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Two tetragonal natisite structured Li,TiMOs (M = Ge, Si) ceramics fabricated using the conventional solid-state
reaction method were investigated in terms of the thermal stability, sintering behavior and dielectric properties
at radio (RF) and microwave frequency region. At the optimum sintering temperature of 1140 °C, Li,TiGeOs
(LTG) has &, 7 9.43, Q X f~ 65,300 GHz (at 14.7 GHz), and 7~ +24.1 ppm/°C, while Li,TiSiOs (LTS) sintered at
1180 °C exhibits £, 7 9.89, Q X f~ 38,100 GHz (at 14.2 GHz), and 77~ +50.1 ppm/°C. The positive z; values of the

present LTG and LTS are abnormal and extremely important for low-¢, microwave dielectric ceramics, which
could behave as a promising 7y compensator. Moreover, the dielectric spectra of both ceramics revealed a phase
transition at low-temperature, exhibiting a dielectric peak, which could account for the negative 7z, and positive
77 in operating temperature ranges.

1. Introduction

For broadcasting at high frequencies from radio (RF) to microwave
and to millimeter wave ranges, low-loss dielectric materials with a low
permittivity (e, shorten the propagation delay time and improve the
transmission rate) and near-zero temperature coefficient of resonant
frequency (zy = 0 ppm/°C) are extensively required and studied [1,2].
To satisfy the needs of fast-growing modern communication, much ef-
forts have been made to develop novel dielectric ceramic materials with
high performances.

Some silicates have been reported to possess low &, below 10, which
could be attributed to the low ionic polarizability of Si** (0.87 A%) [3]
and the strong effects of the covalent bond of Si-O because of its co-
ordination condition to form [SiO4] tetrahedron [4]. Previous work on
silicate systems mainly focused on cordierite Mg,Al,4SisO1g, Sr2AlSiO;,
sillimanite (Al,SiOs), MgSiO3, willemite (Zn,SiO4), and forsterite
Mg,SiO4 ceramic materials with low-¢, (4.73-9.5) and ultra-low di-
electric loss (78,500-270,000 GHz) [5-10], which have been proposed
to be promising substrate ceramic materials. Although these silicates
exhibit high Q X f values were reported, their high sintering tempera-
ture (> 1300 °C) mainly related to chemical refractory of SiO, and

large negative 7 values (< -20 ppm/°C) preclude their practical appli-
cations to some extent. Considering the same valence and coordination
preference of Ge** and Si**, it is reasonably expected that germanates
would exhibit similar dielectric properties as silicates with the same
crystallographic structure. In addition, the sintering temperature of Ge-
based ceramics, such as CaGeOs; [11] Zn,GeO, [12], (Zn;.
ngX)l'glsGeO&g]g (0.2 =x<0.6) [13] and Ba,MGe,0, (M = Mg and
Zn) [14] systems, is much lower than their silicate counterparts. Re-
garding to these initial progresses of silicate and germanates dielectrics,
there still remain broad spaces to explore novel microwave dielectric
ceramics.

The natisite-type compounds have a general formula A,BMOs
(A=Li*,Na™; B =Ti**, v**; M = Si**, Ge**), in which A, Band M
atoms have 6, 5 and 4 nearest oxygen neighbours occupying the
wykcoff sites of 4e, 2c, and 2a, respectively. They crystallize in layered
structure, consisting of [BOs1®~ square pyramids and [MO,]* tetra-
hedra sharing corner along the b-axis to form a layered band, in which
A ions are located between layers [15]. Due to the strong anisotropy of
natisite-like structures, previous work mainly focused on the physical
properties, such as ionic conductivity and luminous characteristics, as
well as the paraelastic-ferroelastic transition of the polycrystalline and
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doped single crystal [16,17]. Considering the potential dielectric per-
formance and structural adjustability of silicates and germanates, two
natisite-type Li,TiMOs (M = Si, Ge) ceramics were prepared, and their
thermal stability, sintering behavior and dielectric properties at RF and
microwave frequency region were then investigated.

2. Experimental procedure

Using conventional solid-state method, Li,TiGeOs (LTG) and
Li,TiSiOs (LTS) ceramics were prepared from high purity (> 99.99%)
reagents (i.e. Li,COs, TiO,, SiO,, and GeO,). After 6 h of ball milling
and 120 °C of drying, the raw materials were calcined for 6 h at 1050 °C.
After that, the samples were re-ground and 5 wt% PVA was added as the
binder to press into cylindrical disks with the diameter of 10 mm and
the height of 5mm, as well as some discs of 10 mm in diameter and
2mm in thickness for RF dielectric characteristic under uniaxially
pressure of 300 MPa. The green compacts were firstly fired at 550 °C in
air for 2 h to expel the organic binder and then sintered from 1080 °C to
1200 °C for 6 h with a heating rate of 5 °C/min.

The phase formation and structure stability were examined by
means of thermogravimetry (TG) and differential thermal analysis
(DTA) using an analyzer with the simultaneous recording of weight
losses and temperature variations under atmosphere using a thermo-
analyzer system (DELTA-7, PE). The phase purity of the samples was
determined by X-ray powder diffraction (XRD, CuKal, X’pert PRO,
PANalytical, Netherlands) in the range of 10-120°. The microstructure
of the sintered samples was observed by scanning electron microscopy
(SEM, JSM6380-LV, Japan). The bulk densities of the sintered samples
were measured by the Archimedes’ method. The microwave dielectric
properties were measured using a network analyzer (N5230A, Agilent
Co., Canada) and a temperature chamber (Delta 9039, Delta Design,
CA). The temperature coefficient of resonant frequency was measured
in the temperature range from 25 °C (T;) to 85 °C (T2). The values were
calculated as follows:

hH=h

—2 1 % 10°
LG - T)

7 (ppm/°C) =
7 (ppm/°C) "
where, f; and f, represent resonant frequencies at temperatures T; and
T,, respectively.

In order to analyze the electrical properties of the samples, both
sides of optimized discs were polished and fired silver electrode to form
parallel plate capacitors. An impedance analyzer (Agilent 4294A) were
used to measure the temperature-dependent dielectric characteristics
over the frequency range 1kHz-1 MHz at temperature range of -175-
120 °C and 300-600 °C, respectively. The linear coefficient of thermal
expansion (CTE) was estimated utilizing a thermal dilatometer
(DIL402C, NETZSCH, Germany).

3. Results and discussion

In order to understand the formation of both compounds, XRD
analyses were carried out on samples sintered at various temperatures
for 6 h. As shown in Fig.1, when sintering at 950 °C, it is clear that LTG
ceramics exhibit mixed phases, including the main phase LTG and the
small amount of TiO5 and Li,GeO3 phases. A similar phenomenon was
also observed in LTS, with the secondary phases being SiO, and
Li;TiO3. With increasing the calcination temperature, the amount of
secondary phase decreased. As sintering temperatures are above
1050 °C, no additional reflections other than LTG (JCPDS#75-5086) or
LTS (JCPDS#82-1955) are detected. In the combination of the results of
TG-DSC analysis (more details see in supplementary information Fig.
S1), therefore, it reveals that the stable LTG and LTS pure phase can be
formed at a high temperature above 1050 °C.

Fig. 2 shows the results of Rietveld refinement and crystal structure
for LTG and LTS adopting P/4nmm space group (more refinement data
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Fig. 1. XRD patterns for LTG and LTS sintered at various temperature.

see in supplementary information Table S1). It demonstrates that Li
atoms locate in oxygen octahedral sites while Ge/Si exists in fourfold
coordination for both compounds. The crystal structure is built of a
layered band of the [TiOs] square pyramid and [Ge/SiO,4] tetrahedron
along the b-axis sharing corners, where Li atoms are located between
the layers. In other word, it could be described as the edge-shared
[LiOg] interlaminar octahedra formed polyhedron plane along the b-
axis and alternately shared its O1 corner with [Ge/SiO4] tetrahedron to
form a three-dimensional network. As listed in Tablel, the unit cell
volume and lattice constants of LTS are much smaller than those of
LTG, which is mainly ascribed to the differences in M-O(1) bond length,
which leads to the change of the structural characteristics of the octa-
hedron. It should be noted that [LiOg] octahedron are relatively dis-
torted with four short Li-O(1) bonds (A;) and two long Li-O(2) bonds
(A2). The A; of LTG is 2.04861(1) A, which is similar to that of LTS ~
2.0644(1). However, the A, of LTG (2.54491(4) [o\) is larger than that of
LTS (2.4404(0) A). For the quantitative evaluation of the crystal
structural characteristics, the average octahedral distortion (A) of the
Li-site was calculated using the following equation [18]:

2
} @

where R,, is the average bond length and R; is an individual bond length
in the oxygen octahedron. The distortion of [LiOg] octahedron in LTG
(11.2x10~3) is more evident than that of LTS (6.6 x 10~%) due to the
different Li-O bond length and O-Li-O bond angles.

The variation of relative densities of both ceramics with the sin-
tering temperature was shown in Fig. 3. As the sintering temperature
increased, the relative densities of LTG initially increased and then
started to decrease after reached a maximum value with relative den-
sities ~ 97.5% (theoretical density ps =3.67 g/cm®) at 1140 °C, while
"96.4% and py, =3.09g/cm® for LTS specimens sintered at 1180 °C,
respectively. The SEM images of the LTG ceramic sintered at
1080 °C-1160 °C for 6 h are shown in Fig. 4. As observed, a relatively
porous micro-structure consisting of small grains was observed in the
1080 °C-sintered ceramic. With increasing sintering temperature, the
number of pores decreased accompanied by an obvious grain growth.
Densification occurred when sintered at 1140 °C, characterized by a
dense microstructure with distinct grain boundaries and homogeneous
grains. However, when the temperature increased to 1160 °C, large
grains (© 10 um) appeared. Microstructural evolution as a function of
sintering temperature in LTS was similar to LTG and a dense and uni-
form microstructure was developed in the sample sintered at 1180 °C
for 6 h, as shown in Fig. 4(f-j).

Fig. 5 presents microwave dielectric properties (¢, Q X f, and zp)
dependence on sintering temperature of LTG and LTS ceramics. With

a=1
6

R — R
Z{lR av

av
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Fig. 2. XRD patterns Rietveld refinement of (a) LTG and (b) LTS samples sintered at 1140 °C and 1180 °C for 6 h, and (c) their crystal structure.

the increase of sintering temperature, both ¢, and Q X f values increase
to the maximum and then decrease, showing a similar trend to the
density change, in Fig. 3. Over the sintering temperature range, the
saturation values, & ~ 9.43 and Q X f ~ 65,300 GHz (at 14.7 GHz) for
LTG while ¢,79.89 and Q X f~ 38,200 GHz (at 14.2 GHz) were obtained
for LTS sintered at their optimum sintering temperature. It was noted
that LTG exhibits lower &, and higher Q X f values in comparison to
LTS. In regard to the factors effecting the microwave dielectric prop-
erties, there are in general two components: the intrinsic factors and the
extrinsic factors. The extrinsic factors, including impurities, grain
boundaries, grain morphology and shape, secondary phase, pores, etc.,
almost could be neglected in the present optimum specimens due to the
dense and homogeneous microstructure and no secondary phase.
Meanwhile, the intrinsic factors are closely related to the crystal
structure, which might be analyzed by means of the related char-
acteristic parameter as ionic polarizability of the primitive cell, the
packing fraction. The fundamental contribution for dielectric permit-
tivity can be reflected by the Clausius-Mosotti equation, by which the
theoretical dielectric permittivity &, caiculatea Value can be calculated and
Shannon additive rule [19] as follows:

3

&= ——"F—"——
"1 = bal/Vm

3
where o, is the molecular polarizability of all the constituent ions, Vi,
the cell volume, and b represents a constant value, (45t/3). Accordingly,
the theoretical permittivity of LTG and LTS is calculated to be 8.93 and
9.69 respectively, slightly deviating from the measured ¢,, indicating
that the solely ionic polarization mechanism contributes to the di-
electric response in the microwave frequency band. Therefore, the &,

Fig. 3. The variation of relative density of both samples sintered at various
temperature.

difference can be interpreted by the lower a/V,, value of LTG ~ 0.1745
than that of LTS ~ 0.1776 [20].

Kim et al. [21] reported that the Q X f values were closely related to
the packing fraction as defined by summing the volume of packed ions
(Vpp) over the volume of a primitive unit cell (Vpyc), expressed as fol-
lows:

Z X Vpy

PUC

(%) = x 100

4

where Z is the number of formula units per unit cell. The calculated

Table 1

Crystallographic data obtained from Rietveld refinement and average octahedral distortion (A) for Li,TiMOs (M = Ge, Si) specimens.
composition a=b @A) c ) v Ryp (%) R, (%) Rexp (%) A(x107%)
Li;TiGeOs 6.44402(1) 4.43996(0) 194.01 5.52 7.43 1.16 11.2 = 0.2
Li,TiSiOs 6.14003(0) 4.43560(5) 182.38 7.16 9.74 3.79 6.6 £ 0.1
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Fig. 4. The temperature dependence of SEM images of the polished and thermally etched surface of (a-e) LTG and (f-j) LTS sintered at various temperatures,

respectively.

Fig. 5. The variation of microwave dielectric properties (e, QX f, and 77) of
Li,TiMOs (M = Ge, Si) ceramics as a function of sintering temperature.

packing fraction of LTG is 52.20%, which is higher than that of LTS
("49.52%), thus, leading to the resultant higher Q X f value of LTG
compared to LTS, which means that the variation of Q X f values for
both samples could be well evaluated by the packing fraction.
Temperature stability of dielectric properties of ceramic is another
significant concern for practical application. The measured temperature
coefficients of resonance frequency of LTG and LTS fluctuated at
+24.1 ppm/°C and +50.1 ppm/°C, respectively. Generally, the ¢, of
the dielectric ceramics is proportional to the 7, that is, the low &, cor-
responds to the low z; [22]. Ceramics usually have negative 7 values
when &, is less than 10, as summarized in Table 2. The positive zf values
of the present LTG and LTS are rare and extremely important to be
utilized as 7y compensator to adjust the negativer; values of the other
low-¢, materials. Additionally, it is worth noting that the sintering
temperature of LTG and LTS are much lower than others. Now the
question arises why these two LTG and LTS have positive 7 values and

Table 2
Comparison of microwave dielectric properties of Li,TiMOs (M = Ge, Si)
ceramics versus other low-¢,. (< 10) Si-/Ge- containing systems.

composition & Q % f (GHz) 77 (ppm/°C) Ts (°C) Ref.
Al,SiOs 4.73 41,800 -17.0 1525 [71
Mg»Al4Sis01g 6.20 39,000 —-39.2 1450 [5]
BaAl,Si,Og 6.40 44,800 —46.9 1475 [2]
Zn,SiO4 6.60 198,400 —41.6 1325 [9]
MgSiO3 6.70 16,000 -17.0 1380 [8]
CaSiO3 6.8 27,000 -11.0 1300 [11]
Zn,GeOy 6.90 102,700 —-324 1300 [12]
Sr,AlLSiO, 7.2 33,000 -37.0 1525 [6]
Mg,SiO4 7.50 240,000 —-63.0 1450 [10]
Li>TiGeOs 9.43 65,344 +24.1 1140 This work
Li,TiSiOs 9.89 38,516 +50.1 1180 This work
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what is the reason for their difference inzy values. According to the &-z¢
relationship [23], the 77 value was affected by the temperature coeffi-
cient of relative permittivity (z,) and the linear thermal expansion
coefficient (a;), as in Eq. (5):

—£+ocL)

Tz
o=

2 ()

To further understand the close relationship between 7 and z,,
Fig. 6(a-b) illustrate the temperature dependence of &, and tan§ of
optimized LTG and LTS ceramics at two selected various frequencies
(100kHz and 1 MHz) over the temperature scanning range of -150 to
120 °C. According to Fig. 6(a), with the increase in temperature, the
dielectric constant for both frequencies (100 kHz and 1 MHz) of the LTG
ceramic sample continued to increase before -51.5°C, followed by a
gentle decline trend up to 120 °C. Ther, value calculated to be -70 ppm/
°C at -51.5 to 120°C, which is attributed to a second order phase
transition into the nonpolar phase. Previous studies of electrical,
thermal, optical and elastic properties had also confirmed this phase
transition [16,17]. However, as shown in Fig. 6(b), only a downward
trend was observed in LTS ceramics, where the 7, value was -135 ppm/
°C, which probably due to the corresponding phase transition occurred
at lower temperature beyond the measuring temperature range
(-150 °C-120 °C). It should be investigated in the future. Fig. 7 shows the
linear thermal expansion coefficient (CTE) curves of optimized LTG and
LTS ceramics. The insert of Fig. 7 gives the change of CTE with different
temperatures, and the average CTE of LTG is 10.10 ppm/°C and
11.70 ppm/°C for LTS. Using Eq. 5, the LTG and LTS also have negative
7. values (—68.4 ppm/°C and —123.6 ppm/°C), which corresponds to
the test results in Fig. 6. To sum up, in this work, the abnormally po-
sitive 7y values of low & microwave dielectric ceramics Li,TiMOs
(M = Ge, Si) are caused by the phase transition mechanism in low
temperature.

4. Conclusion

Tetragonal natisite structure ceramics Li,TiMOs (M = Si, Ge) were
synthesized at 1050-1200 °C using a conventional solid-state method.
The dielectric properties were characterized over a broad frequency
(RF-microwave) and temperature range (-150-120 °C). The densifica-
tion sintering temperature of the LTG ceramic ~ 1140 °C is lower than
that of LTS ~ 1180 °C. In addition, both low-¢, ceramic LTG (&, ~ 9.43)
and LTS (e ~ 9.89) exhibited abnormally positive z; valueszy = +24.1
and 7~ +50.1 ppm/°C, respectively, which were proved to be induced
by the distinctly dielectric peak that was associated with phase transi-
tion in low temperature. Within the measured at RF range, the im-
pedance spectra of LTG and LTS can be analyzed using two equivalent
circuit elements, one related to grain resistance and the other to grain
boundary resistance.
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Fig. 6. Temperature and frequency dependences of dielectric constant and dielectric loss for (a, ¢) LTG specimen and (b, d) LTS specimen.

Fig. 7. The thermal expansion curves of LTG and LTS at a temperature range
0f.25-900 °C.
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