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Microwave ceramics with low dielectric constant (εr<15), high quality factor (Q×f > 50,000 GHz) and near-zero temperature 
coe῿�cient of resonance frequency (|τf|≤10 ppm/oC) are drawing tremendous attentions for basic study and 5G communication. 
To obtain above parameters, the (1-x)Li4Mg2SbO6F–xLi2SnO3 (x=0.65-0.85) composite ceramics were fabricated through a solid 
state reaction route at 825-900 oC. X-ray di�raction analysis showed two phase coexistence of cubic structural Li4Mg2SbO6F and 
monoclinic structural Li2SnO3. The microwave dielectric properties (MDPs) of Li4Mg2SbO6F-host counterpart is signi⿿�cantly 
improved with an amount of Li2SnO3 addition (x=0.75). For the x=0.75 composition, with increment of sintering temperature, 
its volume density and dielectric constant (εr) rose little by little, its quality factor (Q×f) rose ⿿�rst and then decreased, and its 
temperature coe῿�cient of resonance frequency (τf) remained stable. Optimum MDPs with a εr of 12.9, Q×f of 60, 100 GHz 
and τf of -10.6 ppm/oC were achieved at x=0.75 composition sintered at 875 oC, this ceramics also exhibited good co-⿿�ring 
chemical compatibility with silver electrode.
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Introduction

Recently, Li-containing oxyfluoride ceramics are 
drawing tremendous attentions owing to their fascinating 
low sintering temperature as well as eminent MDPs [1-
4]. Within the Sb2O5-LiF–Li2O–MgO system, a novel 
oxyfluoride namely, Li4Mg2SbO6F, was reported. We 
found that the 750 oC-sintered Li4Mg2SbO6F oxyfluoride 
ceramics possess eminent MDPs at 11.3 GHz (εr=12.6, 
Q × f = 59, 000 GHz, τf  = -37 ppm/oC) [5]. However, its 
poor τf value (-37 ppm/oC) of Li4Mg2SbO6F oxyfluoride 
ceramics impedes its use in LTCC applications in a 
large measure [6]. There are two mainstream methods 
to modulate the MDPs, especially for τf, that is selecting 
two compounds with converse τf to construct diphase 
ceramics and ion replacement to construct a solid 
solution [7-10]. The solid solution LiIn1-xGaxO2 (x = 
0.1, τf ≈ +10.1 ppm/oC) and (1-x)Mg(Zr0.05Ti0.95)O3–
xSrTiO3 diphase ceramics (x = 0.04, τf ~ +10.1 ppm/
oC) are the most suitable samples among the situations 
aforementioned [11, 12].

In this paper, the Li2SnO3 with positive τf (26.9 ppm/
oC) was introduced to tune the MDPs of Li4Mg2SbO6F-

basic ceramics [13, 14]. Thus, the (1-x)Li4Mg2SbO6F–
xLi2SnO3 (x=0.65-0.85) diphase ceramics were designed 
and fabricated via a solid state reaction at 825-900 oC. 
The influence of Li2SnO3 addition on the phase assemble, 
sinterability, microstructures along with MDPs of 
0.25Li4Mg2SbO6F–0.75Li2SnO3 sintered specimens was 
thoroughly investigated. 

Experimental

Through a solid-state process the (1-x)Li4Mg2SbO6F–
xLi2SnO3 (x=0.65-0.85) (abbreviated as LMSOF-LSO) 
specimens were fabricated [15]. Based on stoichiometric 
Li4Mg2SbO6F and Li2SnO3, the initial materials of MgO, 
Li2CO3, LiF, Sb2O5, SnO2 (all purity >98.0%) were 
separately weighed, then were individually mixed via 
planetary milling for 9 h with anhydrous alcohol as 
medium. The dried Li4Mg2SbO6F and Li2SnO3 slurries 
were individually presintered under 550 oC/5 h and 
950 oC/5 h. Subsequently, the LMSOF-LSO mixture 
powders were re-milled for 9 h. By adding 6 wt% PVA 
binder, the above mixture powders were granulated, and 
compacted into green discs with diameter of 10 mm and 
thickness around 4.5 mm. Finally, these discs were fired 
under 825 oC–900 oC for 5 h in air atmosphere. 

The phase identification, structural investigation along 
with surface morphology of the LMSOF-LSO samples 
were examined via X-ray diffraction (XRD, Japan) 
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and scanning electron microscopy (SEM, Czech). 
The volume densities of fired specimens were trialed 
employing Archimedes’ drainage approach [16]. With 
the help of resonant cavity method, the εr and Qxf 
values under microwave region about 10-11 GHz of 
the LMSOF-LSO ceramics were measured employing a 
vector network analyzer (Ceyer 3674D). The τf values 
were evaluated based on following expressions (1) [17].
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Results and Discussion

Table 1 summarizes the microwave dielectric properties 
of 875 °C-sintered LMSOF-LSO ceramics systems. As x 
rose from 0.65 to 0.85, the εr values first increased and 
then decreased, while the |τf| and Qxf values gradually 
decreased. The good comprehensive MDPs could be 
obtained for the composition of x=0.75. Therefore, 
the following research was focused on the x=0.75 
composition ceramics.

Fig. 1 gives the XRD plots of 0.25LMSOF-0.75LSO 
ceramics under diverse temperature sintering. All samples 
exhibited a similar phase assemble. All diffraction 
peaks match well with MgO-like (PDF #77-2364) 
cubic structural phase of Li4Mg2SbO6F and monoclinic 
structural phase of Li2SnO3 (PDF #76-1149). The achieved 
outcomes indicated the formation of a Li4Mg2SbO6F/

Li2SnO3 diphase ceramics without noticeable secondary 
phases, which could attribute to their diverse crystal 
structure [18]. 

The density and shrinking ratio of 0.25LMSOF-
0.75LSO under different temperature sintering are given 
in Fig. 2. The density and shrinking ratio showed a 
similar tendency, that is a whole enhancing tendency as 
the sintering temperature rose. This could attribute to 
that the gases from the pores within the ceramics flee 
with an increasement in firing temperature, the ceramics 
shrinks and thus results in its density increment [19, 20]. 

Fig. 3(a)-(e) display the typical SEM graphs of 
0.25LMSOF-0.75LSO heated at 825-900 oC. All samples 
do not look very dense. When the samples were heated 
at 825 °C, numerous intergranular pores were observed, 
which tallied well with its poor density, as illustrated 
in Fig. 2 and Fig. 3(a). As the firing temperature rose, 
the amount of intergranular pores declined little by 
little, and a comparatively compact microstructure were 

Fig. 1. The XRD plots of 0.25LMSOF-0.75LSO under different 
temperature sintering.

Table 1. Microwave dielectric properties of 875 °C-sintered 
(1-x)LMSOF-xLSO ceramics.

Composition εr Qxf (GHz) τf (ppm/°C)
x=0.65 12.7 64,650 −18.5
x=0.75 12.9 60,100 −10.6
x=0.85 12.0 11,540 −2.3

Fig. 2. The density and shrinkage of 0.25LMSOF-0.75LSO under 
different temperature sintering.

Fig. 3. The surface morphology of the 0.25LMSOF-0.75LSO 
samples under different temperature sintering: (a) 825 oC, (b) 
850 oC, (c) 875 oC, (d) 900 oC. 
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gained for 875 oC-heated ceramics. Further increment 
the heating temperature to 900 oC, an abnormal grain 
growth emerged, as seen in Fig. 3(d). Moreover, all 
samples owned two distinct-colored grains (light and 
black) and similar grain shape, which tallied well 
with the aforementioned XRD results. To identify 
the phase composition of distinct-colored grains, the 
energy dispersive spectrometer was carried out on the 
0.25LMSOF-0.75LSO ceramics sintered at 875 oC, as 

shown in Fig. 4. The elemental mappings results reveal 
local enrichment of Mg, Sb, and F elements, whereas the 
Sn element is distributed throughout the entire region, 
which is slightly different from the XRD results. 

The dependence of εr over sintering temperature of the 
0.25LMSOF-0.75LSO samples is exhibits in Fig. 5. The 
reliance of ɛr upon sintering temperature almost shows a 
similar inclination to that of densities (Fig. 2), since ɛr in 
microwave frequency is chiefly influenced by porosity 
for given composition [21]. The εr of present ceramics 
increased little by little from 10.7 to 13.0 upon enhancing 
sintering temperature, which is tightly connected with 
the reduce in porosity, considering the εr of pores is 
nearly equal to 1.

Fig. 6 exhibits the dependence of Q×f and τf of the 
0.25LMSOF-0.75LSO samples on firing temperature. 
The change tendency of Q×f values over sintering 
temperature is not quite the same as that the variation 
in either density or ɛr values. It is notice that the change 
in Q×f value over sintering temperature is far more 
sophisticated compared to the one in either density or ɛr. 
The present ceramics displayed a stepwise increment in 
Q×f values with the wake of firing temperature, achieve 
a peak value of 60, 100 GHz at 875 °C, and slightly 
declined in the end with further increasing temperature. 
The increment in Q×f values is due to the increment in 
density (Fig. 2), whereas the reduced Q×f values at 900 

Fig. 4. Energy-dispersive spectroscopy elemental mapping results of 0.25LMSOF-0.75LSO ceramics sintered at 875 oC.

Fig. 5. The εr of the 0.25LMSOF-0.75LSO samples under 
different sintering temperature.
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°C is due to the observed an abnormal grain growth 
in Fig. 3(d). With regard to τf , as shown in Fig. 6, 
the τf values is irrelevant to sintering temperature and 
can remain relatively stable at approximately −10.6 
ppm/°C. The τf value is well-known to be influenced 
by the composition, the additive and the second phase of 
the materials [22-24]. In current ceramics, the relatively 
stable τf can attribute to its unchanged phase assemble 
of Li₄Mg₂SbO₆F and Li₂SnO₃ (seen in Fig. 1), where 

Li₄Mg₂SbO₆F owns negative τf (-37 ppm/oC) and Li₂SnO₃ 
owns positive owns negative τf (26.9 ppm/oC) [5, 13].

To ensure the LTCC applicability of the present ceramic, 
good chemical compatibility with Ag electrode during 
sintering is necessary. Thus, the XRD was conducted 
to assess the compatibility of between 0.25LMSOF-
0.75LSO composition and Ag electrode fired at 875 oC, 
and corresponding result is shown in Fig. 7. As the XRD 
pattern does not show the formation of any secondary 
phase except for Li4Mg2SbO6F, Li2SnO3 and Ag phases, 
suggesting well co-firing chemical compatibility of the 
0.25LMSOF-0.75LSO ceramics with Ag electrode. 

Table 2 showcases the microwave dielectric properties 
of Li-based oxyfluorides ceramics. Compared to other 
ceramics except Li2Mg2GaTi2O8F, our 0.25LMSOF-
0.75LSO ceramics has excellent comprehensive properties, 
including low εr, low sintering temperature dielectric, 
near-zero τf and high or comparable Q×f. 

Conclusions

In this work, (1-x)Li4Mg2SbO6F–xLi2SnO3 (x=0.65-
0.85) composite ceramics were fabricated through a solid 
state reaction route at 825-900 oC. The diphase ceramics 
of cubic structural Li4Mg2SbO6F and monoclinic structural 
Li2SnO3 could coexist harmoniously as confirmed by 
XRD analysis. The introduction of Li2SnO3 can not only 
significantly ameliorate the τf, but also improve the Q×f 
and εr of Li4Mg2SbO6F-host counterpart. For the x=0.75 
composition, its εr is chiefly influenced by density, its 
Q×f is chiefly influenced by density and overinflated 
grain coarsening, and its τf is chiefly influenced phase 
assemble. The excellent MDPs with a εr of 12.9, Q×f 
of 60,100 GHz and τf of -10.6 ppm/oC along with its 
well co-firing chemical compatibility with Ag electrode 
for x = 0.75 composition ceramics, make it a prospective 
material for LTCC applications. 
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Table 2. Comparison of microwave dielectric properties of Li-based oxyfluorides ceramics.
Composition Ts(oC) εr Q×f (GHz) τf (ppm/oC) Reference

Li2Y9(SiO4)6O2F 1275 14.28 16,760 3.14 1
Li0.5NaY9(SiO4)6O2F0.5 1525 12.34 35,597 -28.2 2

Li2Mg2GaTi2O8F 1050 14.58 76,689 -52.0 3
Li4.75Ti2Mg7O13F0.75 925 14.99 137,180 -36.5 25

0.75Li4Mg2SbO6F-.25Li2SnO3 875 12.90 60,100 -10.6 this work

Fig. 6. The Q×f and τf of the 0.25LMSOF-0.75LSO samples 
under different sintering temperature.

Fig. 7. The XRD pattern of the mixture of the 0.25LMSOF-
0.75LSO and Ag fired at 875 oC. 
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