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Abstract

Sintering behavior, microstructure and microwave dielectric properties of (1 —x)LisNbO4—xLiF (0 <x <0.9) ceramics have been studied in this
paper. Continuous solid solution with rock salt structure formed across the entire compositional range. Phase transformed from ordered body-
centered cubic phase to short range ordered face-centered cubic phase with the addition of LiF. The x> 0.4 compositions could be densified at
850°C/2h. The optimized Q x f value for each composition increased with the increase of LiF content and saturated at about 75,000 GHz when
x>0.15, whereas the optimized dielectric permittivity decreased with the increase of LiF content. All specimens exhibited negative t; value.
The chemical compatibilities with copper (Cu) in the case of x=0.4 composition and silver (Ag) in the case of x=0.5 composition were also
investigated, respectively. No chemical reaction has taken place between the matrix phase and Ag or Cu after sintering at 850 °C/2h or 950 °C/2 h,

respectively.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Low-temperature co-fired ceramics (LTCCs) with suitable
dielectric properties have been widely investigated.!® Reduc-
ing the sintering temperature without affecting the properties
is a challenging problem in LTCC material research. Glass-
free LTCC material with appropriate microwave dielectric
properties is strongly desired for the multilayer structure appli-
cations. Since addition of low melting glass either leads to
poor microwave dielectric properties or significantly increases
the possibility of chemical interaction with the metal elec-
trode due to the presence of complicated phases in the LTCC
system.” Recently a number of glass-free LTCC microwave
dielectrics have been reported.'®2° However, many problems
existed, such as chemical incompatibility with Ag/Cu electrodes
and/or large 7y values, which prevent their LTCC applications.
Furthermore, some compounds have a sintering temperature
lower than 700 °C, which is not compatible with the sintering of
Ag or Cu. Above all, most of the compounds reported exhibit
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very narrow window for tuning the sintering temperature and
microwave dielectric properties, in particular the 77 value, due
to their fixed compositions. Therefore the search for an ideal
glass-free low-temperature fired material with good properties
is still continuing. Up to now, the search for the composition
of glass-free LTCC is mostly by try and error method based
on the phase diagram. In general constituent with low-melting
point, such as BipO3, TeO,, P05, V,0s, is included. Crys-
tal chemistry is helpful in designing glass-free LTCC materials.
Recently we proposed the designing guidelines for glass-free
LTCC materials from the point view of crystal chemistry.?! Both
the bond nature (bond strength and polarity) and atomic pack-
ing fraction play important roles in controlling the sintering
temperature and microwave dielectric properties. The less the
packing fraction or bond strength, the lower the sintering temper-
ature. Thus we can tune the sintering temperature and structure
dependent microwave dielectric properties in wide range by con-
trolling the lattice packing fraction, bond strength and polarity
through forming solid solution. As an example, we have suc-
cessfully designed several glass-free LTCC materials by crystal
chemistry.?!->?

For most of the compounds with sintering temperature
lower than 950°C, generally low packing fraction for the
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lattice (<60%) and/or weak oxygen bond existed.?! In search
for new materials with low sintering temperature, therefore,
we usually look to open and/or weak bonded crystal struc-
ture in which rapid mass diffusions can occur. Li3NbO4 with
ternary rock salt type structure exhibits relatively low sinter-
ing temperature due to their weak oxygen bond valence sum
(BVS(0O) =1.884) irrespective of their little high packing frac-
tions (68%). It also shows good microwave dielectric properties:
&r=16.4, 1p=—45ppm/°C and Q x f=47,179 GHz (8.7 GHz)
when sintered at 1150 °C/2h.23 D. Zhou et al.?* reported that
LizNbOy4 could be well sintered around 930 °C (97% theoret-
ical density), and was found not to react with Ag at 900 °C.
The best microwave dielectric properties were obtained in the
ceramic sintered at 930 °C for 2 h with permittivity 15.8, Q x f
value about 55,009 GHz, and temperature coefficient about
—49 ppm/°C.2* The difference in sintering temperature may be
related to the different synthesizing conditions of LizNbOy. In
our previous study, LisNbO4 was synthesized at 900 °C for 2 h,
whereas 800 °C/2 h was adopted in the report of D. Zhou et al.
Anyway, the sintering temperature of pure Li3NbOy is still lit-
tle higher for the co-firing with Ag. The sintering temperature
should be further reduced to 850 °C in order to co-fire with pure
Ag electrode.

LizsNbOy4 is a ternary rock salt type oxide in which Paul-
ing’s rule of electrovalence is not satisfied because the cation
ratio does not permit electroneutrality around any oxygen. The
space group of LizNbOy4 was first reported to be 123, and later
revised to be 1-43m.?° The most striking feature of LisNbQy is
the presence of NbsOj¢ clusters which form a body-centered
cubic lattice with Li ions located among the NbsO1¢4 clusters.
Ordering distribution of clusters of edge-sharing NbO6 octahe-
dra and LiO6 octahedra are responsible for the superstructure.?’
LiF has the face centered cubic rock salt structure. Continuous
solid solutions between LizNbOy4 and LiF are expected to form
due to their similar rock salt type crystal structure (edge-sharing
of cation oxygen octahedra) and ionic size. The oxygen bond
strength should decrease with the increasing substitution of F~
for O>~. Hence, the sintering temperature of the solid solution
is also expected to decrease with the increase of LiF addition
according to the aforementioned guideline.

In this paper, we studied the effect of LiF addition on the
structural evolution, sintering behavior and microwave dielec-
tric properties of (1 — x)Li3sNbO4—xLiF ceramics. The sintering
behavior of Li3NbO4 was also reinvestigated in this paper.

2. Experimental

(1 —x)Li3sNbO4—xLiF (0 <x <0.9) powders were prepared
by two-steps process. First Li3NbOs was synthesized at
900 °C/2 h by conventional solid-state reaction process from the
starting materials including NbyOs (99.9%), Li,CO3 (99.9%)
(first method). For the purpose of binding of lithium com-
ponent, the initial mixtures were subjected to preliminary
low-temperature calcining at 500 °C for 20 h and subsequent cal-
cining at 900 °C for 2 h (second method). Then the synthesized
LizNbOy4 by second method was added with different amount

of LiF (99.8%) according to the above formula, and then mixed
with ZrO; balls in ethanol for 24 h. The slurry was dried and
well ground. After drying, mixed with 7wt% PVA and siev-
ing, the granulated powders were uniaxially pressed into pellets
10mm in diameter and 4.5 mm in thickness under a pressure
of 120 MPa. The pellets were sintered at the temperatures rang-
ing from 850 °C to 1150 °C for 2 h. The sintering temperature
decreased with the increase of LiF content, and was optimized by
the maximum bulk density and Q x f value. In order to prevent
lithium evaporation and possible pyrohydrolysis or oxidation of
F~ during the sintering, the compacts were covered with sacrifi-
cial powder of the same composition and sintered in the dry N,
atmosphere. The chemical compatibility with silver or copper
was investigated by co-firing the mixed powders with pure silver
(30 wt% Ag) or copper (30 wt% Cu) in ambient atmosphere at
temperature of 850 °C for 2h or N, atmosphere at 950 °C for
2 h, respectively.

The densities of the ceramics were measured by the
Archimedes method. The phase compositions of the sintered
specimens were identified by X-ray powder diffraction (XRD)
with Ni-filtered Cu Ka radiation (Rigaku D\max2550, Tokyo,
Japan). The unit cell parameters were refined by a least-squares
procedure via Jade 5.0 software. The Raman experiments were
carried out for the sintered samples (RENIShaw in Via plus,
UK). The Raman spectra were excited with the 785 nm line of a
semiconductor laser at a power of 250 mW and recorded in back-
scattering geometry using InVia Raman Microscope equipped
with a grating filter, enabling good stray light rejection in the
100-1000 cm range. The microstructures of the sintered sam-
ples were characterized by scanning electron microscopy (SEM,
Model JSM-6700F, JEOL, Tokyo, Japan). Some of the sam-
ples were selected to be polished and thermally etched at the
temperature of 100 °C lower than its sintering temperature for
30 min. Chemical compositions were analyzed by energy disper-
sive spectrometer (EDS) (INCA EDS, Oxford, UK). Microwave
dielectric properties of the sintered specimens were measured
at about 9-13 GHz using a network analyzer (Model N5230A,
Agilent, Palo Alto, CA). The quality factor was measured by the
transmission cavity method. The relative dielectric constant (&)
was measured according to the Hakki—Coleman method with
the TEp11 resonant mode, and the temperature coefficient of the
resonator frequency (ty) was measured using invar cavity in the
temperature range from 20 to 80 °C.

3. Results and discussions

Fig. 1 shows the XRD powder patterns of
(1 — x)LisNbO4—xLiF (0<x<0.9) sintered at different
temperatures. It can be seen that all samples exhibited single
phase and continuous solid solution formed across the entire
compositional range. The x <0.5 compositions exhibited
the same ordered body-centered cubic phase as that of pure
LizNbOy4, whereas, the x>0.5 compositions exhibited the
same face-centered cubic (S.G.: Fm-3m) rock salt structure as
LiF (Fig. 1A). It implies a long-range disordering distribution
of cations for the x>0.5 compositions. Furthermore phase
transition from ordered body-centered cubic phase to disordered
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Fig. 1. XRD powder patterns of (1 —x)Li3NbO4s—xLiF (0 <x <0.9) sintered at
different temperatures.

face-centered cubic phase also occurred for x=0.4 and x=0.5
compositions when their sintering temperature increased from
850°C/2h to 950 and 875°C/2h, respectively (Fig. 1B).
Considering the possibility of phase transformation caused
by the Li- and F-loss during the heat treatment at the higher
temperature, the weight losses of x> 0.3 compositions after
sintering at different conditions are illustrated in Fig. 2. The
weight loss of the sintered specimen (muffled with sacrificial
powder of the same composition) is less than 1 wt%, whereas
the weight loss of the unmuffled specimen (x=0.5) sintered

Table 1
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Fig. 2. Variation of weight loss after sintering at different conditions as function
of x.

850°C/2h is about 1.36wt%. The Li- and F-evaporation
could be substantially suppressed by being muffled with
sacrificial powder of the same composition. It indicates that
the order—disorder phase transition temperature decreased
with increasing LiF content. Similar phenomenon is also
observed in the case of LiTiO3—MgO system, in which the
order—disorder phase transition temperature decreases with the
increase of MgO addition.”® Change of the lattice constant
as function of LiF content is shown in Table 1. The lattice
constant decreased with the increase of LiF content as expected.
Variation of the cell volume can be clarified by considering their
relative ionic sizes (R ;+ = 0.76 A, Ryps+ = 0.64 A, Rop- =
1.40 A, Rp- = 1.33 A).? The general formula of the composi-

tion is  Li12—8y4—3x)Nbu—4x4—3x0)O16—16x4—3x)Faxa—3x)
(normalized to LisNbO4 type) when x<0.4 and
Li3—2x/4—3x)Nb(1 —x/4—3x) O(4—4x/4—3x) Fxra—3x) (normalized

to LiF type) when x > 0.4, respectively. Variation of compara-
tive ionic size with substituting content for each AB type rock
salt molecule is (— 0.4x/4 — 3x). The ionic size and thus the cell
volume are expected to decrease with increasing x.

Variation of lattice parameters of (1 — x)Li3sNbO4—xLiF (0 < x <0.9) with x. (For comparison, the data of x= 1.0 composition, which was from ICSD #62361, was

also appended here.) S.T., sintering temperature; TD, theoretical density.

Composition Formula S.T.(°C) S.G. a(A) z TD (g/em?)
x=0.0 Li3NbOy4 1-43m 8.4282(2) 8 3.94
x=0.05 Li3.013Nb0.98703.948Fp 052 1050 1-43m 8.4251(4) 8 3.93
x=0.1 Li3 027Nbg.97303.892F0.108 1050 1-43m 8.4187(6) 8 3.91
x=0.15 Li3.042Nb0.95803.831F0.169 1050 1-43m 8.4147(15) 8 3.89
x=02 Liz.050Nbo.041 03.765F0.235 1050 I-43m 8.4094(10) 8 3.87
x=0.3 Li3.097Nb0.90303.613F0.387 950 1-43m 8.3931(14) 8 3.83
x=0.4 Lip 7857Nbg 214300.8571 Fo.1429 950 Fm-3m 4.1902(8) 4 3.77
x=0.5 Lio}ngono}gFo‘z 875 Fm-3m 4.1848(5) 4 3.70
x=0.6 Li()_g]gsz0_181800_7273F0_z727 850 Fm-3m 4.1763(1) 4 3.59
x=0.7 Lio'3421Nb0'157900‘()316F0‘3684 850 Fm-3m 4.1550(9) 4 3.48
x=0.8 Lig.8750Nbg.125000.5F0 5 850 Fm-3m 4.1369(2) 4 3.30
x=09 Li0'9230Nb0'077000‘3077Fo‘()923 850 Fm-3m 4.0984(6) 4 3.05
x=1.0 LiF Fm-3m 4.027 4 2.64
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Fig. 3. Raman spectra of x=0.1 and x=0.7 compositions.

Fig. 3 shows the Raman spectra of x=0.1 and x=0.7 compo-
sitions, which are typical for the ordered and disordered phase in
the XRD patterns (Fig. 1), respectively. The spectrum of x=0.1
is very similar to that of Li3NbO,4.?* No first order Raman active
mode is expected for the x=0.7 composition, which exhib-
ited completely disordered cubic phase (Fm-3m) as shown in
Fig. 1, according to group analysis. However weak broad band at
830 cm~! could be still observed for x=0.7 composition, which
excluded the completely random distribution of ions in x=0.7
composition. It indicated that short range ordering (SRO) should
exist in the x=0.7 composition, which is in agreement with the
observation in LingO4—MgO.23

Fig. 4 shows variation of relative density with x and sinter-
ing temperature. The theoretical density of each composition
was calculated from the refined XRD data via Jade 5.0 soft-
ware (Table 1). The addition of LiF enhanced the sinterability
of Li3NbOy4, and the sintering temperature decreased with
the increase of LiF content as expected. The sintering tem-
perature could be reduced to 850°C/2h when x>0.3. It is
confirmed that sintering rates are higher near the order—disorder
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Fig. 4. Variation of relative density of (1 — x)Li3NbO4—xLiF (0 <x <0.9) with
x and sintering temperature.
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Fig. 5. Powder XRD patterns of Li3NbOy4 synthesized by two different methods:
Li3sNbO4 was synthesized at 900 °C/2h by conventional solid-state reaction
process (pattern 1), and the initial mixtures were subjected to preliminary low-
temperature calcining at 500 °C for 20 h and subsequent calcining at 900 °C for
2 h (pattern 2).

temperature for an intermetallic compound due to the resulted
internal stress that raises the driving force for sintering.3° Fur-
thermore the mobilities of the ions, and hence the diffusion rate
in disordered state is much larger than that in ordered state. Thus
the decrease in sintering temperature with increasing LiF con-
tent could be mainly ascribed to the decrease in order—disorder
phase transition temperature as shown in Fig. 1. On the other
hand, weakening of oxygen bond strength with the increasing
substitution of F~ for O~ and the substitution of smaller F~ for
02~ would also facilitate the diffusion process and thus reduce
the sintering temperature.

It is noted that the pure LisNbO4 (x=0) in this study densi-
fied at higher temperature (1150°C/2h, 96.7% TD), compared
with thatreported (~930 °C/2 h, 97% TD). Only 80% theoretical
density could be obtained after at sintering at 950°C/2h in
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Fig. 6. Powder XRD patterns of Li3NbOy4 sintered at different temperatures
(patterns 1 and 2 correspond to the Li3NbOy4 ceramics prepared without and
with preliminary low-temperature calcining, respectively).
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Fig. 7. SEM images of Li3sNbOy sintered at different temperatures (specimens 1 and 2 correspond to the LizNbO4 ceramics prepared without and with preliminary

low-temperature calcining, respectively).

this study, which is considerably lower than that reported by
Zhou et al. The difference in sintering temperature may be
related to the different synthesizing condition of LisNbOy. Fig. 5
shows the powder XRD patterns of LizNbOy4 synthesized at
900 °C/2 h by conventional solid-state reaction process (pattern
1), and by preheating the initial mixtures at 500 °C for 20 h and
subsequent calcining at 900 °C for 2h (pattern 2). It demon-
strates that single LisNbO4 phase (I-43m) could be obtained
at 900 °C/2 h with preliminary low-temperature calcining (pat-
tern 2). In contrast, small amount of unreacted Li,CO3 and
unknown intermediate compound(s) existed in addition to the
LizNbOy4 phase after calcining at the same temperature without
preliminary low-temperature calcining (pattern 1). The pow-
der XRD patterns and its corresponding SEM images of the
sintered specimens are shown in Fig. 6 and Fig. 7, respec-
tively. For the LisNbO4 ceramics prepared without preliminary
low-temperature calcining (specimen 1), homogeneous dense
ceramic with small grain size (less than 1 pm) could be obtained
after sintering at 950 °C/2h. No impurity phase was observed
although remained unreacted phases presented in the synthe-
sized powders. The SEM image of the above specimen sintered
at 950 °C/2 h in this study is very similar to that in the study of
Zhou et al. (900 °C/2 h).24 However trace amount of Nbj,O79
impurity phase was detected when sintered at 1150°C/2h. It
is also noted that there is significant “surface porosity” within
the grains (inset), which is due to the Li volatilization during
the sintering process. With further increase in sintering temper-
ature, impurity phases such as LizNbOj3 and Li; gNbyO5 were
observed due to the increasing volatilization of Li. In contrast, no

impurity phase such as Nbj2059 was detected for the LisNbOg4
ceramics sintered at 1150 °C/2 h when lithium evaporation was
suppressed by preliminary low-temperature calcining during its
synthesizing process (specimen 2). It shows that the specimen 2
in this study densified at higher temperature (1150 °C/2 h, 96.7%
TD), compared with the specimen 1 (950 °C/2 h) or the reported
(~930°C/2h, 97% TD).%* From a comparison of the results
obtained in this study, it can be concluded that, the sintering
temperature of pure Li3NbO4 powders was about 1150 °C/2 h,
whereas, the remained small amount of unreacted Li CO3 in the
calcined powders reduced the sintering temperature of Li3NbOg4
to about 950°C/2h. The remained unreacted Li,CO3 which
melts at about 723 °C would improve the sintering of LizNbOy4
as reactive liquid phase. Although there is no XRD pattern of the
LizNbOy4 synthesized at 800 °C/2 h in the study of Zhou et al.,
we believe that the improvement of sinterability for LisNbQOy4 in
the study of Zhou et al. could be mainly ascribed to the transient
reactive liquid phase sintering from the unreacted LioCO3 in the
calcined powders, which is in agreement with that described by
Ref. 31.

The SEM images of sintered specimens with different LiF
content are shown in Fig. 8. The addition of LiF made Li3NbOg4
ceramic densify at 850 °C/2h when x > 0.4. Furthermore, the
grain size varied greatly with composition and sintering temper-
ature. The x=0.1 (1050 °C/2h),x=0.2 (1050 °C/2 h) and x = 0.4
(850°C/2h) specimens showed much smaller grain size (less
than 1 wm) than that of x=0.4 (950 °C/2h), x=0.6 (850 °C/2h)
and x=0.8 (850 °C/2 h) specimens (5—10 wm). The growth rate
of the grain of average size is described as dg/dt=Myy/g,>
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Fig. 8. SEM images of (1 —x)LizNbO4—xLiF (0 <x <0.9) sintered at different temperatures.

where g is the grain size, My, is the grain boundary mobility and y
is the interfacial energy. The grain boundary mobility My, is given
by equation32: My, = (Dy$2)/6kT, where 2 is the atomic volume,
Dy, is the boundary diffusion coefficient and § is the boundary
thickness. The interfacial energy y should not change greatly.
However the mobilities of ions, and hence the grain growth
are expected to substantially increase when the phase changes
from ordered into disordered state as discussed above. Therefore
the sharp increase in grain size for x=0.4 composition as the
sintering temperature increased from 850 °C/2h to 950°C/2h
could be ascribed to the corresponding phase transition from
ordered body-centered cubic (I-43m) to long range disordered
face-centered cubic phase (Fm-3m) as shown in Fig. 1. This also
explained the larger grain size of x=0.6 (850°C/2h) and x=0.8
(850 °C/2 h) specimens both of which exhibited same disordered
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Fig. 9. Variation of relative permittivity of (1 — x)LisNbO4—xLiF (0<x <0.9)
ceramic with x and sintering temperature.

face-centered cubic phase (Fm-3m). Similar phenomenon was
also observed in the sintering of Li; TiO3 ceramics.’!

Fig. 9 shows the variation of dielectric properties as func-
tion of LiF content and sintering temperature. The dielectric
permittivity increased with increasing sintering temperature for
the fixed composition obviously due to the increase in relative
density as shown in Fig. 4. However the optimized dielectric
permittivity for each composition decreased with the increase
of LiF content, which could be attributed to the comparative
lower dielectric polarizabilities of Li* and F~ than that of Nb>*
and O™, respectively (ap(Li*)=1.2A3, ap(Nb>*)=3.97 A3,
ap(F7)=1.62 A% and ap(0?~)=2.01 A%).33 Fig. 10 shows the
change of Q x f value with LiF content and sintering tempera-
ture. The Q x f value increased with increasing sintering tem-
perature for each composition obviously due to the increase in
relative density. The optimized Q x fvalue for each composition
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Fig. 10. Change of Q x f value of (1 — x)Li3sNbO4—xLiF (0 <x <0.9) ceramic
with x and sintering temperature.
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Fig. 11. Change of 77 value of (1 —x)Li3NbO4—LiF (0<x<0.9) ceramic
with x.
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Fig. 12. XRD patterns of x=0.4 composition co-fired with Cu at 950 °C/2h in
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Fig. 13. Back scattered SEM images and corresponding EDS analysis of x = 0.4 composition co-fired with Cu at 950 °C/2 h in N, atmosphere and x =0.5 composition

co-fired with Ag at 850 °C/2 h in open air.
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increased with the increase of LiF content and saturated at about
75,000 GHz when x > 0.15. Fig. 11 shows the variation of tem-
perature coefficient of resonant frequency 7y with LiF content.
All specimens exhibited negative 77 value. The absolute 77 value
decreased slightly with the increase of LiF content up to x=0.5
and then increased greatly with the further increase of x.

The chemical compatibility with silver or copper was inves-
tigated by co-firing the mixed powders with pure silver (30 wt%
Ag) or copper (30 wt% Cu) in ambient atmosphere at temper-
ature of 850°C for 2h or Ny atmosphere at 950 °C for 2h,
respectively. The powder XRD patterns of the x=0.5 compo-
sition co-fired with Ag at 850°C/2h and x=0.4 composition
co-fired with Cu at 950 °C/2 h are shown in Fig. 12. The strong
reflections from silver or copper could be identified easily. No
impurity phase such as AgF or CuF; was detected within the
experimental limitation, which seems to indicate that no chem-
ical reaction has taken place between the matrix phase and Ag
or Cu. The matrix phase of x=0.5 composition co-fired with
Ag at 850°C/2h in ambient atmosphere (unmuffled) exhibited
face-centered cubic (Fm-3m) phase. In contrast the pure x=0.5
composition sintered at 850 °C/2 h in N, atmosphere (muffled)
showed body-centered cubic phase (I-43m). The phase transition
may be caused by the increase of the F- or Li-loss (Fig. 2). The
back scattered SEM images of the co-fired specimens are shown
in Fig. 13. Two distinct phases-Ag or Cu and matrix could be
easily identified. No visible reaction product is detected, which
is agreement with the XRD results in Fig. 12.

4. Conclusions

Sintering behavior, microstructure and microwave dielectric
properties of (1 — x)LisNbO4—xLiF (0 <x < 0.9) ceramics have
been studied in this paper. For the LiF-doped compositions,
continuous solid solution formed in the whole compositional
range. Phase transition from long range ordered body-centered
cubic phase to long range disordered but short range ordered
face-centered cubic phase occurred with the addition of LiF.
Both the phase transition temperature and sintering temperature
decreased with the increase of LiF content. The x > 0.4 composi-
tions could be densified at 850 °C/2 h. The optimized Q x fvalue
for each composition increased with the increase of LiF con-
tent and saturated at about 75,000 GHz when x > 0.15, whereas
the optimized dielectric permittivity decreased with the increase
of LiF content. All specimens exhibited negative 7y value. The
absolute 7y value decreased slightly with the increase of LiF
content up to x=0.5 and then increased greatly with the further
increase of x. The chemical compatibilities of x = 0.4 composi-
tion with copper (Cu) and x=0.5 composition with silver (Ag)
powders were also investigated. No chemical reaction has taken
place between the matrix phase and Ag or Cu after sintering at
850°C/2h or 950 °C/2 h, respectively.
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