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A B S T R A C T

A new ultralow-loss Sr2CeO4 microwave dielectric ceramic was prepared via a conventional solid-state method.
The X-ray diffraction and Rietveld refinement results demonstrate that pure-phase Sr2CeO4 ceramics belong to
the orthorhombic structure with a Pbam space group. Scanning electron microscopy analysis reveals dense and
homogeneous microstructure. Optimum microwave dielectric properties of εr = 14.8, Q× f =172,600 GHz
(9.4 GHz) and τf = -62 ppm/°C were obtained as it was sintered at 1270 °C for 4 h. In addition, the substitution of
a few amount of Ti4+ for Ce4+ was found to have significant influences on the grain morphology, sintering
behavior, phase structure and microwave dielectric properties. Among them, the Sr2Ce0.65Ti0.35O4 ceramic
sintered at 1350 °C for 4 h demonstrates near-zero τf of -1.8 ppm/°C, εr of 20.7 and Q×f of 115,550 GHz
(8.1 GHz) because of its two-phase structure, showing large application potentials.

1. Introduction

With the rapid development of the microwave communication
technology, dielectric ceramics have received wide attention as the A
new ultralow-loss Sr2CeO4 microwave dielectric ceramic was prepared
via a conventional solid-state method. The X-ray diffraction and
Rietveld refinement results demonstrate that pure-phase Sr2CeO4

ceramics belong to the orthorhombic structure with a Pbam space
group. Scanning electron microscopy analysis reveals dense and
homogeneous microstructure. Optimum microwave dielectric proper-
ties of εr = 14.8, Q× f =172,600 GHz (9.4 GHz) and τf = -62 ppm/°C
were obtained as it was sintered at 1270 °C for 4 h. In addition, the
substitution of a few amount of Ti4+ for Ce4+ was found to have sig-
nificant influences on the grain morphology, sintering behavior, phase
structure and microwave dielectric properties. Among them, the
Sr2Ce0.65Ti0.35O4 ceramic sintered at 1350 °C for 4 h demonstrates near-
zero τf of -1.8 ppm/°C, εr of 20.7 and Q×f of 115,550 GHz (8.1 GHz)
because of its two-phase structure, showing large application po-
tentialskey materials for microwave resonators, filters and other passive
devices [1,2]. Moreover, the recent progress in Internet of Things (IoT),
intelligent transport systems (ITS), the fifth generation mobile com-
munication systems (5 G), etc. has resulted in an increasing need for
designs of new microwave dielectric components and dielectric mate-
rials with suitable dielectric constant (εr), low dielectric loss (high
quality factor Q=1/tanδ) and near-zero temperature coefficient of

resonant frequency (τf) [3].
Up to now, a great number of low-loss dielectric materials have been

widely studied, such as Mg2SiO4, MgAl2O4, Ba(Mg1/3Ta2/3)O3, and Ba
(Zn1/3Ta2/3)O3, but their large negative τf have restricted their possible
applications in microwave devices. To tune τf to near zero, a couple of
studies have been focused on various processing methods such as the
substitution of B-site ions [4–6] or the adoption of some additives [7].
However, undesired secondary phases and inhomogeneous micro-
structure might lead to the deterioration in electrical performances
because of the chemical reaction of different compositions or phases
[8,9].

The orthorhombic Sr2CeO4 ceramic has been widely studied as ex-
cellent luminescent materials. The blue emitting phosphor was syn-
thesized for the first time using a combinatorial route by Danielson
et al. [10]. Sr2CeO4 phase seems to possess isomorphic structure of the
layered Ruddlesdon-Popper phase Sr2TiO4 [11], but belongs to the
Sr2PbO4-type structure [12,13].The Sr2PbO4-type structure consists of
unusual one-dimensional chains of edge-shared CeO6 octahedra along
[001], unlike the two-dimensional edge-shared octahedral TiO6 planes
in Sr2TiO4 (space group I4/mmm). As the radius of Ti4+ (0.605 Å) is far
less than Ce4+ (0.87 Å), the solid solubility of Ti4+ in B-site is limited.
Moreover, the microwave dielectric properties of Sr2TiO4 (εr = 42,
Q×f=145,200 GHz, τf =+130 ppm/°C) has been reported by Liu
et al. [14]. In this work, a pure-phase Sr2CeO4 ceramic was synthesized,
with a special focus on its microwave dielectric properties. In addition,
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a few amount of Ti4+ was used to further modify the phase structure
and microwave dielectric properties of Sr2CeO4 ceramics. The sintering
behavior, phase composition, microstructure and microwave dielectric
properties of Sr2Ce1-xTixO4 (0≤ x≤ 0.5) ceramics were studied in de-
tail as well.

2. Experimental

The Sr2Ce1-xTixO4 (0≤ x≤ 0.5) ceramics were synthesized by a
conventional solid-state reaction method using high-purity starting
powders of analytic-grade CeO2, SrCO3 and TiO2. Stoichiometric
amounts of raw powders were weighed according to the formula of
Sr2Ce1-xTixO4. The powder mixtures were first milled with ZrO2 balls in
alcohol for 4 h. After drying, x= 0 and x> 0 powders were calcined at
1100 °C and 1150 °C for 8 h, respectively. The calcined powders were
re-milled for 6 h together with 0.5 wt% PVB as a binder. The granulated
powders were subsequently pressed into cylinders with dimensions of
10mm in diameter and 7-8mm in height. The specimens were first
heated at 550 °C in air for 4 h to remove the organic binder, and then
sintered at 1230–1430 °C for 4 h.

The bulk densities of the sintered samples were measured by the
Archimedes method. The crystalline structure of the sintered samples
was determined by an X-ray diffractometer (XRD; D/Max2500 V,
Rigaku, Japan). The structural parameters were obtained from the
Rietveld refinement of XRD data using the GSAS-EXPGUI program. The
microstructure of the sintered samples was observed using a field-
emission scanning electron microscope (FE-SEM; SU8020, JEOL, Tokoy,
Japan) equipped with an energy dispersive spectrometer (EDS).
Microwave dielectric properties were measured using a network ana-
lyzer (N5230C; Agilent, Palo Alto, CA) and a temperature chamber
(GDW-100, Saiwesi, Changzhou, China). The τf values of the samples
were measured in the temperature range of 20–80 °C and calculated by
the following equation:
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−

−
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where f1 and f2 represent the resonant frequencies at T1 and T2, re-
spectively.

3. Results and discussion

Fig. 1(a) presents the XRD pattern of Sr2CeO4 ceramics sintered at
different temperatures for 4 h. All diffraction peaks can be well indexed
according to the Sr2CeO4 phase (JCPDS No. 50-0115). As the sintering
temperature increases, a small peak near 30° marked by stars can be
observed for the sintered ceramic, as shown in Fig. 1(b). This peak

seems to become obvious when the Sr2CeO4 sample was sintered at
1310 °C. This secondary phase might be SrCeO3 by comparing its dif-
fraction peaks with the standard pattern (JCPDS No. 83-1156). After
the Rietveld refinement, the lattice parameters and reliability factors of
Rwp, RP, and χ2 for all studied samples are listed in Table 1. The refined
plot of the sample sintered at 1270 °C was selected as a representative,
as shown in Fig. 2. The Rwp, RP, and χ2 values were found to be in the
range of< 9%,<7% and 1.4–1.7, respectively, indicating that the
structural model is valid and the refinement result is reliable. Moreover,
the obtained structure parameters are similar to those previously re-
ported [15]. It can be seen that there is no any obvious variation in
lattice parameters and cell volumes with increasing firing temperature.

Fig. 3(a)–(c) shows the SEM images of Sr2CeO4 ceramics sintered at
different temperatures for 4 h. It is evident that Sr2CeO4 ceramics can
be well sintered within the temperature range of 1270–1310 °C. A re-
latively uniform microstructure with closely packed polygonal grains
was obtained in the sample sintered at 1270 °C. The average grain size
slightly increases from ∼4 μm to ∼7 μm with increasing sintering
temperature from 1270 °C to 1310 °C.

Fig. 4 illustrates the relative density and microwave dielectric
properties of Sr2CeO4 ceramics as a function of sintering temperature. It
can be seen that the sample density clearly increases with increasing
sintering temperature and reaches its platform approximately at
1270 °C. The decrease of the sample density at 1310 °C might be as-
cribed to the appearance of the secondary phase and the rapid grain
growth (Fig. 3(c)). Above 1270 °C, all samples exhibit high relative
densities of> 97%, keeping consistent with the microstructural ob-
servation. The same variation trend in εr and relative density with
sintering temperature indicates that porosity acts as a main influencing
factor of dielectric constant. In general, the dielectric loss can be di-
vided into extrinsic loss and intrinsic loss. The extrinsic loss is mainly
caused by density, secondary phase, grain size and lattice defects, while
the intrinsic loss is mainly caused by structure characteristics [16].
Sr2CeO4 samples possess high densities and no secondary phases can be
detected as sintering temperature is less than 1290 °C. Considering that
pure-phase Sr2CeO4 ceramics exhibit a uniform grain morphology and a
relatively high relative density, the influence of extrinsic loss on Q×f
can be thus neglected. According to the work of Kim et al. [17]. The
Q×f value can be also largely dependent on the packing fraction (f)
defined by summing the volume of packed ions (VPI) over the volume of
a primitive unit cell (VPUC), as expressed by the following equation:

= ×f V
V

(%) ZPI

PUC (2)

where Z is the number of atoms per unit cell. The calculated packing
fraction values are presented in Fig. 4(b), which keeps a good con-
sistency with the Q×f value as sintering temperature is lower than
1270 °C. Q×f values continuously increase to a maximum value of
172,600 GHz at 1270 °C, and then decrease with further increasing
firing temperature. The decrease of Q×f values at higher sintering
temperatures might be due to the inhomogeneous microstructure and
the secondary phase as mentioned above. According to the mixing rule,
we generally think that the secondary phase might not be beneficial to
the Q×f value of the matrix, although microwave dielectric properties
of the single-phase SrCeO3 has not been reported in the literature.
Moreover, it can be seen that sintering temperature exerts no apparent
influence on the τf value and it remains around -62 ppm/°C in Fig. 4(c)
since there is no obvious structure change with changing sintering
temperature.

Although the Sr2CeO4 ceramic in present study demonstrates a high
Q× f value, yet a large negative τf value is also accompanied.
Considering that a negative τf value is not desirable for practical ap-
plications, a few amount of Ce4+ was substituted by Ti4+ to further
tune τf values. Fig. 5 depicts XRD patterns of the Sr2Ce1-xTixO4

(0 < x≤ 0.5) powder calcined at 1150 °C for 8 h. It is evident that a
little amount of Sr2TiO4 phase can be observed as x≥0.05, which

Fig. 1. (a) XRD patterns of Sr2CeO4 ceramics sintered at different temperatures
for 4 h and (b) locally magnified diffraction peaks near 30°.
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should be attributed to a large difference in ionic radius between Ti4+

and Ce4+. Furthermore, the difference in crystal structure between
Sr2CeO4 and Sr2TiO4 is also another important reason. The XRD pat-
terns of Sr2Ce1-xTixO4 (0≤ x≤ 0.5) ceramics sintered at different
temperatures are shown in Fig. 6(a–c). The Sr2CeO4 (JCPDS No. 50-
0115) and Sr2TiO4 (JCPDS No. 39-1471) phase can be identified as the
main crystal phase for the x≥0.05 specimens, as also displayed in the
calcined samples (Fig. 5). This result can be well verified by the SEM

result for the x=0.35 sample, which exhibits two kinds of grains with
different sizes in Fig. 3(d). The further EDS analysis on the large grain
(marked as 1) and the small grain (marked as 2) suggests that these two
kinds of grains have an approximate chemical formula of

Table 1
Refined structural parameters, reliability factors and goodness-of-fit indicator of Sr2CeO4 ceramics at different sintering temperatures.

S.T. (oC) a (Å) b (Å) c (Å) Unit cell volume
(Å3)

Rwp (%) Rp (%) χ2

1230 6.1190(1) 10.3402(3) 3.5968(3) 227.78(4) 8.64 6.85 1.547
1250 6.1118(2) 10.3384(3) 3.5928(1) 227.01(2) 7.37 5.75 1.623
1270 6.1110(4) 10.3402(6) 3.5914(2) 226.94(3) 7.48 6.70 1.414
1290 6.1103(2) 10.3377(3) 3.5923(3) 226.92(2) 7.73 5.78 1.430
1310 6.1101(2) 10.3375(3) 3.5919(1) 226.90(1) 7.54 5.61 1.636

S.T: sintering temperature; Rwp: the reliability factor of weighted patterns; Rp: the reliability factor of patterns; χ2: goodness-of-fit indicator = (Rwp/Rexp)2.

Fig. 2. Rietveld refinement plot of the Sr2CeO4 ceramic sintered at 1270 °C for
4 h.

Fig. 3. SEM micrographs of Sr2CeO4 ceramics sintered at (a) 1270 °C, (b) 1290 °C and (c) 1310 °C, and (d) Sr2Ce0.65Ti0.35O4 ceramic sintered at 1350 °C.

Fig. 4. (a) Relative density and εr, (b) packing fraction and Qxf values and (c) τf
values for Sr2CeO4 ceramics as a function of sintering temperature.
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Sr27.4Ce14.5O58.1 and Sr30.6Ti15.4O54.0, respectively. They should corre-
spond to the Sr2CeO4 phase and Sr2TiO4 phase, respectively. Simulta-
neously, the average grain size becomes obviously small compared with
the x=0 sample, indicating that the grain growth was inhibited to a
certain degree. A small amount of the impurity phase SrCeO3 (as
marked by stars in Fig. 6(c)) was detected as sintering temperature is
larger than 1350 °C. However, as sintering temperature is above
1430 °C, the amount of Sr2CeO4 phase is suddenly reduced, probably
because of its decomposition into SrCeO3 [18]. The corresponding
sample was then composed of the dominant SrCeO3, Sr2TiO4 phases and
the residual Sr2CeO4 phase. The amount of the impurity phase SrCeO3

almost unchanges as sintering temperature is lower than 1430 °C. It
means that Sr2CeO4 decomposes readily into SrCeO3 at 1430 °C in air.
As a result, the substitution of Ti4+ for Ce4+ can lead to the appearance
of Sr2TiO4. Meanwhile, the diffraction peak intensity of the Sr2TiO4

phase was found to increase with an increment of x.
The obvious difference in their structures would determine the

possibility of stable coexistence of Sr2TiO4 and Sr2CeO4 phases in the
sintered bodies within a certain temperature. Fig. 7 shows the variation
of relative density and εr of Sr2Ce1-xTixO4 ceramics as a function of
sintering temperature. It can be seen that the optimum sintering tem-
perature of each sample increases with increasing x. With an increase of
sintering temperature, the relative density of each composition firstly
increases to a maximum value, and then decreases slightly with further
increasing sintering temperature (see in Fig. 7(a)). εr generally in-
creases with increasing sintering temperature, as shown in Fig. 7(b). For
x>0.35, as sintering temperature is lower than 1410 °C, it could be
ascribed to the improvement of sample density. With further increasing

temperature, a rapid increase of εr probably due to the appearance of
the SrCeO3 phase. Fig. 7(c) shows the variation of Q×f for Sr2Ce1-
xTixO4 ceramics as a function of sintering temperature. The same var-
iation trend in Q×f and relative density with sintering temperature
indicates that density acts as a main controlling factor of dielectric loss.
The decomposition of Sr2CeO4 phase can be also used to explain the
deterioration of Q×f, as sintering temperature is close to 1430 °C.

Microwave dielectric properties of Sr2Ce1-xTixO4 (x= 0-0.5) cera-
mics sintered at optimum temperatures are shown in Fig. 8. It can be
seen that εr increases monotonously from 14.9 at x= 0 to 24.3 at
x= 0.5. The εr value was increased because of a relatively high εr value
of the Sr2TiO4 ceramic compared with that of the Sr2CeO4 ceramic [14].
Q× f decreases firstly with increasing x, and then almost keeps nearly
constant within the studied composition range. The decrease of Q× f
values for Sr2Ce1-xTixO4 ceramics might be due to a relatively low Q× f
value of the Sr2TiO4 phase [14]. In addition, it might be also ascribed to
the fact that the distribution of two phases is not perfectly uniform in
the sintered ceramic body. The microwave dielectric properties of these
two phases in the composite ceramic might be different from those in
their respective monophasic ceramics owing to the ionic inter-diffusion
during sintering [19]. τf exhibits an approximately linear change from
large negative values to positive values with increasing x owing to a
large positive τf value of Sr2TiO4 [14], which is in good agreement with

Fig. 5. XRD patterns of Sr2Ce1-xTixO4 powders calcined at 1150 °C for 8 h.

Fig. 6. (a) XRD patterns of Sr2Ce1-xTixO4 ceramics at different sintering tem-
peratures, (b and c) the corresponding locally-magnified diffraction peaks near
30° and 42°, respectively.

Fig. 7. The variation of (a) relative density, (b) εr and (c) Qxf values for Sr2Ce1-
xTixO4 ceramics as a function of sintering temperature.

Fig. 8. Microwave dielectric properties of Sr2Ce1-xTixO4 ceramics sintered at
optimum temperatures.
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an empirical model for multiphase ceramics [20,21]. As a result, near-
zero τf values can be obtained approximately near x= 0.35. The op-
timal microwave dielectric properties of εr = 20.7, Q×f=115,550
GHz and τf =-1.8 ppm/oC are obtained for the x= 0.35 ceramic,
showing good application potentials.

4. Conclusions

In this work, a novel low-loss Sr2CeO4 microwave dielectric ceramic
with a one-dimensional chain structure was successfully prepared by a
standard solid-state reaction method. The compound with homo-
geneous and dense microstructure exhibits an εr of 14.8, and ultra-high
Q× f of 172,600 GHz (9.4 GHz), and a τf of -62 ppm/°C as sintered at
1270 °C for 4 h. Moreover, the substitution of Ti4+ for Ce4+ in Sr2CeO4

ceramics was found to induce the Sr2TiO4 phase, leading to an obvious
change of τf from negative to positive values. Meanwhile, the εr value of
the ceramics gradually increases, while the Q× f values decrease
slightly. The optimum microwave dielectric properties of εr = 20.7,
Q×f=115,550 GHz (8.1 GHz) and τf =-1.8 ppm/°C are obtained in
the x= 0.35 composition as sintered at 1350 °C for 4 h.
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