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Abstract

The 0.9Mg,Si0,-0.1CaTiO5 (MSCT) ceramics with 60ZnO-20B,0,-20S10, glass (ZBS) and LiF compound additives were
prepared by solid-state reaction method. The effects of different ZBS contents on the phase, densification temperature, surface
morphology and dielectric properties of MSCT ceramics were studied. The results show that ZBS can inhibit the reaction
between LiF and CaTiO;, which improve the surface morphology and reduce the sintering temperature of MSCT ceram-
ics. The sample of MSCT with 2wt%ZBS-1.5wt%LiF sintered at 900 °C for 90 min shows excellent microwave dielectric
properties: €, = 9.26, O X f= 68,580 GHz (at 15.5 GHz) and 7,= -1.49 ppm/ °C. There is no obvious element diffusion at
the co-firing interface between dielectrics and Ag electrodes, indicating it is a promising candidate for LTCC applications.
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1 Introduction

With the rapid development of the fifth generation mobile
communication technology (5G), the application of Mas-
sive MIMO and AAU RF technology puts forward higher
requirements for the miniaturization, lightweight, integration
and high frequency characteristics of components. Based
on low temperature co-fired ceramics (LTCC), multilayer
components with good high frequency performance, high
integration and high reliability have a broad market prospect
in 5G communication and future high frequency communi-
cation era [1-4].

LTCC materials should be sintered at around 900 °C or
lower for co-firing with low melting point and highly con-
ductive Ag electrodes [5, 6]. Forsterite (Mg,Si0,) ceram-
ics, a candidate for millimeter-wave dielectrics materials,
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have low relative permittivity (e,) of 6.8 and high Q x fvalue
of 270,000 GHz [7-11]. However, it has high sintering tem-
perature (~1450 °C) and negative 7, (-67 ppm/ °C), which
limited its practical applications in LTCC field. Adding low
melting point glass and oxide is a low cost and effective
method to reduce the densification temperature of ceram-
ics. Dou et al reported that 0.91Mg,Si0,-0.09CaTiO; with
12wt% B,05-Li,0-Si0, glass was sintered at 950 °C, but the
addition of glass greatly destroyed its Q x f value (Q X f~
11,300 GHz )a [11]. LiF have been proved to be suitable for
reducing the densification temperature of Mg,SiO, [11-14].
Ma et al reported that the Mg,Si0,-0.24Ti0, with 4wt%LiF
has shown Q x fof 31,091 GHz and a dielectric constant
of 7.1 at a low sintering temperature of 950 °C [12]. How-
ever, the addition of LiF affects the surface morphology of
Mg,SiO,4, Zhang et al. [15] found that the addition of LiF
led to the formation of abnormally grown grains and angular
grains on the surface. In addition, the matching of Mg,SiO,
system with Ag paste has not been reported.

It is reported that ZnO-B,05-Si0, glass (ZBS) is an effec-
tive low temperature sintering aid, and is used as a dopant to
improve the sintering temperature of other material systems
[16—18]. In this paper, LiF and ZBS were used as composite
sintering aids, and CaTiO; was used as 7,compensator. The
effects of LiF-ZBS addition on the densification, crystal-
line phase, microstructure and microwave dielectric prop-
erties of 0.9Mg,S10,-0.1CaTiO; (MSCT) ceramics were
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investigated. In addition, we also prepared the green tape by
tape casting technology, and printed the Ag pattern by screen
printing. The matching co-firing behavior of Ag electrode
and ceramic green tape was studied.

2 Experimental procedure

The starting materials were MgO (>99%, Duodian chemical,
China), CaCO; (>99%, Tongya chemical, China), SiO,(>99%,
Fengcheng Reagent, Shanghai, China), TiO, (>99.8%,
Zhongxing, Xiantao, China), LiF, 60ZnO-20B,05-20Si0,
glass. Mg,Si0, was weighed according to non-stoichiometric
ratio of MgO:Si0,=2.05:1 [19]. CaTiO; was weighed accord-
ing to the chemical formulas. The powders were mixed with
ethylalcohol and zirconia balls in a polyethylene bottle for 17
h, and then dried. The mixed CaCO;-TiO, and powders MgO-
Si0, were calcined at 1200 °C and 1250 °C for 3 h. Then,
0.9Mg28Si0,-0.1CaTiO; powder mixed with 1.5wt % LiF +
xwt % ZBS (x=0, 1, 2, 3, 4) to reduces the sintering tempera-
ture. Mixture continues mixed with ethylalcohol and zirconia
balls for 17h. Then the powders with 6wt%PVB pressed into
green columns (bmmx4mm) at 180 MPa. Finally, These pel-
lets were sintered at 840-930 °C for 90min in air.

The phase structures of the 0.9Mg,Si0,4-0.1CaTiO;
ceramics with 1.5wt% LiF- xwt% ZBS (x=0~4) sintered
samples were confirmed using XRD radiation (Aeris, PANa-
lytical, Holland) with Cu Ka. The bulk density of the sample
was measured by Archimedes method. The microstructure
of the sintered sample was examined using a scanning elec-
tron microscope (SEM, Phenom Pro X, Netherlands) and
its composition was determined using an energy dispersive
X-ray spectrometer (EDS). The relative permittivity (g,) and
0O x fvalue of the samples was measured using a cavity
and a network analyzer (10 MHz-43.5 GHz, KEY-SIGHT,
N5232A). Placed the test cavity in a thermostat, and the fre-
quency change in the temperature range of 25 °C -85 °C was
recorded, the temperature coefficient of resonant frequency
(7) was calculated by the following formula:

I, = f85 °C _f25°C 1
/= s oc(85 °C — 25 °C) M

3 Results and discussion

Fig. 1 shows the XRD patterns of MSCT ceramics with
1.5wt%LiF+ xZBS (x = 1~4) ceramics sintered at their opti-
mum sintering temperatures. According to the XRD pattern,
the main crystalline phase of all the samples were Mg,SiO,
(ICDD no. #84-1402) and CaTiO; (ICDD no. #77-0182).
The change of the second phase of the sample is closely
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Fig.1 XRD patterns of 0.9Mg,Si0,-0.1CaTiO; ceramics with
1.5wt% LiF-xwt% ZBS (x = 0~4) ceramics sintered at their optimum
sintering temperatures

related to the content of ZBS. LiF, CaF, and Li,TiO; phase
was detected when x=0. With the increase of x, the diffrac-
tion peaks of CaF, and Li,TiO; decrease gradually and dis-
appear when x > 1. SiO, was detected with an addition of
x=4. A possible mechanism is that CaTiO; reacts with LiF
to form CaF, and Li,TiO; for x=0. When x > 0, the addition
of ZBS hindered the reaction between CaTiO; and LiF, and
LiF promoted the crystallization of ZBS.

CaTiO, + 2LiF — CaF, + Li,TiO;

Figure 2 shows the bulk density of (0.9Mg,SiO,-
0.1CaTiOy)-1.5wt%LiF-xwt%ZBS(x=0~4) ceramics sin-
tered at different temperature. The results show that the bulk
density of the sample is related to the sintering temperature
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Fig.2 The bulk density of (0.9Mg,Si0,-0.1CaTiO;) -1.5wt%LiF-
xwt%ZBS(x=0~4) ceramics sintered at different temperature
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Fig.3 SEM micrographs of
(0.9Mg,Si0,-0.1CaTiO5)
+1.5wt%LiF+xZBS(x =0~4)
ceramics sintered at their opti-
mum sintering temperatures for
different x values: (a) the surface
of x = 0; (b) the surface of x

= 1; (c¢) the surface of x = 2;
(d) the surface of x = 3; (e) the
surface of x = 4; (f) the section
of x=0

and ZBS content. With the increase of sintering tempera-
ture, the density of the sample increases gradually due to
the decrease of porosity and the growth of grains. When
the sintering temperature reaches the densification tem-
perature of the sample, the density begins to decrease due
to overburning. In addition, with the increase of ZBS con-
tent, the densification temperature of the sample decreases
[12, 13]. The density of the samples with 0, 1, 2,3,4wt %
7ZBS reached the maximum at 960 °C, 930 °C, 900 °C, 900
°C and 870 °C. The results show that with the increase
of ZBS content, the densification mechanism of (0.9
Mg,Si0,4-0.1CaTiO;)-1.5wt%LiF-xwt%ZBS(x=0~4) sam-
ples moves to a lower temperature.

Figure 3 shows the SEM micrographs of the surface of
(0.9Mg,Si0,-0.1CaTiO5) +1.5wt%LiF+x ZBS (x =0~4)

ceramics sintered at their optimum sintering temperatures
for different x values. As shown, when x = 0, there are
abnormally grown white and black grains on the surface.
As shown in Figure 3(f), this situation only exists on the
sample surface. Zhang et al. [15] reported a similar phe-
nomenon in the study of the effect of LiF on the properties
of Mg,SiOy,, but did not explain it well. In order to further
study the formation of surface abnormal grains, EDS was
used to analyze the elemental composition of the grains, as
shown in Fig. 4A and B was used to mark grains of different
colors. The results show that the main elements of A was F
and O, and the main elements of B was F, Ca, Mg, Si and O.
It seems impossible to detect lithium using an EDS detector
[20]. According to XRD analysis, when x = 0, the sample
consists of Mg,Si0, (ICDD no. #84-1402), CaTiO; (ICDD
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Fig.4 The EDS datum of (0.9Mg,Si0,-0.1CaTiO;) +1.5wt%LiFceramics sintered at 960 °C
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Fig.5 The EDS datum of Al o -
(0.9Mg,Si0,-0.1CaTiO;) Si g

+1.5wt%LiF+x ZBS (x = 4)
ceramics sintered at 870 °C

no. #89-6949), and the second phases CaF, Li,TiO; and LiF.
respectively. It indicates that they are CaF, and LiF. With the
addition of ZBS, the abnormal growth grains disappear and
the sintering gradually becomes dense. When the content of
ZBS exceeds 4wt %, the surface appears needle-like grains.
As shown in Fig. 5, EDS shows that the Si content in the
needle-like grains is higher. Eoh et al. [21] report that the
presence of silicon-rich liquid phase led to abnormal growth
of table-second grains in the study of Zn, 3SiO,. Accord-
ing to XRD analysis, when x = 4, the second phase SiO,
appears. One possible reason is that LiF enters the ZBS glass
network, interrupting the ZBS glass B-Si network, and LiF is
absorbed. ZBS added crystallization. The results show that
LiF is easy to diffuse to the surface of the sample and reacts
with CaTiOj; to form CaF, on the surface of the sample. LiF
and CaF, grow abnormally on the surface. The addition of

]

g

>»

=

=3

o

2

£

R —=— 1.5(Wt%)LiF

2 8T —o— 1.5(Wt%)LiF+1(wt%)ZBS
o7 —A— 1.5(Wt%)LiF+2(Wt%)ZBS
g —¥— 1.5(Wt%)LiF+3(wt%)ZBS
oo " —o— 1.5(Wt%)LiF+4(Wt%)ZBS
) Il n 1 1 1 " 1 " 1 L A

840 870 900 930 960 990

Sintering Temperature(°C)

ZBS can prevent the diffusion of LiF to the surface, but too
much ZBS can crystallize on the surface to form abnormally
grown acicular grains.

Figure 6 shows the dielectric €, and Q x f values of
(0.9Mg,Si0,-0.1CaTiO;) +1.5wt%LiF+x ZBS (x =0 ~ 4)
sintered at different temperature. It can be seen that with
the increase of temperature and ZBS content, the dielec-
tric constant €, and density show a similar trend, because
the densification of ceramics has an important influence
on the dielectric constant €, [20]. Figure 6(b) shows that
the O x fvalue increases first and then decreases with the
increase of ZBS content and sintering temperature. When
x = 2, the Q x f value of the ceramic sample reaches the
maximum at 900 °C. As shown in Figure 3, with the increase
of x, the grain becomes more and more dense, and Q x fis
expected to increase. When x further increases, the Q x f
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Fig.6 The dielectric €, and Q x f values of (0.9Mg,Si0,-0.1CaTiO;) +1.5wt%LiF+x ZBS (x = 0~ 4) sintered at different temperature
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Fig.7 The 7, value of (0.9Mg,Si0,4-0.1CaTiO;) +1.5wt%LiF+x ZBS
(x =0 ~4) at their optimum sintering temperatures

value decreases, which may be related to the abnormal grain
growth.

Figure 7 shows the 7, value of (0.9Mg,Si04-0.1CaTiO5)
+1.5wt%LiF+x ZBS (x = 0 ~ 4) at their optimum sintering
temperatures. In general, 7, is dependent on the structure,
composition, the additive or the second phase of the materi-
als. The composite value follows the mixing rule and the
value is determined using For-mula [22].

Tf = VITfl + V2Tf2 + V3Tf3. (2)

Where 74, , 7, and 755 are the 7, values of Mg,Si0,, CaTiO5
and ZBS phases, respectively. The 7, decreased slightly
with an increase of ZBS(z;=-23ppm/ °C) content, changing
from +5.62 ppm/ °C to -2.65 ppm/ °C. When the concen-
tration of ZBS is 2wt %, the 7, of (0.9Mg,Si0,-0.1CaTiO;)
+1.5wt%LiF+2wt%ZBS composites is near to zero (t=-
1.49ppmy/ °C).

In the LTCC production process, it is necessary to study
the matching co-firing of Ag paste and ceramic green
tape. In order to evaluate the chemical compatibility of
(0.9Mg,Si10,-0.1CaTiO3) +1.5wt%LiF+xwt%ZBS (x=2)
ceramics and electrode materials, the Ag paste was printed
on the x = 2wt % ceramic green tape, and the EDS analysis
and XRD spectrum of the Ag electrode co-firing sample
at 900 °C were shown in Fig. 8. Figure 8(a) shows the sur-
face line scan EDS image of the composite substrate. After
sintering at 900 °C, the printed pattern is complete with-
out diffusion. Through line scanning EDS analysis, it was
found that Ag diffused in the joint surface and the Ag con-
tent changed dramatically. However, the content of Ag in the
composites is close to zero. Figure 8(c) is the XRD spectrum
of the composite substrate and porcelain belt. It can be seen
from Fig. 8(c) that the phase before sintering is consistent
with the subsequent sintering. No silver compound phase
can be observed other than metallic silver (Ag, ICDD #
87-0597) compared to non-silver ceramics. The results show
that there is no reaction between (0.9Mg,Si0,-0.1CaTiO5)
+1.5Wt%LiF+xwt%ZBS (x=2) ceramics and Ag electrode.
Therefore, (0.9Mg,Si0,-0.1CaTiO5) +1.5wt%LiF+x ZBS (x
= 2) ceramics with Ag chemical compatibility are promising
LTCC materials.
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Fig.8 SEM photograph of (0.9Mg,Si0,-0.1CaTiO;) +1.5wt%LiF+x ZBS (x = 2) samples co-fired with Ag sintering at 900 °C: (a) Surface
image; (b) Line scanning EDS analysis of Ag diffusion profile; (¢) XRD patterns of composites co-fired with Ag electrodes and porcelain belt
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4 Conclusions

In this work, 1.5wt % Li F + xwt % ZBS additive was used
as sintering additive, and the temperature coefficient of reso-
nant frequency (zy) of Mg,SiO, was adjusted by doping with
CaTiO;, which effectively reduced the sintering temperature
of the material and improved its 7, The effects of different
ZBS contents on the phase, densification temperature, sur-
face morphology and dielectric properties of 0.9Mg,SiO,-
0.1CaTiO5-1.5wt%LiF samples were studied. The results
show that the addition of ZBS can inhibit the reaction between
LiF and CaTiO;, improve the surface morphology and reduce
the sintering temperature. Therefore, when x = 2, the sintering
temperature of the ceramics is effectively reduced from above
1450 °C to 900 °C, and the temperature coefficient of reso-
nant frequency (z,) is modified to -1.49 ppm / °C, with high
0 x (68,583 GHz ). In addition, (0.9Mg,Si0,-0.1CaTiO;) +
1.5wt%LiF +2wt%ZBS (x = 2) LiF ceramics with Ag chemi-
cal compatibility are promising LTCC materials.
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