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Low-Temperature Sinterable (1—x)Baz(VO,),—xLiMgg 9Zny PO, Microwave

Dielectric Ceramics
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The novel low-temperature sinterable (1 — x)Ba3(VOy4),—
xLiMg, 9Zny PO, microwave dielectric ceramics were pre-
pared by cofiring the mixtures of pure-phase Ba;(VOy,), and
LiMgj 9Zny 1PO4. The phase structure and grain morphology
of the ceramics were evaluated using X-ray diffraction, Raman
spectra, and scanning electron microscopy. The results indi-
cated that Ba3(VO,), and LiMgy¢Zny PO, phases can well
coexist in the sintered body. Nevertheless, a small amount of
LiZnPO,4 and some vanadate phases with low melting points
were observed, which not only can influence the microwave
dielectric properties of the ceramic but also can obviously
improve the densification behavior at a relatively low sintering
temperature. The near-zero temperature coefficients of the res-
onant frequency (ty) could be achieved by adjusting the relative
content of the two phases owing to their opposite t; values and
simultaneously a desirable quality factor Q X f value can be
maintained. No chemical reaction between the matrix ceramic
phase and Ag took place after sintering at 800°C for 4 h. The
ceramics with 45 vol% LiMg,9ZngPO4 can be well sintered
at only 800°C and exhibit excellent microwave dielectric proper-
ties of & ~ 10, QO X f~ 64 500 GHz, and t; ~ —2.1 ppm/°C,
thus showing a great potential as a low-permittivity low-
temperature cofired microwave dielectric material.

L

1TH the development of the modern communication
technologies toward higher frequencies, multilayer
chip microwave devices such as filters and GPS patch anten-
nas have attracted much more attention. The rapid growth
of the consumer electronic market requires new advanced
integration, packaging, and interconnection technologies to
realize the microwave devices with the high-miniaturization,
high-reliability, and multifunctional performance. The low-
temperature cofired ceramic (LTCC) technology can provide
a visible solution for the material and processing to enable
the requirement of the microwave devices. To be applicable
to the higher frequency region, the microwave devices must
have a low dielectric loss and high-temperature stability. In
addition, the microwave dielectric ceramics based on the
LTCC technology not only should be densified below the
melting point (961°C) of Ag electrode but also have a low
dielectric constant (g;), a near-zero temperature dependence
of the resonant frequency (t7), and a high-quality factor
() R
Some ceramics such as MgyNb,Oo, Z1n,SiO,4, and Mg,SiOy
exhibit a low g, and a giant Q x f value, however, their high
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sintering temperatures and large negative t¢ values are far
beyond the requirement of the LTCC microwave devices.>
One of the most effective ways to tailor the negative Tt value
to near zero is to add the opposite t¢ value material, such as
MgTiO3—CaTiO; and Mg,SiO4—Bas(VOy), ceramic sys-
tems.”® The common methods to decrease the sintering tem-
perature are involved in synthesizing ultrafine precursor
powders by wet chemical processing or mixing with low-melt-
ing-point additives. However, the wet chemical processing
was not suitable in practice due to its complicated and costly
synthesis procedures. The addition of low-melting-point addi-
tives would usually deteriorate the microwave dielectric prop-
erties of the matrix ceramics seriously.”'® Another way to
achieve high-performance LTCC microwave dielectric materi-
als is to employ some new material systems with excellent
microwave dielectric properties and a low sintering tempera-
ture. Some phosphates with low-cost, easily processable,
lightweight characteristics were reported to be very promising
for LTCC applications. Liu et al. reported that the new
phosphate Li3;Bi,P30;, ceramic sintered at extremely low
temperature (~725°C) has good microwave dielectric proper-
ties of & ~ 15 and Q x f~27 000 GHz.'"" However, the
large negative 1 of —130 ppm/°C precludes its immediate
application for LTCCs. Thomas et al. reported that LiM-
gPO, sintered at ~950°C exhibits a low-permittivity &, of
~6.6, a high Q, x f of 79100 GHz, and a t; value of
—55 ppm/°C."? TIts quality factor could be further boosted
when  10%  Zn>"  was  substituted for Mg>"
(Qu x f=99 700 GHz), however, its t; value became more
negative (—60 ppm/°C).1* The similar ionic radius between
Mg®" (0.72 A, CN = 6) and Zn*" (0.74 A, CN = 6) would
make Zn>" solute into the crystal structure of LiMgPO, to a
certain  degree. As a result, the orthorhombic
LiMgy9Zny PO, solid solution was formed without any sec-
ondary phase. Nevertheless, the LiMgyoZng PO, ceramic
will be a promising low-permittivity LTCC material if its
negative tp value can be tailored to be near zero.

Bas(VO,), ceramic was reported to have a large positive t¢
value (52 ppm/°C) and good microwave dielectric properties
(e~14, Q x f~42 000 GHz) as it was sintered at ~1100°C.
Compared with other microwave dielectric materials with
positive 1 values such as TiO,, CaTiO;, and SrTiO;, rela-
tively good microwave dielectric properties make Bas(VOy),
be usually used as a t-tailoring material, such as Ba3z(VOy4)—
BaWO, and Ba3(VO,),-CaWO, systems.“"I5 Moreover, its
relatively low sintering temperature allows Baz(VOy),-based
microwave dielectric ceramic systems to be easily sintered.
So, one can expect that a diphasic microwave dielectric cera-
mic with a near-zero t; value, a high Q x f value, and a low
sintering temperature would be obtained by combining
Ba3(VO4)2 with LngO'QZHO'IPO4. In this WOrk, the (1 — X)
Bas(VOy4)>,—xLiMgy oZny PO, ceramics were prepared and
their low-temperature sintering behavior, microstructure, and
microwave dielectric properties were investigated systemati-
cally. Moreover, the chemical compatibility of the material
with Ag electrode was also studied.
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II. Experimental Procedure

High-purity (>99%) powders of BaCO;, V,0s, Li,COs,
(MgCO3)4-Mg(OH),-5H,0, ZnO (nanosized), and NH4H,»
PO, were used as raw materials in this study. Baz(VO,), and
LiMgy9Zny PO, were first synthesized individually via a
conventional solid-state reaction method by calcining their
respective stoichiometric powder mixtures in the tempera-
ture range 750°C-800°C for 4 h. Subsequently, (1 — x)
Bas(VOy4)>,—xLiMgy 9Zny PO, (x = 0.2-0.65, in vol%) pow-
der mixtures were prepared by mixing the as-calcined
Bas(VOy), and LiMgg¢Zn, PO, powders. The mixtures were
then ball-milled for 8 h using zirconia balls in alcohol med-
ium. The granulated powders were subsequently pressed into
cylinders with dimensions of 10 mm in diameter and 7-8 mm
in height. These specimens were first heated at 550°C in air
for 4 h to burn out the organic binder, and then sintered in
air in the temperature range 770°C-880°C for 2-6 h. To
study the chemical compatibility with Ag, ceramic samples
were ground and mixed with 20 wt% Ag powder, and then
sintered at 800°C for 4 h.

The bulk densities of the sintered ceramics were measured
by the Archimedes method. The crystal structure of the sam-
ples was investigated by X-ray diffraction (XRD; D/
Max2500V, Rigaku, Tokyo, Japan) using CuKo radiation.
The microstructure of the sintered samples was observed
using a scanning electron microscope (SEM; JSM-6490LV,
JEOL, Tokyo, Japan) equipped with an energy dispersive
spectrometer (EDS). The Raman spectrum was collected at
room temperature using a Raman microscope (633 nm,
LabRAM, HR800, Longjumeau Cedex, Nantes, France).
Microwave dielectric properties were measured using the
Hakki—Coleman method and the TEq;s-shield cavity method
with a Network Analyzer (N5230C; Agilent, Palo Alto,
CA).'® The dielectric loss (tan 8) was calculated using the
software provided by the TEy;s-shield cavity supplier (Reso-
nant cavity; QWED, Warsaw, Poland). The Q values were
calculated from the tan & values in accordance with the equa-
tion Q = 1/tan 3. The t; value of the samples was measured
in the temperature range from 20°C to 80°C. It can be calcu-
lated by the following relationship:

y= 7N (1)
ST =T)

where f; and f> represent the resonant frequencies at 7 and
T, respectively.

III. Results and Discussion

Figure 1 shows the XRD patterns of (1 — x)Ba3z(VOy4)—
xLiMgg 9Zng POy (x = 0.4-0.65) ceramics sintered at 800°C
for 4 h. All the main peaks can be indexed by Bas3(VOy,),
(JCPDS #25-1192) and LiMgPO, phase (JCPDS #32-0574),
illustrating that the as-sintered ceramic is basically composed
of two main phases. The addition of a small amount of
Zn*>" did not change the crystal structure of LiMPO, as
well. However, a small amount of secondary phases appear-
ing in the composition range x = 0.65-0.50 can be indexed
by LiZnPO, (JCPDS # 84-2136). The space group of
Bas(VOy), is R32/m, with the V37 jons located in the center
of tetrahedral [VO,] units linked by sixfold and tenfold coor-
dinate Ba?™ jons.t LiMgg 9Zngy PO, belongs to the ordered
olivine-type structure, which is orthorhombic, with a space
group Pmmnb, and contains tetrahedral PO, and octahedral
LiOg and MgOg4 groups. It should be noted that LiZnPO,
exhibits a monoclinic structure and belongs to the Cc space
group.'? The large difference in the crystal structure of both
phases might be responsible for the formation of the mini-
mum secondary phases owing to their limited solubility.
Moreover, it can be seen that the concentration of the LiZ-
nPO, phase decreased obviously with increasing the content
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of Ba3(VOy), and it further vanished when the Bas(VOy),
content was above 50%. In addition, a little secondary phase
appearing at 28.8° and 29.2° in the composition range
x = 0.65-0.4 could be indexed using the standard pattern of
7Zn3(VOy), (JCPDS # 19-1468), which can be also ascribed to
the reaction between Ba3(VOy), and LiMgy ¢Zng PO, phases.

Figure 2 shows the XRD patterns of 0.55Ba3(VOy4)—
0.45LiMgg 9Zng PO, ceramics sintered at various tempera-
tures for 4 h. It can be found that the peak intensity of
Zn;(VOy), secondary phase decreased and the peak position
was slightly shifted to lower diffraction angles as the sintering
temperature increased from 770°C to 860°C, as confirmed by
the inset of Fig. 2. It was reported that the Zn3(VOy), com-
pound can decompose into other vanadates, such as Zn,V,0-
compound starting from ~830°C (see the inset of Fig. 2). It
can form a low-melting-point liquid phase as the temperature
was increased to ~855°C."7 Due to the emergence of vana-
date secondary phases with low melting points, the
Ba;(VO,),—LiMgy 9Zng PO, ceramics are expected to be sin-
tered at a rather low temperature (below 860°C). In addition,

Fig. 1. XRD patterns of (1 — x)Ba3(VOy4),—xLiMgyoZng PO,
(x = 0.40-0.65) ceramics sintered at 800°C for 4 h, as compared to
the standard patterns of Ba3(VOy), and LiMgPO,.

Fig. 2. XRD patterns of 0.55Ba3(VO,),—0.45LiMg ¢Zn, PO,
ceramics sintered at various temperatures for 4 h.
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the effect of the sintering duration time on the XRD patterns
of 0.55Ba3(VOy4),-0.45LiMgg 9Zny PO, ceramics sintered at
800°C is shown in Fig. 3, in which the XRD pattern of the
mixture of the x = 0.45 ceramic powder and 20 wt% Ag sin-
tered at 800°C for 4 h is also included for comparison. On
one hand, it is obvious that the phase compositions of the
sintered ceramics are not sensitive to the sintering time at
800°C because the diffraction peaks do not obviously change
with time. This result means that the sintering time may
influence the sample density, but do not greatly deteriorate
the reaction of Bas3(VO,), and 0.45LiMgy¢ZngPO4. On
the other hand, for the cofired samples of the x = 0.45
matrix composition with Ag powder, besides peaks of the
ceramic sample (see Fig. 2) and Ag (JCPDS #04-0783),
there are no additional peaks in the XRD patterns to reflect
a secondary phase formed, implying that 0.55Ba;(VOg4)>—
0.45LiMgg 9Zny PO4 ceramic does not react with Ag at the
sintering temperature.

The Raman spectra of the Bas(VO4)>—LiMgyoZng POy
ceramics are shown in Fig. 4. The Raman bands of

Fig. 3. XRD patterns of 0.55Ba3(VO4),—0.45LiMgg 9Zng PO,
ceramics sintered at 800°C for different hours and the cofired sample
of the x = 0.45 ceramic and 20 wt% Ag at 800°C for 4 h.

Fig. 4. Raman spectra of (1 — x)Ba3(VO4)>,—xLiMgeZn, PO,
ceramics sintered at various temperatures.

Vol. 96, No. 12

Bas(VOy), were distributed in three well-separated frequency
regions corresponding to the internal stretching of [VOy]
modes (V-O stretching modes, 850-750 cm™ "), the internal
bending of [VO, modes (O-V-O bending modes, 450-
300 cm '), and translational and rotational modes of the
[VO4] units mixed with the Ba?" displacements (250
120 cm™")."®  The main Raman-active modes of
LiMgy9Zny PO, at 957, 1025, and 1074 cm™' can be
ascribed to the stretching and bending vibrations of its poly-
hedrons, which contain tetrahedral [POy], octahedral [LiOg],
and [MgOg]." According to the Raman spectra of the pure-
phase Ba3(VOy), and LiMgg9Zng POy, all the Raman-active
modes in the (1 — x)Ba3z(VOy4),—xLiMgy 9Zng POy (x = 0.40—
0.65) ceramics can be identified by these two phases. It can
be seen that the Raman band located at 882 cm™' in the
composition range x = 0.4-0.65 should be attributed to the
7Zn3(VOy,)> phase. However, it was spilt into double bands
corresponding to the vibration bands of 880 and 887 cm™!
(see the inset of Fig. 4) when the sintering temperature was
raised up to 860°C, which can be attributed to the decompo-
sition products of Zn3(VOy),, such as the Zn,V,0; and
Zn4V,09 compounds. Raman results indicated that
Ba;(VOy4),—LiMgy 9Zng PO, ceramics have been generally
formed, in which the change in the crystal structure and
phase compositions keep consistency with that of the XRD
results.

Figure 5 shows the SEM images and EDS result of
(1 — x)Baz(VOy4)r—xLiMgj 9Zn, PO, (x = 0.4-0.65) ceramics
sintered at various temperatures. It can be noted that all the
specimens exhibit a bimodal grain size distribution and are
composed of two kinds of grains with different contents. The
result of EDS analysis [Fig. 5(f)] shows that big and light
grains [marked 1 in Fig. 5(e)] mainly contain Ba, V, and O
elements in an approximate molar ratio of Ba:V:O = 3:2:8,
and small and dark grains [marked 2 in Fig. 5(e)] are domi-
nantly composed of Mg, Zn, P, and O elements, in which the
Li element belongs to the ultralight elements so that it can-
not be detected by EDS. From the EDS results, it can be
also found that some Ba’" and V>' ions were detected in
the grain of LiMgg¢Zn, POy, and Mg2+, Zn*", and P>
ions were also detected in the grain of Ba3(VO,),, probably
because of the ions diffusion between two phases. This is
because the crystal structure of LiMgyoZng POy, is not very
stable, such that part of Zn>" ions can leave away from the
Mg(Zn)-O site as it was reacted with Ba3(VOy),. As a result,
some Zn’" ions exist as LiZnPO, secondary phases, and
some other Zn>" ions replace Ba?" ions to form Zn3(VOy),
compound. A small amount of Ba?" ions can fill in the
vacancies of LiMgPO, lattices by occupying the Mg-O site.
Figures. 5(a), (c), and (e) show the grain morphology of
0.55Ba3(VOy,),—0.45LiMgg 9Zngy (PO, ceramics sintered at
770°C, 800°C, and 860°C, respectively. It can be observed
that the grain size of the ceramics increases with increasing
the sintering temperature. The low-melting-point Zn—V-based
secondary phases can form liquid phases during sintering,
which can speed up the particle rearrangement in the early
period of sintering and the mass transportation in the middle
period of sintering. However, the grain growth can be simul-
taneously promoted. The enhanced grain growth behavior
tends to lower the sintering driving force for densification, so
that the sample density decreases as the sintering temperature
is too high. As a result, samples sintered at 800°C have a rel-
atively high density without obvious porosity and exhibit a
uniform microstructure. From Fig. 5(e), it can be seen that
some remaining pores are visible and the sample density
starts to decrease as the sintering temperature increases up to
860°C.

Figure 6 shows the relative density and e, values of
(1 — x)Ba3(VO4)27xLng0,an0,1PO4 (X = 02*065) ceramics
as a function of the sintering temperature. It can be seen
that the addition of LiMgy¢Zng PO, can effectively reduce
the sintering temperature of the ceramics compared to the
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Fig. 5. SEM images of the (1 — x)Ba3(VO4)>,—xLiMgj ¢Zn, PO, ceramics: (a) x = 0.45, at 770°C, (b) x = 0.40, at 800°C, (c) x = 0.45, at 800°C,
(d) x = 0.55, at 800°C, (e) x = 0.45, at 860°C, and (f) EDS result for x = 0.45, at 860°C.

single-phase  Ba3(VOy,), ceramics. The  Ba3z(VOy)—
LiMg, 9Zng PO, ceramic sample can be well densified in the
temperature range 800°C—830°C. Generally, the relative den-
sity of all ceramic samples decreases with further increasing
the sintering temperature. The optimum sintering tempera-
ture of each sample slightly decreases with increasing the
LiMg, 9Zng PO, content. The g, values of the ceramics vary-
ing with the sintering temperature show a similar tendency to
the sample density, as the g, value is usually strongly depen-
dent on density. It can be found that the &, value of the
(1 — x)Ba3(VOy)—xLiMgp oZng PO, ceramic is approxi-
mately in the range 7-12, which is roughly between those of
the single-phase Ba3(VOy,), and LiMgy¢Zng PO, ceramic.
Nevertheless, the experimental €. value of the Baz(VOy4)—
LiMgj 9Zng PO, ceramic indicated that the formation of a
small amount of secondary phases such as LiZnPO, and
Zn3(VOy), secondary phases has an negligible effect on the
dielectric constant because these secondary phases were
reported similar ¢ values to both of Ba3z(VO,), and
LiMgg 9Zng PO, ceramics, !> although the temperature for
the optimum densification was decreased.

Figure 7 shows the Q x f values of (I — x)Ba3(VOy),—
xLiMgg 9Zny POy (x = 0.2-0.65) ceramics as a function of
the LiMgyoZng PO4 content, x. As the single-phase

LiMgyoZno PO, has a much bigger Q x f value
(99 700 GHz) than that of the Ba3(VOy), ceramic
(0 x f=42000 GHz), the Q x f value of the (1 — x)
Ba3(VOy4),—xLiMgy9Zng PO, ceramics should generally
increase with increasing the content of LiMgg¢Zng PO,4. The
0 x f value of the (1 — x)Ba3(VOy4),—xLiMg,9Zng POy
ceramics is not only related to the relative content of both
phases but also is closely associated with imperfections such
as porosity, grain boundaries, microcracks, and impurities.”!
As a result, the Q x f value started to decrease as the
LiMgg 9Zng PO, content was further increased. As the cera-
mic was sintered in the temperature range 770°C—880°C, the
QO x f wvalue first increased with increasing the
LiMgg9Zny PO, content, and then decreased when the x
value was larger than ~0.43. The decreased Q x f values of
the ceramic with increasing the LiMgy¢Zny PO, content
should be mainly ascribed to the presence of some LiZnPO,
and Zn3(VOy), secondary phases in the sintered ceramics
because both LiZnPO, (Q x f~ 40 000 GHz)"® and
Zn3(VO4), (O x f~20 000 GHz)*® show much smaller Q x f
values. As the sample was sintered in the temperature range
860°C—-880°C, the Q x f value became much smaller than
that of the sample sintered below 860°C. The possible reason
might be also ascribed to the slight decrease in the sample
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Fig. 6. Bulk density and &, values of the (1 — x)Baz(VOy4)—
xLiMgg 9Zng PO, ceramics as a function of the sintering temperature.

Fig. 7. The Q x fvalues of the (I — x)Ba3(VO4)>—xLiMg9Zny PO,
ceramics sintered at different temperatures for 4 h.

density. Moreover, we also found that the sintering duration
time shows only a little influence on the g, and Q x f values
as the sample was sintered at 800°C for longer than 4 h,
because the formation of impurity phases is not sensitive to
the sintering time (Fig. 3), compared with the sintering tem-
perature (Fig. 2), and the maximum sample density has been
almost reached after 4 h.

The 1 values of the (I — x)Ba3(VOy4)>,—xLiMgyoZng PO,
(x = 0.2-0.65) ceramics as a function of the sintering temper-
ature and the LiMgg¢Zn, PO, content are shown in Fig. 8.
The 1; value increased monotonically from —33 ppm/°C to
23.3 ppm/°C as x decreased from 0.65 to 0.2 at different sin-
tering temperatures. The inset of Fig. § illustrates the calcu-
lated and measured 1 values for different samples sintered at
800°C. The sintered (l — x)Ba3(VO4)27xLngO,9Zn0,IPO4
ceramics could be roughly considered as diphasic ceramics
because the concentration of secondary phases formed during
sintering is very low and is difficult to know clearly. There-
fore, the calculated 1 values can be obtained by the follow-
ing equation:

y=Vi-tn+ V210 2

where V' is the volume fraction of each phase. The subscripts
1 and 2 stand for Ba3(VOy), and LiMg¢Zny PO, phases,
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Fig. 8. The 1 values of the (1 — x)Ba3(VOy4)>,—xLiMg,¢Zng PO,
ceramics sintered at different temperatures for 4 h.

respectively. It can be found that the calculated values are
almost equal to the measured values as x is less than 0.45,
and then the discrepancy of both values increases as x
increases from 0.5 to 0.65. This difference might be attributed
to the existence of the LiZnPO,4 and Zn3(VO,), phase whose
concentrations vary with the change in x. It also can be
found that the measured t; value was smaller than the calcu-
lated ones (see the inset of Fig. 8), which can be explained
by the emergence of LiZnPO,4 and Zn3(VO,), phases. It has
been reported that the t; value of LiZnPO, was about
—80 ppm/°C"? and the 7t value of Zns(VO,), ceramic sin-
tered at 800°C was approximately —120 ppm/°C.** Despite
the content of the Zn3(VOy,), secondary phase would be very
low, the t; value of the ceramics was obviously reduced. Nev-
ertheless, the 0.55Ba3(VOy4),—0.45LiMgg9Zn, PO, ceramics
sintered at 800°C exhibit a zero-near t; value of —2.1 ppm/
°C. In addition, this composition also has an excellent Q x f
value of 64 500 GHz and a low ¢, value of 10. Therefore, it
can be believed that (1 — x)Ba3(VOy4)>—xLiMggoZng POy
ceramics could be a good low-permittivity LTCC microwave
dielectric material as the LiMgq¢Zn, PO4 content is appro-
priately adjusted.

1V. Conclusions

The Ba;(VO,),-LiMgeZng PO, ceramics were successfully
manufactured via a conventional solid-state reaction method.
The phase structure, densification behavior, and microwave
dielectric properties of the ceramics were investigated as a
function of the sintering temperature and time, and the rela-
tive content of each phase. The low-temperature sinterability
and desirable microwave dielectric properties can be achieved
by appropriately adjusting the relative content of Bas(VOy),
and LiMgy¢Zng PO, phases. The experimental results dem-
onstrate that the ceramics with 45% LiMgg¢Zny POy can be
well densified at 800°C, and exhibit excellent microwave
dielectric properties of €. ~ 10, Q x f~ 64 500 GHz, and
1 ~ —2.1 ppm/°C, and good chemical compatibility with Ag
electrode.
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