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Abstract
A series of Lj+xZnNbQ, (0 < x < 0.05) spinel-structured ceramics were prepared

by the conventional solid-state reaction. The phase compositiworostructure and

relationship between the structure and microwave dielectric properties were
investigated using X-ray diffraction, Raman spectroscopy, and scanning electron
microscope. Wherx = 0.02, the outstanding microwave dielectric properties of
Li1+xZNnNbQOy (0 < x < 0.05) ceramics were achieved with= 14.9, Q x f =104,600

GHz (at 9 GHz), and; = -64.0 ppmIC. The dielectric constant ar@ x f value
decreased with the increase of Raman shift and FWHM of thméde.Furthermore,

the large negativer of Li;ZnNbQ, (0 < x < 0.05) ceramics could be modified by
adding CaTiQ, and the 0.92Li)xZnNbQ,-0.08CaTiQ ceramic sintered at 1120 for

4 h exhibited a near-zempvalue of -1.4 ppniC along with a; of 21.3 and & x f

value of 92,500 GHz.
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1. Introduction

With the development of wireless communication, microwave dielectric
ceramics as the microwave integrated circuits (MIC) of key materials have aroused
the wide attention of scientists and consequently gained rapid development in the past
several decades [1-3]. It is well known that three figure-of-merits are required for
actual applications, namely, an appropriate permittivf)y & high quality factor@ x
f), and a near-zero temperature coefficient of resonance frequgrfoy {emperature
stability [4,5]. Nowadays, the search for highfactor becomes one of the most
popular researches in the field of dielectrics, because of their potential applications in
microwave substrates, filters, and resonators [6]. The materials with &Hettor
can provide better frequency control accuracy and a higher frequency response
steepness of the passband edge signal. These characteristics are conducive to the
suppression of electronic noise, reduce signal crosstalk and improve the frequency
band utilization in the circuit, which is the key requirement for modern wireless
practical applications [7].

Recently the spinel compounds with a general formulaOdBhave been
extensively investigated due to their excellent mechanical and dielectric performances
[8]. Some Li-containing spinels were reported to be promising microwave dielectric
materials due to their excellent dielectric performances and relatively low sintering
temperature, such as,MTizOg (M=Zn, Mg, Co), LpM3Ti4O12 (M=Zn, Mg) and
LisTisO12 [9-13]. The crystal structure of spinel LiZnNkhQvas first reported by
Gonzalez, with tetrahedral sites occupied by Zn and 1:1 cation ordering of Li and Nb
at octahedral sites [14]. Pang et al. reported that the LiZgNe@mic could be well

densified at around 95C and possessed of good microwave dielectric performances



with & ~ 14.6, Qx f ~ 47,200 GHz, and; ~ —64.5 ppnflC [15]. Zhou et al. further
improved the microwave dielectric performance LiZnNh{ toe ~ 15.6, Qx f ~
85,310 GHz, and; ~ —63.7 ppnfIC via the pretreatment of raw materials [16], but its
sintering temperature was 107D, which is rather higher compared to the previous
reports. In addition, many researches have reported that the microwave dielectric
properties of some Li-containing ceramics could be dramatically enhanced by the
slight excess of Li effects, such as the,diiO3(0 < x < 0.2), LiTi5012 (0<x < 1.2)
and LiZn; xGe0g (0 < x < 0.2) [17-19].This inspires us to study the effect of Li
excess on the structure and microwave dielectric properties in LiZpd#y@mics. So
that a series of LiZNNbQ, (0 < x < 0.05) spinel ceramics were prepared in this work,
and their sintering behaviogrystal structure, Raman spectroscopy, and microwave
dielectric properties were investigated. The temperature stability was also enhanced
by doping CaTi@to form composite ceramics.
2. Experimental procedures

Samples of LiZnNb® with different Li-contents were prepared via a
conventional mixed-oxide route. The compositions can be described.ZnNbO,
with x = 0, 0.01, 0.02, 0.03, 0.04, 0.05. As starting materials for the synthe®s Li
(99.99%), ZnO (99.99%), NBs (99.99%) were used. These raw powders were
weighted and balled firstly in a polyamide jar for 24 h with Zt§alls using the
ethanol as dispersants after mixing, then the slurries were dried &C1Zor the
purpose of binding of Li component, calcined preliminarily at 800for 10 h and
then sintered at 908C for 2 h at a heating rate of €/min. Subsequently, the
material was again ball milled using the same milling parameters as in the first milling
step. After dried at 128C, the obtained powders were mixed with 5wt.% polyvinyl

alcohol (PVA) solution as a binder, the granulated powders were pressed uniaxially



into the cylinders of 10 mm in diameter and 5 ~ 6 in thickness under a pressure of 200
MPa. Finally, the samples were fired at 6@0for 2h to expel the organic binder and
then sintered at 1020-1160 for 4 h at a heating rate ofG/min.

The crystal structures of the ceramics were analyzed by using the X-ray
diffraction technique (Culg, 1.54059 A, Model X'Pert PRO, PANalytical, Aimelo,
Holland). The Raman spectra of the JZnNbO, ceramics were recorded using a
DXR Raman Microscope (Thermo Fisher Scientific DXR, America) with a 532 nm
line in the range of 100-1000 cmThe microstructures of sintered specimens were
observed by scanning electron microscope (Model JSM6380-LV SEM, JEOL, Tokyo,
Japan). The relative densities of the sintered ceramics were measured by using the
Archimedes method. The dielectric constant and quality factor of the samples were
measured using a network analyzer (N5230A, Agilent, America) in the frequency
range of 10-12 GHz and the temperature coefficient of resonant frequency was
obtained by noting the temperature shifts of the resonance scope from room
temperature to 88C using a temperature chamber (Delta 9039, Delta Design, San
Diego, CA).

3. Results and discussion

Fig. 1 shows X-ray diffraction patterns of;LiZNNbQO, (0 < x < 0.05) ceramics
sintered at the optimum temperature for 4 h. In the composition range from 0 to 0.05,
all the observed peaks could be indexed based on JCPDS file No. 01-082-1437 for
LiZnNbQy, indicating that single phase with a tetragonal spinel structure in space
groupP4522 was formed when €x < 0.04, however, wher= 0.05, trace amount of
impurity phases were detected near the characteristic peaks of (201) and (210) of the
main phase LiZnNb® Rietveld refinement of the powder XRD profiles for

Li1.02ZnNbQy ceramic sintered at 106€/4 h is shown in Fig. 2. The structure that



contains tetrahedral and octahedral groups belongs to a spinel derivative in which the
octahedral sites are ordered into two sets with full occupancy by Li and Nb, while the
tetrahedral sites are occupied by a disordered Zn. Furthermore, the structural
parameters for the LiZNNbQO, (0 < x < 0.05) ceramic samples in Table 1 were
calculated through the least square method based on XRD data and their variations
with respect to Li addition contenk alue) are shown in Fig. 3, at lower addition
range X < 0.02), a nearly linear increase was observed but deviation from linear
variation was obtained at higher Li addition0.02). Based on the previous work on
Li-containing materials and the Vegard's law [20], which indicates that lower addition
range k < 0.02) might enter the crystal structure to form a solid solution.

Fig. 4 demonstrates the secondary electron emission on the polished and
thermally etched surfaces of1LIZnNbO, ceramics. All samples exhibited a dense
and uniform microstructure with well-developed grains and identifiable grain
boundaries. No obvious change in the grain morphology with increasiadue is
observed and the average grain size of the sample with<00.05 is in the range of
10-40 um. As shown in Fig. 4 (d-f), it is noting that some visible pores exist in the
grains and the grain boundaries and a small part of the grains are abnormal growth.

Fig. 5(a) shows the relative densities of JAnNbO, (0 <x < 0.05) ceramics as a
function of sintering temperature. For all the samples, the relative density is observed
to increase initially with the increase of sintering temperature and reaches a maximum
at various temperatures depending on the composition. A further increase in the
sintering temperature results in a slight decrease in the densificatiorx 02
exhibited the highest relative density of 97.6% (of the bulk density ~ 4.7&)g/cm

which coincides with the dense microstructure.



The variation of dielectric permittivity of LikxZnNbO, (0 < x < 0.05) ceramics
with sintering temperatures shown in Fig. 5(b). The dielectric permittivity firstly
increased with the increase of sintering temperature and reached a maximum value of
14.9 atx = 0.02 composition. The variation of dielectric permittivity is consistent with
the change of the relative density. The variationQok f value as a function of
sintering temperature is shown in Fig. 5(c). Te& f value also obtained its relative
optimum values of 104,600 GHzat 0.02 in the samples with the highest density. It
was reported that th@ x f value was strongly dependent on their densification and
the microstructure. Other factors such as grain boundaries, crystal defects, secondary
phases, and pores also affect @he f value [21]. In this study, the excess Li with an
appropriate level increased densification to more than 95%, s@sthencreased
firstly with the increasing Li content. But with the further increase of Li content, the
Qxf value decreased sharply due to the appearance of secondary phases and pores.
The 7; value showed a weak dependence on sintering temperature and composition,
ranging from —64.0 ppiC to —67.2 ppniC in Fig. 5(d).

Raman spectroscopy is a more powerful tool than XRD for the detection of local
crystal structures, short-range ordering, more specifically cationic occupancy sites,
and also provides information that relates vibrational properties to microwave
dielectric properties [22]. The room-temperature Raman spectra of th&nNbO,

(0 < x < 0.05) ceramics in the range of 100—1000 tim shown in Fig. 6. Similar
Raman spectra were observed for the samplesx® 0.05), however, it is difficult to
distinguish the second phase, which might be due to the undetectable amount or the

overlapping of the Raman active modes.



The vibration modes near the center of the first Brillouin zone of LiZnNbO
were characterized using the group theoretical method according {22 space
group, as follows [23,24]:

I'=6A,+ 7B, + 8B, + 15E (Acoustic modes not included) (3)

The classification of vibration modes of LiZnNb@ listed in Table 2. 22 Gaussia-
Lorentzian modes of Lp2ZNnNbQ, are shown in Fig. 7. The bands with wave number
greater than 350 cicould be associated with several modes involving stretching of
cation-O bonds. Since some weak modes were broadened and overlapped, the number
of modes observed was smaller than predicted by group-theoretical analysis.
According to the report of Aldon et al. [25], the peaks observed at 494w@re
assigned to stretching vibration of Zn@trahedron. In oxides where lithium is
octahedrally coordinated by oxygen, the frequencies of Li-O stretches lie within 250-
450 cm' region [26]. Blasse and van den Heuvel suggest that Nb-O octahedra in
cubic NaNbO, show strong Raman shift at about 800'¢&7], then the strong bands
centered at 816 cfrmight be assigned to stretching vibration of Nt®@tahedron.
For wavenumbers between 200" tand 350 cii, the bands were principally due to
bending of O-cation-O. The origin of the bands with wave number below 28Gscm
lattice vibrations, mainly associated with cations [28].

The stretch mode (4 with wavenumber around 816 ¢jnof NbQs octahedron
has the highest frequency and strongest polarity of the vibration modes, exerting the
strongest influence on the microwave dielectric properties [29]. Therefore, the Raman
shift and FWHM of the Ay mode for LiwZnNbQOs (0 < x < 0.05) ceramics are
presented in Table 3. The correlation between thgndde and microwave dielectric
properties of the LiZnNbO, (0 < x < 0.05) ceramic is further discussed. The

variation of the dielectric permittivity and the Raman shift of thgrAode withx is



shown in Fig. 8. The dielectric constant decreased linearly with an increase of the
Raman shift of the fy mode. This can be explained based on the fact that;gn A
mode at higher wavenumber corresponds to higher vibration energy and more rigid
oxygen octahedron, resulting in lower dielectric constant. The variation of the FWHM
also showed the opposite trend compared WithQ x f value in Fig. 9. This
phenomenon is mainly due ttee fact that FWHM value of the;fAmode is directly
related to the lattice vibration damping coefficiaith the decrease of the FWHM

of Ay, the non-harmonic vibrations decrease, which weakengdherence and
damping behavior and reduces the intrinsic dielectric loss [30].

In summary, the sample witk = 0.02 exhibited the optimum microwave
dielectric properties with a permittivity of 14.9Qax f value of 104,600 GHz andra
value of -64.0 ppMiC. Compared with the nominal LiZnNh®eramics ¢ ~ 14.6,Q
x f ~ 47,200 GHz and; ~ -64.5 ppnflC ), the quality factor is significantly improved.
This result indicates that the appropriate addition of excess Li could improve the
dielectric performances of LiZnNbOHowever, the large negative value would
impede the practical applications. It is reported thatalue can be turned by
compositional engineering such as the formation of solid solution or mixtures of
dielectrics with opposite; values [31]. In our previous report, near-zefoalues
could be achieved by compensating the large negatiweh rutile TiO, or CaTiQ
having positive; values (+465 ppfC and +800 ppmMiC, respectively) [32].
Therefore, CaTi@was chosen to compensate thealue of Li op2ZnNbQO, ceramic. A
series of composite ceramics in thexflLi; op2ZNNbQ,-xCaTiG; (0 < x < 0.10) system
were prepared. Fig. 10 shows the XRD pattern of the 0.3Z2iNbQ,-0.08CaTiQ
ceramic sintered at 112C for 4 h and XRD patterns of LiZnN@@nd CaTiQare

also given for comparison. Only the peaks belonging to LiZn\Nb@ CaTiQ could



be observed without secondary phase detected, suggesting no chemical reaction
between them. In addition, with an increase xofalue, thez value obviously
increased from -64.0 to -1.4 pgi@/along with thes increased from 14.9 to 22.5. A
near-zera; could be achieved at= 0.08 withg = 21.3,Q x f = 92,500 GHz and =

-1.4 ppm{C in Table 4.

4. Conclusions

In this study, a series of microwave dielectrigJAnNbQ, (0 < x < 0.05)
ceramics with tetragonal spinel structure were prepared by a conventional solid-state
reaction method. Whex = 0.02, the dense microstructure with a relative density of
97.6%, and the component sintered at 1WB6or 4 h achieved excellent microwave
dielectric properties with a permittivity of 14.9,(ax f value of 104,600 GHz (at 9
GHz), and a negative value of -64.0 ppmiC. Moreover, the large negative of
Li;+xZNNbOy (x=0.02) ceramic could be modified by adding CaZiCand the
0.92Li; 02ZnNbQ,-0.08CaTiQ ceramic sintered at 1120 for 4 h exhibited favorable
dielectric properties with g of 21.3, aQ x f value of 92,500 GHz and a near-zefro

value of -1.4 ppniC.
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Table 1.The structural parameters of, LZnNNbQ;, (0 < x < 0.05) sintered at 1066C

for 4h.
X a=b(A) c(A) V (A3

x=0 6.0773 8.3658 308.9765
x =0.01 6.0783 8.3790 309.5723
x = 0.02 6.0816 8.4022 310.7622
x = 0.03 6.0869 8.3959 310.9335
x = 0.04 6.0869 8.3959 310.9334
x = 0.05 6.0814 8.4178 311.3193

Table 2. The classification of vibration mode of LiZnNpO

Atom Site Aq Ao B, B, E
Li 4a 1 - 1 2 3
Zn 4c 1 - 2 1 3
Nb 4b 1 - 1 2 3
O 8d 3 - 3 3 6

Total 6 - 7 8 15

Table 3. Raman shift and FWHM offAmode for LiZnNbQ ceramic.

Ceramic composition Raman shift (crif) FWHM (cm™)
LiZNNbQO4 816.07 20.78
Li1.0:ZNNbGy 815.93 20.32
LilloganbO4 815.70 18.06
Li1.0:ZNNbGy 816.00 20.55
Li1.04ZNNbOy 816.11 20.95

Li1 0:ZNNbOy 816.23 21.63

14



Table 4.Microwave dielectric properties of (Li; 02ZNNbO—xCaTiO; (0<x< 0.10)

ceramics.
X S.T. CC) & Qxf (GHz) 7t (ppm/°C)
0 1060 14.940.03 104,600+2000 -64.0+1.8
0.04 1080 18.2+0.04 100,875+1900 -35.4+1.2
0.06 1100 20.6+0.04 96,080+2000 -17.2+0.7
0.08 1120 21.3+0.03 92,500+£2100 -1.4+0.3

0.10 1140 22.5%+0.04 88,540+2200 12.4+0.5
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Figure Captions:

Fig. 1. X-ray diffraction patterns of LiZnNbO, (0 < x < 0.05) ceramics sintered at

the optimum temperature for 4 h.

Fig. 2. Observed, calculated and difference powder XRD profiles figpdtiNbO,
ceramic sintered at 1061 for 4 h.Insets are lattice structure of the, bZNnNbQ,

ceramic.

Fig. 3. The variation of the cell parameters and the cell volume gZhNbQ, (0 < x

< 0.5) ceramics about thevalue.

Fig. 4. Scanning electron micrographs of (a) LiZnNk& 1080°C, (b) Li; 0:ZnNbOy
at 1060 °C, (c) Lip02ZnNbQ, at 1060 °C, (d) Li;0ZnNbQ, at 1060 °C, (e)

Li1.o4anbO4 at 104000, (f) Li1.o5anbO4 at 1040)C

Fig. 5. The variation of relative density and microwave dielectric prope#ied & f,

and 7) of Li;+ZnNbQ, (0 <x<0.5) ceramics as a function of sintering tempeeatur

Fig. 6. Ramarspectra of Li«ZnNbO, (0 < x < 0.5) ceramics sintered at the optimum

temperature.

Fig. 7. Raman Gaussia-Lorentzian fitting of §ZnNbQ, ceramic.

Fig. 8. Dielectric constant andifRaman shift of Li.xZnNbQOs (0 <x < 0.05) ceramic

sintered at the optimum temperature for 4 h.

Fig. 9.Q x f value and AyFWHM of Li1+xZnNbOs (0 < x < 0.05) ceramic sintered at

the optimum temperature for 4 h.

Fig. 10. X-ray diffraction patterns of 0.92lgbZNNbO;—0.08CaTiQ ceramics sintered

at 1120°C for 4 h in air.
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