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Abstract

A cubic rock salt structured ceramic, 7LisOgF, was fabricated via the
conventional solid-state reaction route. The synthesis conditions, sintering
characteristics, and microwave dielectric properties affi{®gF ceramics were
investigated by X-ray diffraction (XRD), thermal dilatometer, Scanning Electron
Microscopy (SEM) accompanied with EDS mapping, and microwave resonant
measurements. Rietveld refinement, selected area electron diffraction (SAED) pattern
and high-resolution transmission electron microscopy (HRTEM) confirmed that
Li-TisOgF adopts a cubic rock-salt structure. The ceramic sintered 4C98i@sented
the optimal microwave properties af= 22.5, Qxf = 88,200 GHz, and; = -24.2
ppmPC. Moreover, good chemical compatibility with Ag was verified through
cofiring at 950°C for 2 h. These results confirm a large potential foiTikOgF

ceramic to be utilized as substrates in the low temperature cofired ceramic (LTCC)
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technology. This work provides the possibility to exploit low-temperature-firing
ceramics through solid solution between oxides and fluorides.
Keywords. Microwave dielectric ceramic; Low-temperature cofired ceramic
technology (LTCC); Oxyfluoride; LiTizOgF
1. Introduction
Recent progress in the Internet of Things (loT), microwave telecommunications,
Tactile Internet (5th generation wireless systems), and satellite broadcasting has led to
an increasing demand for low-loss dielectric materials [1, 2]. For practical
applications, the critical properties required are an appropriate dielectric congtant (
a high quality factor@xf), a near-zero temperature coefficient of resonant frequency
(%), and a coefficient of thermal expansion (CTE) matched with other materials in
integrations, etc. [3-5The toxicity and cost-effectiveness of the materials should also
be considered [6]. Moreover, in order to meet the requirements of the low-temperature
cofired ceramics (LTCC) technology, the ceramics should also be sintered below 960
°C to allow them to be cofired with a low-cost Ag electrode. Of primary significance is
the low sintering temperature of LTCC technology which decreases energy
consumption resulting in cost reductions, and less impact on the environment [7, 8.
Rock salt structured kTiO3 has recently been reported to possess good
microwave dielectric properties, € 22.0, Qxf= 63,500 GHz, and; = 20.3 ppnflC)
[9]. However, the porous microstructure caused by lithium evaporation was reported to
be a primary challenge for its practical applications. In additigiTjQk undergoes an

order-disorder phase transition at 1205 which makes it difficult to obtain a pure



Li,TiO3 phase with high densification [10-12]. Attempts have been made to improve
the low densification of LiTiO3 through non-stoichiometry modulation and solid
solution maodifications, such as JLTiO3 [12], and LpMg1xTixOrs2x [13].
Particularly, in the latter system, a number of low-loss rock salt structured dielectric
materials have been designed in thgli®3;-MgO solid solution [15-20]. In spite of a

the dramatically improved microstructure and enhanced quality factors with respect to
the end-member LTiOg3, the sintering temperatures were unfortunately raised which
limits their actual applications in the LTCC technology.

LiF has a face-centered cubic rock salt structure, which is similar to that of
Li,TiO3 being a superstructure with an edge-sharing cation oxygen octahedral
structure [22-24]. Therefore, partial or complete solid solution betwedinOgiand
LiF is expected. Moreover, LiF is commonly used as a sintering aid to improve the
sintering behavior of ceramics due to its low melting point (8)g25-26]. Herein, a
glass-free low-temperature fired microwave dielectric ceramiglid®sF was
designed. Its crystal structure, microstructure, and microwave dielectric properties
were studied in detail. The chemical compatibility ofTidOgF ceramics with Ag was
also investigated.

2. Experimental procedure

Li7TizOgF samples were prepared via the solid-state reaction using high-purity
LioC0O3(99.99% Guo-Yao Co. Ltd., Shanghai, China), $i(®9.99% Guo-Yao Co.

Ltd., Shanghai, China), and LiF (99.99%ilong Chemicals, Guangdong, China)

powders as starter materials. The raw powders were weighed according to the



stoichiometry and ball-milled with ZrOballs and alcohol as milling media in a
polyethylene jar for 6 h. After drying at 120, the mixtures were calcined at S
for 2 h, and then re-milled for 6 h. The compound was dried and granulated with 5 wt %
PVA as binder, and then pressed into cylinders under a pressure of 150 MPa. The
cylinders were heated at 55C for 2 h to burn out the PVA and then subsequently
sintered at 875-97% for 2 h. In order to minimize the volatilization of lithium during
sintering, the samples were covered with sacrificial powders with the same
composition. To investigate the chemical compatibility ofTlgOgF with Ag
electrodes, the compounds were mixed with 20 wt% silver powders and cofired at 950
°C for 2 h.

The phase formation of iizOgF was studied by XRD (Panalytical X'pert Pro
diffractometer with Cu K radiation). Rietveld refinement was performed anXfRD
data using Topas-Academic software. The bulk densities of samples were determined
using the Archimedes method. The microstructure and energy-dispersive X-ray
spectroscopy (EDS) analyses were performed using a Hitachi S4800 scanning electron
microscope (SEM). Room-temperature Raman spectra were recorded using a Thermo
Fisher Scientific DXR Raman spectrometer. The high-resolution transmission electron
microscope (HRTEM) images and the selected-area electron diffraction (SAED)
patterns were collected by a JEOL JEM-2100F TEM. XPS measurements were
performed with an ESCALAB 250Xi X-ray photoelectron spectrometer with
monochromatized Al K radiation. Microwave dielectric properties were swad by

an Agilent N5230A network analyzer and a Delta 9039 oven. #thalue was



measured in the temperature range of 25@5The linear coefficient of thermal
expansion « ) of the ceramics was measured by a NETZSCH DIL402C thermal
dilatometer.
3. Resultsand discussion

XRD patterns of the kilisOgF ceramics fired at various temperatures are shown
in Fig. 1 (a). A cubic rock-salt structure was identified based on PDF# 03-1024 of
LioTiO3 (a-Li,TiO3 (SS), Fm-3m) and no secondary phase was detected. Fig. 1 (b)
shows the Rietveld refinement plots of TikOgF ceramics sintered at 95C. The
cell parameters were refinedas b = ¢ = 4.1340(1) A, an&/,,= 70.6541(8)A>. The
schematic crystal structure is shown in the inset of Fig. 1 (b), which can be described
as O/F anions randomly stacking in a cubic close packing with Li/Ti cations
occupying the octahedron sites. To further confirm the structure of the;QdF
sample, a selected area electron diffraction (SAED) pattern and high-resolution
transmission electron microscopy (HRTEM) were performed. Fig. 1 (c) and (d)
present the SAED patterns and HRTEM images ofi§OgF ceramic recorded along
the [001] zone axis. The SAED pattern and the lattice fringes of the sample display
interplanar spacing in the particle and were well matched with the cubic rack model
(space group:Fm-3m, No.225). In conclusion, these results indicated AhigObk is
a cubic structure, which is consistent with the XRD refinement results.

Fig. 2 shows the naturally fresh surface morphologies gFid0gF ceramics
sintered at various temperatures and the element mapping of the constituents on the

950 °C sintered sample. The grain size distributions and the average grain size of



Li-TisOgF are given in the inset of Fig. 2 (a)-(e). At 98D, the grain size was
relatively small between 6 ~ 1in, whereas the sample sintered at 9SMhad larger
grains, about 14 ~ 20m. The average grain size increased from ¥rgo 19.98um

when the temperature increased from 8Z5to 975°C. A dense and homogeneous
microstructure with an average grain size of ~ub® was obtained in the sample
sintered at 956C/2 h, (Fig. 2 (d)). However, partial melting together with abnormally
large grains (~ 3@m) and a small amount of porosity was clearly dgiished in the
Li-TisOgF ceramic sintered at 97&. To analyze the element distributions, element
mapping of the constituents on the 980sintered sample is displayed in Fig. 2 (g)-(i).

It is obvious that all elements (F, O, and Ti) were distributed homogeneously, and no
element precipitation was observed at the grain boundary, further suggesting that LiF
entered into the crystal lattice of;LiOs.

Fig. 3 shows the variations in bulk density and microwave dielectric properties
of Li;TisOgF ceramic with sintering temperature in the range 875 to°@7®As the
sintering temperature increased, the bulk density gradually increased to a maximum
value of ~ 3.15 g/cfrwith a relative density of 94.3% at 9%D. It is well-known that
many factors affect dielectric properties, such as lattice vibration, the density, ionic
polarizability, order-disorder, grain boundaries, and secondary phase, etc. [27-32]. In
this work, the dielectric constant steadily increased on increasing the sintering
temperature from 875 to 95C, as a result of the increasing density. Similarly, the
quality factor increased with increasing sintering temperature, reaching a maximum

value of 88,200 GHz at 95{C. In contrast, the temperature coefficient of resonant



frequency of LiTisOgF ceramics remained temperature independent, fluctuating at
around -24 ppMcC (Fig. 3 (d)). Thepvalue is related to the temperature coefficient of
the relative permittivity 1;), and the linear thermal expansion coefficiemt, as

follows [33]:

Té'
sz_(E"'aLJ 1)

From the CTE curve of kTizOgF ceramic sintered at 95C shown in Fig. 4 (a), the
average linear thermal expansion coefficigntvas calculated to be 11.20 pg@V/

Fig. 4 (b) shows the temperature dependence of dielectric consjaamd loss
tangent {an o) at various frequencies. andtan ¢ showed good temperature stability
between room temperature and P80 The profile measured at 1 MHz from 25 to 85
°C is shown in the inset of Fig. 4 (b), yielding,aalue of 34.4 ppiC, resulting in a
7t value of -28.4 ppmMC according to Eq.1. This calculated value is a little higher than
the value measured at microwave frequency (-24.2 mwhich might be due to
the different measurement frequency. Besides, it is worth mentioning that a frequency
dispersion related to the thermally activated polarizability mechanisms was observed
as the measurement temperature exceeded to°@00he frequency dispersion
responded instantly at low frequency but it lagged at high frequency [34]. As a result,
a higher relative permittivitye{ ~ 39) at 1 MHz was measured compared to that at
microwave frequency(~ 22.5).

To study this high-frequency dielectric anomaly, X-ray photoelectron
spectroscopy (XPS) was conducted on th&ikOsF sample sintered at 958G (Fig. 5

(a, b)). To clarify, the C element detected was introduced during the measurement



process. The Ti-2p regions in the sample were fitted well into the Gaussian sub peaks.
Three dominant peaks (457.8 eV, 458.3 eV, and 464 eV) were clearly distinguished.
According to the previous work, the 458.3 eV and 464 eV correspond ‘tevfile

the 457.8 eV is related to the®*Rp peak [35, 36]. The ratio of E)/(Ti)wow Was
estimated to be approximately 2% based on the method proposed by Betdchert

[37]. It is well known that valence variation in titanium is ubiquitous, especially in
oxides being sintered at elevated temperatures, and it is believed to be related to the
released electrons due to the emergence of an oxygen vacancy [38-40]. The chemical

defect equation can be expressed as follows:

05=VE +50, (2)
VooV, +e 3)
VoV, +e (4)
Ti¥; + e'oTiy; (5)

The negatively charged }Ti can bond weakly to the neighboring positively
charged/;, resulting in defect dipoles, perhaps in the form dﬁ-u’g-Ti/Ti. These

kinds of dipoles could offer a contribution to the dielectric properties, especially at
low frequencies, but cannot follow the high-frequency change because of the large
time constant, consequently giving rise to the manifest frequency dependence of the
dielectric behaviors. Additionally, because of the weak-coupling energy, the bonding
can be broken at a certain temperature, and thus, the unbonded point defects can move
freely to some extent, yielding conductivity losses that contributes to the

high-temperature rise in dielectric losses.



Fig. 6 shows the Raman spectra ofTiiOgF ceramics sintered at 875-975. A
profile of a pure LiTiO3; sample sintered at 130C is also shown for comparison.
After fitting by the Gaussian-Lorentzian function, seven Raman active modes at 140
cm', 286 cmt', 348 cn', 430 cnt, 710 cni, 804 cnt', and 834 ci were detected.
Irrespective of their sintering temperatures, all thelikDoF compositions showed
similar profiles indicating structural stability over the temperature range studied. By
comparison, the completely different Raman spectra femiddoF and LpTiO3
indicate their different structure, which further reveals the solid solution between LiF
and LpTiOs.

The far infrared reflectivity spectrum is generally used to characterize the eigen
dielectric properties of microwave ceramics [41] The measured and fitted IR
reflectivity spectra of the LTisOgF ceramic in the range 50~1000 tmre plotted in
Figure 7(a). It can be seen that the infrared spectra can be well fitted by 6 resonant
modes, and the related phonon parameters are listed in Table 1. These spectra were
analyzed by using the classical harmonic oscillator model based on the standard

Lorentzian formula [Eq (6)] and the Fresnel formula [Eq (7)]:[42, 43]

2

* _ n ij
e'(w) =én + X 17—t Jar,; (6)
_ [1=Vex(w)|2
R = i m® @

wheres*(®) is a complex dielectric functioms,, is the dielectric constant caused
by the electronic polarization at high frequencigswe and wp; are the damping
factor, the transverse frequency and plasma frequency gftltheorentz oscillator,

respectively, andh is the number of transverse phonon mode&y) is the IR



reflectivity. Figure 7(b) presents the measured and fitted real and imaginary parts of
the permittivity. It was observed that the fitted value,ofias a little smaller than the
measured values in the microwave range. Meanwhile, all the fitted dielectric
permittivity and dielectric loss values were nearly equal to the measured ones using
the Tk method. Therefore, it can be concluded that the polarization of the
Li7TisOgF ceramic in the microwave region was mainly attributed to the absorptions
of phonon oscillation in the infrared region.

To investigate the chemical compatibility with the silver electrode, thies0qF
ceramic powder was chosen to be cofired with 20 wt% silver (Ag) powders 8€950
for 2 h. XRD patterns, a backscattered electron image (BSEM), and EDS analysis of
the cofired samples are shown in Fig. &TldOsF and Ag (PDF: 01-1164) phases
were detected, indicating no chemical reaction between them. Additionally, the BSE
image, as shown in the inset in Fig.8, shows two kinds of grains with different sizes
and shapes, in which the larger ones may be identified as Ag with the help of
elemental analysis by energy-dispersive X-ray spectroscopy (EDS). These features, in
combined with the XRD analysis, confirm no chemical reaction betwedisQbF
and silver.

Table 2 compares the reported sintering temperature and microwave dielectric
properties of some rock salts being reported. The relative permittivity, BEQbF is
comparable to LiliO3 but higher than the other counterparts. The quality factor is
superior to that of LiliOs but inferior to the Mg-containing compounds. Most

importantly, the sintering temperature of;LigOgF is extremely low, which is



comparable to that of [WOs. Most of the reported rock salt compounds need high
possessing temperatures to densify. Until nowTikOgF and LkWOs are the
exceptional rock salts with a combination of low sintering temperature and
outstanding microwave dielectric performances. These findings of merits support their
potential utilization in LTCC technology.
4. Conclusions

A novel oxyfluoride, LjTizO¢F, is designed and synthesized through solid
solution between LilNO3; and LiF. XRD and Rietveld refinement confirm a cubic
structure (Fm-3m) witta = 4.1340(1) A. Sintering behavior optimization reveals that
Li-TisOgF could be densified at relatively low sintering temperatgrés0°C with a
dense microstructure, which is superior to that of the end-numpEOLI Excellent
microwave dielectric properties with= 22.5,Qxf = 88,200 GHz (witlf = 9.2 GHz),
and iy = -24.2 ppnfIC were accessible in the sample being sintered at°@50
Additionally, Li;TisOoF has an average CTE of 11.2 pf@n/and good chemical
compatibility with silver electrodes. The combined excellent dielectric performances,
low thermal expansion, and good chemical compatibility mak&4O¢F a promising
alternative for LTCC applications. The present work may shed light on the design of
low-temperature-firing materials through solid solution between oxides and fluorides.
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Table 1 Phonon parameters obtained from the fitting of the infrared reflectivity

spectra of LiTizOgF ceramic.

Mode g Oy ¥i Ag;

1 133.88 318.76 134.99 5.6700
2 256.63 289.24 65.67 2.3300
3 306.42 1168 230.99 14.500
4 466.17 206.47 58.214 0.1960
5 673.36 378.91 179.19 0.3170
6 802.21 173.03 55.527 0.0465

Li 7Ti 30gF £,=1.94 80:23.06

Table 2 The sintering temperature (S.T.) and microwave dielectric properties of some

rock salts.

Ceramics S.T. (C) g  Qxf(GHz) 1 (ppm/°C) Reference

Li,TiOs 1300 22 63,500 20.3 9]

Li,ZrOs 1450 1554 37,166 -26.6 9]

LisNbO, 1150 16.4 47179 -45 [9]

LisMgoNbQs 1225 14.94 100,965 -21.96 [14]
Li,MgTiOs 1360 17.25 97,300 27.2 [15]
LioMg,TiOs 1320 13.4 95,000 -32.5 [16]
LioMg3TiOg 1280 15.2 152,000 -39 [17]
Li,MgsTiO; 1600 13.43 233,600 -7.24 [18]
LisMgsTi,O9 1450 15.97 135,800 -7.06 [19]
Li,WOs 890 8.6 23,100 26 [21]

Li;TisOoF 950 22.5 88,200 -24.2 this work




Figure Captions:

Fig. 1 (a) XRD patterns of LilisOoF ceramic sintered at 875-976 for 2 h. (b)
Rietveld refinement of sample sintered at 9680and schematic of the crystal
structure for LjTisOgF. () selected area electron diffraction (SAED) pattern of
Li-TisOgF sample sintered at 95C. (d) high-resolution transmission electron
microscopy (HRTEM) images of {1i3sOgF ceramic recorded along the [001]
zone axis.

Fig. 2 FE-SEM images of the surfaces of the sintered ceramic at: (C376) 900
°C, (c) 925°C, (d) 950°C, (e) 975°C for Li;TisOgF and corresponding EDS
analysis surface scanning of (f) EDS spectrum (g) F element, (h) O element, (i)
Ti element.

Fig. 3 The bulk density and microwave dielectric propertigs ©Qxf, and z;) of
Li7TisOgF ceramic sintered at different temperatures.

Fig. 4 (a) Thermal expansion curve in the temperature range 28300 Li-TizOgF
sintered at 956C. (b) Dependence of relative permittivity)(on temperature
and loss tangent (tapat four different frequencies (1, 10, and 100 ldtzd 1
MHz).

Fig. 5 (a) XPS survey scan of {liizOsF sample sintered at 95C for 2 h. (b)
High-resolution XPS spectra for Ti-2p photoelectron peaks.

Fig. 6 Raman spectra of pure,IiO; sample sintered at 130C and LiTisOgF
ceramic sintered at 875-976 in the range of 80-1000 ¢m

Fig. 7 (a) The measured and fitted Heflectivity spectra of the kTisOgF ceramic in



the range 50~1000 ¢ (b) The measured and fitted real and imaginary parts of
permittivity.
Fig. 8 XRD and BSEM analysis of the cofired;LizOgF ceramic cofired with 20 wt%

Ag at 950°C for 2 h.
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