (0.605 Å) by (Al0.5Nb0.5)
4+ (0.586 Å) in B site. Fig. 1(b) 

indicates the (200) peak around the 2θ of 46.4°. The appearance of asymmetry and 

splitting in XRD patterns with doping content increases may be attributed to the 

pseudo cubic and/or tetragonal distortion.18 

The SEM images from the as–sintered surface of SrTi1–x(Al0.5Nb0.5)xO3 (0 ≤ x ≤ 

0.15) ceramics are shown in Fig. 2. Ceramics with dense microstructure are prepared 

in each component. As shown in Fig. 2 (a), the average grain size of pure SrTiO3 is 

extremely large (~50 μm). After addition of Al3+ and Nb5+, the average grain size 

decreases dramatically to ~7.29 μm for the SrTi0.05(Al0.5Nb0.5)0.95O3 (As shown in Fig. 

2 (b)). As some ions tend to segregate at the grain boundaries, the growth of grain is 

restrained.19 As a result, the grains tend to become small and uniform with the 

increment of doping content. As presented in Fig. 2 (c) and (d), the average grain size 

decreases to ~1.30 μm when x = 0.1 and becomes a little smaller at x = 0.15. It is 

worth noting that the morphology of grain is greatly changed when x ≥ 0.1, which 

may be due to the pseudo cubic and/or tetragonal distortion. The decrease of average 
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grain size would lead to an increase in the grain boundary number, resulting in the 

aggregation of defects and impurities.20 As the SEM images show, pores begin to 

appear when x = 0.15, which increases the porosity obviously. 

The dielectric constants of SrTi1–x(Al0.5Nb0.5)xO3 (0 ≤ x ≤ 0.15) ceramics are 

shown in Fig. 3. The dielectric constant decreases approximately linearly as x value 

increases from x = 0 to 0.15. The dielectric constant of the pure SrTiO3 ceramics is 

305, which is similar to those reported in the literature,21 and the dielectric constant 

drops to 146 when the x reaches 0.15. According to the Shannon additive rule,22 the 

theoretical dielectric polarizability (athe) can be calculated as follow: 

α୲୦ୣሾSrTiଵି୶ሺAl଴.ହNb଴.ହሻ୶Oଷሿ 
= αሺSrଶାሻ + ሺ1 − xሻαሺTiସାሻ + 0.5xαሺAlଷାሻ + 0.5xαሺNbହାሻ + 3ሺOଶିሻ     (2) 

where αi (i: Sr2+, Ti4+, Al3+, Nb5+, O2–) is the dielectric polarizability of corresponding 

ions. The calculated values are shown in Fig. 3. The dielectric constant would 

continually fall as the amount of dopant increases because of the smaller polarizability 

of (Al0.5Nb0.5)
4+ (2.38 Å3) than Ti4+ (2.93 Å3).23 

The Qf values of SrTi1–x(Al0.5Nb0.5)xO3 (0 ≤ x ≤ 0.15) ceramics are exhibited in 

Fig. 4(a). The Qf value increases from 3072 GHz to 9077 GHz when x increases from 

0 to 0.1, then falls to 7038 GHz when x = 0.15. For titanate dielectric materials, the 

reduction of Ti4+ is the main factor affecting the decrease of Qf value, the procedure is 

shown as follows:6 
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O୓× ↔ V୓∙∙ + 2eᇱ + ଵଶ Oଶ                   (3) 

Ti୘୧× + eᇱ ↔ Ti୘୧ᇱ                       (4) 

Isovalent Al/Nb co-substitution for Ti could suppress the process effectively. 

The Nb5+ ions enter B site of SrTiO3 as doping donors, and the donors are 

electronically compensated as the following reaction:24 

2SrO + NbଶOହ → 2Srୗ୰ + 2Nb୘୧· + 6O୓ + ଵଶ Oଶ + 2eᇱ        (5) 

While Al3+ ions are doped as acceptors and compensated by oxygen vacancies via: 

2SrO + AlଶOଷ → 2Srୗ୰ + 2Al୘୧ᇱ + 5O୓ + V୓∙∙             (6) 

According to Eq. (6) and Eq. (3), the generation of oxygen vacancies reduces the 

number of electrons effectively. Meanwhile, a small amount of donor doping in Eq. 

(5) would react with oxygen vacancies thus lessening the defects instead of reducing 

Ti4+ ions. In addition to the suppressing of Ti4+ reduction, the Qf values are also 

improved by the annealing process, presumably resulting in the re-oxidation 

behavior.25 The significantly decreased grain size makes re-oxidation even easier to 

penetrate the fine grains, and subsequently contribute to the reduced dielectric loss 

and improved Qf values. 

The influence of carriers on dielectric loss can be demonstrated by leakage 

current test. The leakage current of SrTi1–x(Al0.5Nb0.5)xO3 (0 ≤ x ≤ 0.15) ceramics is 

investigated towards electric fields at room temperature in Fig. 4 (b). The magnitude 

of leakage current shows a strong dopant relationship with specified range of electric 
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fields. When x = 0.03, the leakage current is larger than that of pure SrTiO3 because 

of the more carriers introduced by doping. Although Al3+ and Nb5+ ions achieve the 

charge balance of +4 at Ti–site, the segregation of Al3+ and Nb5+ causes local charge 

imbalance which generates excess oxygen vacancies or electrons, both of which 

become mobile charge carriers and thus increase the conductivity loss. The leakage 

current decreases significantly at 0.05 ≤ x ≤ 0.10. As shown in the SEM images, when 

x = 0.1, the grain size of the compound is nearly 6 times smaller than that of pure 

SrTiO3, which leads to a huge increase in grain boundary amount. The chemical 

potential of grain boundary deviates from the integral value due to the lack of 

periodicity, resulting in the depletion layer formation at both sides of the grain 

boundary.26–28 The depletion layer leads to the boundary bending of grain surface, and 

the potential barriers are formed on both sides of the grain boundary. The potential 

barriers would suppress carrier mobility thus reducing the conductivity loss.29–31 As a 

result, the decreased grain size would devote to the reduction in leakage current. 

There is no obvious change in leakage current when x = 0.1 because of the excessive 

carriers introduced by increasing doping content. The growth of Qf values when x 

value increases from 0.05 to 0.10 indicates that the grain boundary limited conduction 

mentioned above limits the conductivity loss effectively when the grains become 

smaller. The great increase of leakage current at x = 0.15 could be attributed to the 

emergence of pores which is shown clearly in the SEM images. The appearance of 

porosity would result in a significant increase in leakage current. Similar phenomena 

have also been observed in other studies.32–34 The Qf values decrease when x = 0.15 
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because of the markedly increased pores which resulting in simultaneous increase of 

defects and carriers. 

 

4 SUMMARY 

Al/Nb co–doped SrTiO3 microwave ceramics with the composition of 

SrTi1–x(Al0.5Nb0.5)xO3 (x = 0.03, 0.05, 0.1 and 0.15) have been synthesized via a 

standard solid–state reaction method. The X–ray diffraction shows that perovskite 

structure compounds are prepared for all the compositions. The substitution of 

(Al0.5Nb0.5)
4+ for Ti4+ induces a significant change in crystal structure and microscopic 

morphology, which brings a great influence on microwave dielectric properties. The 

isovalent doping introduces more mobile charge carriers and forms potential barriers 

on both sides of grain boundary. The potential barriers inhibit the transportation of 

carriers thus reducing the leakage current and resulting in the reduction of 

conductivity loss. The optimum microwave dielectric properties are εr ~185, Qf 

~9077 GHz at 2.9 GHz for the SrTi0.5(Al0.5Nb0.5)0.5O3 ceramics. 
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Figure captions 

Fig. 1. XRD patterns of SrTi1–x(Al0.5Nb0.5)xO3 (0 ≤ x ≤ 0.15) microwave ceramics. 

 

Fig. 2. FE–SEM image of SrTi1–x(Al0.5Nb0.5)xO3 (0 ≤ x ≤ 0.15) microwave ceramics 

(a, plan view x=0; b, plan view, x=0.05; c, plan view, x=0.1; d, plan view, x=0.15). 

 

Fig. 3. The dielectric constant and dielectric polarizability of SrTi1–x(Al0.5Nb0.5)xO3 (0 

≤ x ≤ 0.15) ceramics. 

 

Fig. 4. (a) Qf and τf values of SrTi1–x(Al0.5Nb0.5)xO3 (0 ≤ x ≤ 0.15) ceramics; 

(b)leakage current of SrTi1–x(Al0.5Nb0.5)xO3 (0 ≤ x ≤ 0.15) ceramics towards electric 

fields. 
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