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A new ultra-low-loss microwave dielectric ceramic BaMg,V,0g with a tetragonal structure was suc-
cessfully fabricated via a conventional solid-state method. X-ray diffraction and field-emission scanning
electron microscopy were performed to explore the phase crystal, grain morphology and densifica-
tion behavior. The results indicated that pure and dense BaMg,V,0g ceramics with dielectric constant
€:=12, quality factor Q x f=156140 GHz (9.9 GHz) and the temperature coefficient of resonant frequency

7¢=-36 ppm/°C could be yielded at a relatively low sintering temperature of 900°C. Moreover, the
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0.87BaMg;,V,05-0.13TiO, ceramic sintered at 900 °C for 4 h demonstrated a near-zero t¢ of —4 ppm/°C,
an €; of 13 and a Q x f of 97,334 GHz (9.6 GHz), showing large application potentials.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The past decades have witnessed revolutionary changes in
mobile phone system, which continuously increased the demand
for novel high-performance microwave devices [1]. Accordingly,
dielectric materials with a low dielectric constant (€;), a high
quality factor (Q x f) and a near-zero temperature coefficient of res-
onant frequency (7¢) have attracted lots of attention in microwave
circuits, substrates and passive components [2,3]. Particularly,
low-temperature cofired ceramic (LTCC) technology has been
widely applied for the fabrication of miniaturized and integrated
microwave devices, which made it extremely significant to develop
potential candidates with sintering temperatures lower than the
melting point of Ag (961 °C). Up to date, a mass of low-€; microwave
ceramic materials with desirable properties have been developed,
however, most of them were ruled out of practical applications
in LTCC-based devices owing to their high densification tempera-
tures and undesirable ¢ values [4-8]. Recently, some Li,O-, TeO5-,
Bi;03-, and MoO3-based compounds with intrinsically lower sin-
tering temperatures have been extensively studied in this context
[9-13]. Vanadate compounds with excellent microwave dielectric
properties have been also developed as low-firing ceramics and
some of them proved to be chemically compatible with Ag electrode
[14-17].
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BaMg,V,0g was referred to as an impurity phase as a
result of chemical reactions between two phases in the
Mg3(VO4),-xBa3(VOy4), (x=0-1)composite ceramics [ 18], in which
unusually enhanced Q x f value at x=0.2 seemed to be unclearly
understood. It was encouraged to anticipate excellent microwave
dielectric properties of pure-phase BaMg,V,0g compound. Being
isotypic with BaCo,V,0g, BaMg,V,0g belongs to a wide group of
so-called quasi-one-dimensional (Q1D) antiferromagnets [19]. All
magnetic Mg?* ions are equivalent with arrays of edge-sharing
MgOg octahedra forming screw-chains along c-axis, as schemat-
ically shown in Fig. 1 [20]. The screw-chains are separated by
nonmagnetic VO, (V>*) tetrahedra and the Ba2* ions. The purpose of
present work was to fabricate pure-phase BaMg,V,0g ceramics via
a conventional solid-state ceramic route. The phase crystal, sinter-
ing behavior, microstructure and especially microwave dielectric
properties were investigated in detail for the first time.

2. Experimental

The BaMg,V,0g ceramic was synthesized by a conven-
tional solid-state reaction route using high-purity powders of
Ba(OH),-8H,0, MgO and V,0s. Stoichiometric amounts of chem-
ical powders were weighed and ball-milled for 4 h using zirconia
balls in alcohol medium. The resulting slurry was then rapidly
dried and calcined at 800°C for 4h to obtain BaMg,V,0g pow-
ders. The calcined powders were re-milled for 6 h and then mixed
together with 5 wt% PVA as a binder. The granulated powders were
subsequently pressed into cylinders with dimensions of 10 mm in
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Fig. 1. The crystal structure of BaMg,V,0g seen along (a) a-axis and (b) c-axis (reproduced by permission from John Wiley & Sons).

diameter and 7-8 mm in height. The specimens were first heated
at 550°C in air for 4 h to remove the organic binder and then sin-
tered at 870-930°C for 4 h. To tailor its negative ¢, 9-15vol% TiO,
were mixed with as-prepared pure-phase BaMg,V,0g powders,
and then sintered at 870-945 °C for 4 h.

The crystal structure of the fired ceramics was identified via
an X-ray diffractometer (XRD, D/Max2500V, Rigaku, Japan) using
CuKa radiation. The structural parameters were obtained from
Rietveld refinement of the XRD data using the GSAS-EXPGUI
program. The refinement involved the lattice parameters, back-
ground, atomic coordinates, site occupancies and isotropic thermal
parameters as well as profile parameters (peak height and peak
shape) [21]. High-resolution X-ray photoelectron spectroscopy
(XPS, ESCALAB250, Thermo, USA) was utilized to determine the
valence states of vanadium ions. The bulk densities of the sintered
ceramics were measured by the Archimedes method. The polished
and thermally etched surfaces of the pellets were observed using
a field-emission scanning electron microscope (FE-SEM; SU8020,
JEOL, Tokyo, Japan). The evaporation loss of V,05 was evaluated by
measuring the mass change of the samples before and after sin-
tering. Microwave dielectric properties of sintered ceramics were
measured using a network analyzer (N5230C, Agilent, Palo Alto,
CA) and a temperature chamber (GDW-100, Saiweisi, Changzhou,
China). The 7 values of the samples were measured in the tem-
perature range from 20 °C to 80°C and calculated by the following
equation:

TF = ————————— (1)

where f; and f, represent the resonant frequencies at T; and T,
respectively.

3. Results and discussion

Fig. 2 depicts XRD patterns of BaMg,V,0g ceramics sintered
at different temperatures for 4 h. Evidently, the diffraction peaks
of BaMg,V,0g could be well indexed based on JCPDS file number
72-2159 with a tetragonal structure (space group I41/acd) and no
trace of secondary phases were detected, indicating the formation
of pure-phase BaMg,V,0g. The lattice parameters and reliability
factors of all studied samples after the Rietveld refinement are listed
in Table 1. It can be seen that there was no any obvious systematic
variation in lattice parameters and cell volumes with increasing
firing temperatures. Their values kept good consistency with those
previously reported [20].

Fig. 3 shows SEM images of polished and thermally etched
BaMg,V,0g ceramics sintered at different temperatures: It is evi-
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Fig. 2. XRD patterns of BaMg,V,0s ceramics sintered at 870-930°C for 4 h.

dent that BaMg,V,0g ceramics could be well densified within a
certain temperature range of 885-915 °C and exhibited a fine grain
morphology (~3 pm in average grain size). However, the sample
density seemed to decrease as it was sintered at 930°C, proba-
bly owing to the V,05 evaporation. Table 2 gives the weight-loss
analysis of BaMg,V,0g ceramics after sintering at different tem-
peratures, which can be generally ascribed to the evaporation of
V,05 in this system [17,22]. Obviously, its evaporation loss became
more serious at higher sintering temperatures.

Fig. 4 illustrates the variation of relative density, packing fraction
(f) and microwave dielectric properties of BaMg,V,0g ceramics as
a function of sintering temperature. Obviously, all samples exhib-
ited high relative densities (>95%), keeping consistent with the
microstructural observation. With increasing firing temperatures,
the relative density firstly increased and reached the optimum
value at 915°C, then decreased slightly, which kept good con-
sistency with the microstructural observation. Moreover, €, was
found to keep the same variation trend with temperature as the
relative density, indicating that porosity acts as a main controlling
factor of dielectric constant. By comparison, Q x f values contin-
uously increased to a maximum value of 156,140 GHz at 900°C,
and then decreased with further increasing firing temperatures.
The decrease of Q x f values at higher firing temperatures might be
due to the volatilization of V,05 as mentioned above. Moreover,
the change of valence states of V>* ions might make an additional
contribution. The XPS analysis of BaMg,V,0g ceramics after sin-
tering was carried out, as shown in Fig. 5. The XPS spectra of V 2p
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Table 1
Refined unit cell volume, reliability factors, goodness-of-fit indicator of BaMg,V,0g ceramics at different sintering temperatures.
S.T.(°C) Lattice parameters (A) Unit cell volume (A3) Rup (%) Rp (%) X2
a=b c
870 12.4165(2) 8.4604(7) 1304.3(3) 9.28 6.76 1.557
885 12.4136(1) 8.4590(4) 1303.5(3) 8.67 5.94 1.681
900 12.4130(2) 8.4579(6) 1303.2(2) 8.75 6.59 1.435
915 12.4160(1) 8.4596(5) 1304.1(2) 8.42 6.19 1.588
930 12.4169(2) 8.4609(5) 1304.5(3) 8.95 6.52 1.612

S.T.: sintering temperature; Ryp: the reliability factor of weighted patterns; Ry: the reliability factor of patterns; x? goodness-of-fit indicator = (Rwp/Rexp )?.

Fig. 3. SEM images of polished and thermally etched BaMg,V,0g ceramics sintered at different temperatures: (a) 885°C, (b) 900°C, (¢) 915°C, and (d) 930°C for 4 h.

Table 2

Weight loss and content of vanadium ions with different valence states in BaMg,V,0g ceramics after sintering at different sintering temperatures.

S.T.(°C) Weight loss (%) Vanadium ion content (mol%)

AVEM V4*
870 0.15+0.04 98.7 1.3
900 0.27+0.03 96.4 3.6
930 0.36+0.03 91.2 8.8

region were further handled by subtracting the background with
the Shirley method. By using the Gaussian-Lorentzian curve fitting,
the V 2ps, peak was found to be split into two peaks of V>* and V4*,
whose positions agreed well with reported values [23]. Of note is
that the V4* content was quite low and almost neglectable for sam-
ples sintered at 870°C and 900 °C. However, as firing temperatures
increased up to 930 °C, V4* content increased apparently, as shown
in Table 2. Similar results were also demonstrated in our previous
work and also in CasCo4(VOy4)g ceramics [17,22], indicating that
vanadate compounds are prone to volatilize easily and possess vari-
able valences at higher temperatures, which might exert negative
influences on the Q x f values.

Generally, both intrinsic loss from lattice vibration modes
and extrinsic loss from secondary phases, oxygen vacancies,
grain sizes and porosity contribute to the experimentally mea-
sured microwave dielectric loss [24]. Considering that pure-phase
BaMg,V;,0g exhibited a uniform morphology and a relatively high

f(%)

relative density, their impacts on Q x f could thus be neglected. The
evaporation loss of V, 05 or the change of ionic valence states must
bring about the stoichiometric deviation and atomic vacancies, thus
inducing additional dielectric loss. A parameter, packing fraction
(f) was believed to be closely correlated with the Q x f value [25],
which was defined using a division of the sum of the packed ions
(Vpr) volume over a primitive unit cell (Vpyc) volume, as expressed
by the following equation:

= ﬂ xZ (2)
Vpuc

where Z is the number of atoms per unit cell. The results in Fig. 5

indicated a strong dependence of the Q x f on the packing fraction

because the increase in packing fraction can weaken lattice vibra-

tions. Moreover, it can be seen that sintering temperature exerted

no apparent influence on the ¢ value and it remained in a nar-
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Fig. 4. The variation of relative density, packing fraction and microwave dielectric properties of BaMg,V,0g ceramics as a function of sintering temperature.
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Fig. 5. XPS spectra of V 2p region in BaMg,V,0g ceramics sintered at 870°C, 900 °C,
and 930°C for 4 h.

row range from —36 ppm/°C to —37.7 ppm/°C since there was no
composition or structure change with changing firing temperature.

Compared with other low-temperature fired and low-€;
microwave dielectric materials, such as Li;Zny;Mo301; (€,=11.1,
Qxf=70,000GHz and tf=-90ppm/°C) [26], LiCazMgV30;
(€r=10.5, Qxf=74,700GHz and 7tf=-61ppm/°C) [27],
CayZny(V04)s (€r=11.7, Q x f=49,400GHz and ty=-83 ppm/°C)
[28]and Ba3V4013 (€;=9.6,Q x f=56,100 GHz and 7¢= —42 ppm/°C)
[29], the BaMg,V,0g ceramic in present study demonstrated a
much higher Q xf value and a moderate 7; value. However,
considering that a negative t; value that BaMg,V,0g owns was
not desirable for practical applications, rutile TiO, with a large
positive ¢ value was employed as a t¢-modifier. The microwave
dielectric properties of (1-x)BaMg,V,05-xTiO, (0<x<0.15)
ceramics sintered at their optimum temperatures are listed in
Table 3. Although Q x f was slightly sacrificed, a near-zero 7¢ could
be achieved. The 13% TiO, added BaMg,V,0g ceramics fired at
900°C for 4h exhibited excellent microwave dielectric proper-
ties of €;=13, Qxf=97334GHz (9.6 GHz) and t;=-4ppm/°C,
demonstrating large application potentials.

Table 3

Microwave dielectric properties of (1 — x) BaMg;V,0g-xTiO2 ceramics.
P S.T.(°C) € Qx f(GHz) 7 (ppm/°C)
0 900 12+0.03 156140 + 8807 -36+0.7
0.09 870 12.7+0.03 117322 £5488 -223+0.5
0.11 885 12.8+0.04 101174 £ 4841 -145+0.3
0.13 900 13+0.04 9733444808 -4.6+0.1
0.15 915 13.2+0.04 76601 £4357 11.6+0.3

4. Conclusions

In this study, a novel low-temperature fired microwave
dielectric ceramic BaMg;V,0g with a tetragonal structure was suc-
cessfully prepared by a standard solid-state reaction method. The
pure-phase compound with a homogeneous and dense microstruc-
ture exhibited an €; of 12, an ultra-high Q x f of 156,140 GHz
(9.9GHz), and a 7y of —36 ppm/°C as sintered at 900°C for 4h.
Rutile TiO, was introduced to tailor its negative 7y value. The
0.87BaMg,V,0g-0.13TiO, sample sintered at 900 °C for 4 h demon-
strated excellent dielectric properties of €, =13, Q x f=97,334 GHz
(9.6 GHz) and t¢=—4ppm/°C.
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