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Microwave dielectric ceramics of Ln,MoOg(Ln = La and Y) were fabricated via a conventional solid-state re-
action route. XRD, Rietveld refinement, SEM and vector network analysis were applied to analyse the crystal
structural, microstructural and dielectric properties of the ceramics. The YoMo0Og ceramic was crystallized in a
monoclinic crystal structure, whereas the La,MoOg ceramic could form a pure tetragonal structure. All com-
ponents can be sintered at 1200-1500 °C with a relative permittivity of 14.1-17.1 and a high quality factor. The
La,MoOg ceramic exhibits satisfactory dielectric performance with Q x f = 67,090 GHz, ¢ = 16.6 and

7r = —50.1 ppm/°C, while Q X f = 27,760 GHz, ¢, = 14.6, and 7 = —37.4 ppm/°C for Y,Mo0Og; hence, these
ceramics could be candidates for 5G technology.

1. Introduction

With the continuous progress of 5G technology and people's huge
demand for wireless communications, the use of microwave commu-
nication systems such as satellite communications and satellite live
television has become an inevitable trend. As electronic materials, mi-
crowave dielectric ceramics are increasingly demanded in civilian ap-
plications, such as mobile phones, cellular cordless phones and other
mobile communications [1-4]. Thus, an excellent microwave dielectric
material has a suitable relative permittivity (e,) for the miniaturization
of microwave devices, a high quality factor (Q X f) for reducing the
insertion loss of the device at high frequencies and a near-zero tem-
perature coefficient of resonant frequency (zy) for maintaining stability
in a changing environment [5-7].

In recent decades, satisfactory microwave dielectric materials have
been analysed, such as Ca3SnSi>Og [8], CoZrTasOg [9], and SrRAIO4
(R = Sm, Nd, and La) [10]. However, one of the main reasons why
ceramics of this type are not widely industrialized is the high sintering
temperature. Many researchers have attempted to identify ceramics
with a low sintering temperature by adding low-melting constituents as
raw materials. For instance, LisMg>NbOg [11], Li,0-Al,03-2B505 [12],
CaWO, [13], and 2Li;0-AO-3WO3 (A = Mg and Zn) [14] have been
reported. As one of the low-melting components for the synthesis of
new glass-free low-temperature fired ceramics, molybdenum has at-
tracted wide attention. Zhou et al. demonstrated that the Bi,MoOg
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ceramic possessed satisfactory microwave dielectric properties but the
75 values deviate from zero substantially (—114 ppm/°C) [15]. Pang
et al. [16] reported that the monoclinic single-phase La,Mo030;5 mi-
crowave dielectric ceramic had excellent properties with ¢ = 10.1,
17 = —80 ppm/°C and Q X f = 60,000 GHz when sintered at 930 °C.
Next, excellent microwave dielectric properties with ¢ = 13.8,
Q x f = 66,400 GHz, and v, = —53 ppm/°C of the Nd,MoOg ceramic
were demonstrated [17]. These results have increased our interest re-
garding the other Ln,MoOg ceramics. Based on the similar ionic radii
and the same chemical valence of rare earth cations, Ln,MoOg (Ln = La
and Y) ceramics are explored in this paper.

2. Experimental procedure

Suitable amounts of high-purity raw materials of La;O3(> 99.9%),
Y503(> 99.9%) and MoOs3(> 99.5%) were weighed according to the
stoichiometry of Ln,MoOg (Ln = La and Y) ceramics and prepared via
the conventional solid-state technique. La,O3 and Y,03 were calcined at
900 °C for 2 h to desiccate the water. The mixtures were ball-milled
with ZrO, balls in alcohol for 4 h. After drying in a drying oven, the
mixtures were calcined at 1200 °C. Subsequently, the calcined mixtures
were re-milled and granulated with 5 wt% PVA in a mortar. The
granulated particles were filtered and pressed into cylinders (10 mm in
diameter and 5 mm in thickness) under 200 MPa pressure. After
burning the binder at 550 °C, the La,MoOg and YoMoOg samples were

Received 24 March 2020; Received in revised form 27 May 2020; Accepted 20 June 2020

0272-8842/ © 2020 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Please cite this article as: Sang Hu, et al., Ceramics International, https://doi.org/10.1016/j.ceramint.2020.06.242


http://www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2020.06.242
https://doi.org/10.1016/j.ceramint.2020.06.242
mailto:zhouhuanfu@163.com
https://doi.org/10.1016/j.ceramint.2020.06.242

S. Hu, et al.

Fig. 1. XRD patterns of (a) La,MoOg ceramics that were sintered at various
temperatures and (b)YoMoOg ceramics that were sintered at various tempera-
tures.

sintered at 1200-1400 °C and 1300-1500 °C, respectively, for 4 h in air.

The crystalline phase of each specimen was characterized via X-ray
diffraction. Scanning electron microscopy (SEM) was used to observe
the surface microstructure of each ceramic, and the Nano Measurer
software was used to estimate the grain size of each ceramic. The bulk
density was measured via the Archimedes’ method (using deionized
water as the liquid). The dielectric behaviours in microwave fre-
quencies of the samples were evaluated via the TE018 method using a
network analyser. The 1, values were calculated via the following for-
mula:

hH=h

TN (B-T)
A >— T (@)

where f> and f; are the resonant frequencies at T» (85 °C) and T; (25 °C),
respectively.

3. Results and discussions

Room-temperature XRD patterns of Ln,MoOg ceramics that were
sintered at 1200-1500 °C are shown in Fig. 1. As the sintering tem-
perature is varied, all diffraction peaks are assigned to the tetragonal
structure La,MoOg phase (JCPDS No: 01-083-0710) from the XRD re-
sults, as shown in Fig. 1(a). The characteristic diffraction peak (116) of
La,MoOg shifts towards a lower angle as the sintering temperature in-
creases. To further explore the change in detail, the Rietveld refinement
analysis (as shown in Fig. 2) of the XRD data was conducted using the
GSAS software. The refinement results of La,MoOg at a specified tem-
perature are presented in Fig. 2 and Table 1. According to Table 1, the
changes in the lattice parameters and the unit cell volume are consistent
with the shifts of the characteristic peaks (Fig. 1). The increase of the
unit cell volume may be related to the competition between the
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Fig. 2. Rietveld refined patterns of La,MoOg ceramics that were sintered at (a)
1300 °C and (b) 1400 °C.

evaporation of molybdenum and the formation of oxygen vacancies at
high temperature [18-20].

For the Y,MoOs samples, the main phase was indexed as the
monoclinic structure Y,MoOg phase (JCPDS No: 00-057-0517) [21],
and the other, unknown phase was marked with hearts. To identify the
elemental composition of the unknown phase, EDS had been used to
observe the areas where different components may be present in the
sample. The results are presented in Fig. 3. Several Y:Mo ion ratios are
observed in the sample. Combined with XRD analysis, the unknown
phase may correspond to Y,O3-rich compounds that cannot be identi-
fied in the PDF database. Fig. 4 presents the intensity of the strongest
diffraction peak of each phase in the YoMoOg sample, and the relative
content of each phase was determined via the following calculation
method:

I;
Ty I @)

where I; represents the strongest diffraction peak of each phase and R; is
the relative content of the strongest diffraction peak of each phase [22].
As the sintering temperature increased from 1300 °C to 1500 °C, the
relative content of Yo,MoOg decreased from 98.6% to 96.8%, while the
relative content of the unknown phase increased from 1.4% to 3.2%.
The formation of the unknown phase may be related to the instability
and thermal decomposition of YoMoOg at high temperature. This is
similar to the Nd;MoOg results that were reported by Chen [17].
Interestingly, the XRD pattern of Y,MoOg is observably different
from that of La,MoOg, which is the result of significant structural
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Table 1
Refinement parameters of La;MoOg ceramics that were sintered at two temperatures.
Composition 1300 °C 1400 °C
Space group 141/acd 141/acd
Lattice parameters @A) a =Db = 57991 a=b = 57993
c = 32.0327 c = 32.0464
a=p=y=90 a=pB=y=090
Volume (A% 1077.246 1077.796
Rp (%) 5.07 5.38
Rwp (%) 7.45 8.25
x> 5.01 4.09
X y Z Occupancy X y z Occupancy
Lal 0.0000 0.2500 0.2109 1.0000 0.0000 0.2500 0.2107 1.0242
Mol 0.5000 0.2500 0.1250 1.0414 0.5000 0.2500 0.1250 1.0000
01 0.3567 0.0620 0.0925 1.0201 0.3591 0.0413 0.1060 1.0000
02 0.2583 0.2500 0.2500 0.9960 0.2493 0.5000 0.2500 1.0000

Fig. 3. EDS profiles of Y,M0Og ceramics that were sintered at (a) 1350 °C and
(b) 1400 °C.

Fig. 4. Intensity of the strongest diffraction peak and the relative content of
each phase in YoMoOg ceramics as functions of the sintering temperatures.

changes that are due to the reduced ionic radius. This can be explained
by the observation that large or light lanthanide compounds typically
crystallize in cubic and tetragonal symmetrical structures while most
small or heavy lanthanide compounds form monoclinic phases under
normal synthetic conditions [23].

Fig. 5 presents SEM images of La,MoOg and Y,Mo0Og ceramics that
were sintered at various temperatures. The La;MoOg ceramic showed a
relatively dense microstructure with larger grain size, while a smaller
grain size with a porous microstructure was observed in the Y,MoOg
ceramic. As the sintering temperature increased, no liquid phase was
observed in any of the samples. However, under high sintering tem-
perature, the cracking of La,MoOg increased and the average grain size
increased from 4.82 pm to 5.38 um, while Y,MoOg was melted and the
average grain decreased from 2.27 pm to 1.67 um.

Fig. 6 presents the bulk densities and relative permittivities of
Ln,MoOg (Ln = La and Y) samples at various sintering temperatures.
The bulk densities of these samples increased gradually with increasing
sintering temperature. The bulk densities of the La,MoOg and Y,Mo00Og
ceramics reached maximum values of 5.62 g/cm® and 5.19 g/cm? at
1400 °C and 1500 °C, respectively. The relative density of each of the
ceramics was calculated as follows:

Py
MxZ

NaxV 3

P,
0.(%) == =
o,

t

where p; and p, are the theoretical density and the measured bulk
density, respectively; M and Z are the molar mass and the number of
cell molecules, respectively; N, is Avogadro's constant and V is the
molar volume. The low density at low temperatures was due to the
incomplete densification process. The relative density increased con-
tinuously with the temperature of sintering because the porosity of the
ceramics decreases gradually and the microstructure becomes more
compact. By calculation, the maximum relative density of the La,MoOg
ceramic was approximately 97% (theoretical density = 5.79 g/cm?),
and that of the YoMoOg ceramic was approximately 96% (theoretical
density = 5.38 g/cm®).

The ¢, values in the microwave frequency region depend on ex-
trinsic factors, such as the porosity, impurities, and grain size, along
with intrinsic factors, which include the lattice vibration and ionic
polarizability [24-26]. For each of the La,MoOg and Y,M00Og compo-
nents, the variation curve of the relative permittivity is similar to that of
the bulk density, as demonstrated in Fig. 6(b). The maximum &, value of
the sintered sample was ¢ = 17.1 for La,MoOg and ¢, = 15.4 for
Y>MoOg. To eliminate the effect of the porosity, we applied Bosman and
Havinga's correction equation [26]:

Ecorrected = & X (1 + 1.5P) )

P=1-p, ()



S. Hu, et al.

Ceramics International xxx (XXxXX) XXX—XXX

Fig. 5. SEM images of La,MoOs that was sintered at (a) 1300 °C and (b) 1400 °C and of YoMoOg that was sintered at (c¢) 1350 °C and (d) 1400 °C.

Fig. 6. Bulk density (a) and relative permittivity and corrected permittivity
values (b) of Ln;MoOg (Ln = La and Y) ceramics as functions of the sintering
temperature.

where P is the porosity. The porosity decreases with the increase of the
relative density. The porosity of La,MoOgs was 3% at the sintering
temperature of 1400 °C and that of Y,MoOg was 4% at the sintering
temperature of 1500 °C. The ¢, values were always lower than the
Ecorrected Values, as shown in Fig. 6(b). The results demonstrate that the
relative permittivity of each of the LnoMoOg (Ln = La and Y) ceramics
is substantially affected by the phase constitution and the change in
porosity.

The ionic polarizability of each of the Ln,MoOg (Ln = La and Y)
ceramics follows the additive rule [5,6]:

a(La;MoOg) = 2 X a(La**) + a(Mo®*) + 6 x a(0%7) (6)

a(Y;MoOg) = 2 X a(Y3*) + a(Mo®*) + 6 x a(0?7) 7

where a(La®*), a(Y3™), a(Mo® "), and (0% ™) are the polarizabilities of
La®* (6.07 A%), Y3 (3.81 A%), Mo®* (3.28 A%), and 0%~ (2.01 A%,
respectively. Hence, the theoretical relative permittivities of La,MoOg
and Y,MoOg are ¢, = 18.64 and ¢, = 16.95, respectively, which could
be calculated via the Clausius-Mossotti equation [5,30]. The & value,
the €qoreced Value, and the &, value were in satisfactory agreement with
one another. The theoretical density provides only an approximate
value. The slight deviation between the theoretical value and the
measured value may be because the theoretical value is based on a
crystal structure of the compound or the presence of the second phase.

The trends of the Q X f values and the TCF values for the Ln,MoOg
ceramics are presented in Fig. 7. The quality factor of La,MoOg in-
creased from 38,107 GHz at 1200 °C to 67,090 GHz at 1300 °C and
subsequently decreased to 36,942 GHz at 1400 °C. The quality factor of
the YoMoOg ceramic reached its maximum (27,760 GHz) at 1350 °C. At

Fig. 7. Q X f and 1 values of the LnyMoOg (Ln = La and Y) ceramics as
functions of the sintering temperature.
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Table 2
Microwave dielectric properties of compounds with similar relative permittiv-
ities.

Composition S.T (°C) &r Q X f(GHz) 7¢ (ppm/°C) Ref.
Li,MgZrO, 1175 123 40,900 -12.3 [28]
Nd;MoOg 1350 13.8 66,400 -53 [17]
Y>MoOg 1350 14.6 27,756 —-37.4 This study
MgAl,Tiz049 1400 149 26,450 —83.7 [29]
CazWOg 1275 15.3 29,200 -30 [30]
La;MoOg 1300 16.6 67,090 -50.1 This study
LisMg,NbOg 1250 16.8 79,643 —-27.2 [11]
SmyWOe 1170 18.8 4350 —41 [26]

microwave frequencies, the influence factors of Q X f are similar to the
relative permittivity, which are affected by extrinsic and intrinsic fac-
tors. Typically, the Q X f value with large relative permittivity of the
sample is small, and the intrinsic factor for the Q X f value is related to
the lattice anharmonicity for a specified crystal structure [27]. For
these samples, the quality factor of La,MoOg was larger than that of
Y>MoOg, even when the relative permittivity of the Y,MoOg was
smaller than that of La,MoOg. For LaoMoOg samples, the effects of the
secondary phase and density are negligible because there is no sec-
ondary phase in the entire composition and the density is > 93% of the
theoretical density. Therefore, the decrease of the quality factor of
La,MoOg was attributed mostly to the abnormal growth of grains and
the increased cracking.

The negative 7y values of Ln,MoOg (Ln = La and Y) ceramics at
various sintering temperatures have also been studied and are plotted in
Fig. 7(a). As the temperature conditions changed, the z; values of
Ln,MoOg did not change significantly, which were relatively stable at
—50.1 ppm/°C and —37.4 ppm/°C for La,MoOg and Y>MoOg, respec-
tively. Table 2 lists the properties of a few microwave dielectric cera-
mics with similar relative permittivities. Li,MgZrO,4 and LisMg,NbOg
that contain low-melting materials have high Q X f and negative 7,
values. Compared with other A,BO¢-type materials, the Q X f value of
Y>MoOg is lower than that of Nd;MoOg but higher than that of
Sm,WOg, but La,MoOg has a higher Q X fvalue than those of Nd,MoOg
and Sm,WOgs. Differences in performance can be caused by differences
in elements and structures. We infer that La,MoQOg is a potential ma-
terial for device fabrication.

4. Conclusions

Ln,MoOg (Ln = La and Y) microwave ceramics with low relative
permittivity have been investigated. The phase formation and the
crystal structure of each of the materials were investigated via XRD
analysis and Rietveld refinements at room temperature. The La,MoOg
ceramics are of tetragonal structure, and no second phase was detected
for any components. The samples could be sintered at 1200-1500 °C.
La,MoOg displays better microwave dielectric properties than Y,MoOe.
The La;MoOg ceramic that was sintered at 1300 °C has low &, of ~16.6,
high Q X fof ~67,090 GHz, and negative tof ~ —50.1 ppm/°C, while
Q x f = 27,760 GHz, &, = 14.6, and 7y = —37.4 ppm/°C for Y,M0Os¢
ceramic that was sintered at 1350 °C.
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