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Crystal structure and microwave dielectric properties in

C00-Sn0,-Nb,Os5 system
Yun Zhang'*, Shihua Ding?, Tianxiu Song?, Yingchun Zhang?
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2 School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing, China

Abstract CoSnNb,Og ceramic with medium-permittivity was initially generated.
Compositionally induced phase formation was identified by X-ray diffraction.
Tetragonal rutile-type CoSnNb,Og was obtained from the reaction of SnO, with
intermediate phase CoNb,Og. Both the dielectric constant ¢, and quality factor Qxf
initially increased with the sintering temperature, reaching the maxima at around 1225
°C, and declined thereafter. They were discussed based on the ionic polarizabilities and
packing fraction, respectively. The temperature coefficient of resonant frequency
primarily depended on the Nb-site bond valence, as well as oxygen octahedra distortion.
When sintered at 1225 °C, the CoSnNb,Og ceramic exhibited optimum properties with
£=31.8, Qxf=43,000 GHz, and 7=35.01 ppm/°C.
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1. Introduction

Microwave dielectric ceramics have found wide applications as components for
mobile system and satellite communication operating at high frequencies. A good
dielectric must have appropriate dielectric constant (g,), high quality factor (Qxf) to
improve selectivity, and near-zero temperature coefficient of resonant frequency (z) to

minimize frequency drift. [1, 2] Nowadays, the development of low and high
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permittivity ceramics is much more advanced than the middle one (30 < ¢, <50). [3]

M2*M#*Nb,0g (M?*=Mg, Co, Ni, Zn and M*=Ti, Zr) ceramics are attractive
subjects for materials research and engineering applications. [4, 5] Amongst this family,
CoTiNb,0Og was reported to have a high ¢~63.5 and Qxf~25,300 GHz. [4] Its large z
was tuned by the addition of Zn; ¢;Nb,Og, and additionally, the Qxf was enhanced to
94,700 GHz. [5] By Ta substitution for Nb, Zhang [6] generated novel trirutile-type
CoTiTa,Og ceramic. He found that Ta-O bonds with the greatest bond ionicity and
lattice energy made the majority contributions to dielectric properties.

Considering the similar ionic radii, extensive importance has also been attached to
the replacement of Ti with equivalent-charge Sn. [7] On this basis, the Qxf increased
from 42,500 GHz to 69,500 GHz for ZnTiNb,Og. [8] More importantly, a 2019 study
showed promise of achieving temperature-stable ceramic with single NiSnTa,Og phase.
[9] The scientific reports indicated that, the replacement not only boosted the
microwave properties but also provided feasible access to new dielectrics. In this
respect, the microwave dielectric properties of CoSnNb,Og ceramic were of special
interest. Thus, it was prepared and the property-structure relations were discussed.

2. Experimental procedures

Initial materials CoO (99%), SnO, (99%) and Nb,Os (99.99%) were purchased
from Aladdin (Shanghai, China). According to the chemical formula, the oxides were
milled with zirconium balls in ethanol. The subsequently steps were calcination and

re-milling for target products. After being sieved through 200 mesh, the powders were



mixed with 5 wt% polyvinyl alcohol solution. Thereafter, they were pressed into
circular disks (10 mm in diameter and 5-6 mm in thickness) with a uniaxial pressure of
100 MPa. During sintering, the temperature was raised to 1175-1275 °C for 4 h.

The sintered densities were identified by Archimedes method. Crystal structure
was undertaken via X-ray diffraction (CuKa, D2-PHASER, Bruker). Structural
parameters were obtained from Rietveld refinement using GSAS [10]. Scanning
electron microscopy (FEI, Quanta 250) recorded the morphology. The & was measured
using Hakki-Coleman method [11]. The unloaded quality factors were measured with a
HP8720ES analyzer. 7 was obtained in the temperature range from 25 to 85 °C.

3. Results and discussions

Fig. 1 shows XRD spectrums of samples. Calcination at 1000 °C failed to generate
single CoSnNb,Og phase, since CoNb,Og (JCPDS NO. 32-0304) were emerged from
Fig. 1(a). Increasing temperature accelerated chemical reactions and the amount of
residual impurity decreased steadily. The profile displayed a single tetragonal rutile
phase at 1100 °C, in agreement with JCPDS file card No. 52-1875. Egs. (1)-(2) clearly
expressed the whole formation process. After sintering process, all diffraction peaks had
similar appearances and confirmed the rutile structure [see Fig. 1(b)].

Co0 + Nb,0, — CoNb,O, (1)
CoNb,O, + SnO, — CoSnNb,O, (2)
The structural parameters were determined by means of Rietveld method.

Representative refinement plot and schematic crystal structure are plotted in Figs. 2(a)



and (b). This structure had only one crystallographic site for metal atoms, which were
coordinated with six oxygen atoms. The octahedra were interconnected by edge-sharing,
forming infinite linear chains in the c-direction. [12] From Fig. 2(d), it was found that
there was a reduction in the unit cell volume, between 1175 and 1275 °C.

Fig. 3(a) shows relative densities and SEM of the niobite. When the temperature
was 1175 °C, CoSnNb,Og reached only ~93.68% of the theoretical density. The
oval-shaped grains were not well faceted, accompanied by considerable intergranular
pores. Higher temperature was likely to promote diffusion kinetics and thereby
improved densification. A maximum relative density of 96.89% was achieved at 1225
°C. There was no evidence of pore entrapment. The grain size enlarged rapidly to 13 um
at an even higher temperature of 1275 °C, suggesting exaggerated grain growth.

The microwave dielectric performance of CoSnNb,Og ceramics is demonstrated in
Figs. 3(b)-(d). The measured &meas ranged from 26.7 to 31.8, depending on temperature.
The Clausius-Mossotti [13, 14] formula was able to give an theoretical estimate for
dielectric constant. In CoSnNb,Og, the &, Was substantially smaller than their measured
counterparts. The reason for this discrepancy was the “rattling” or *“compressed”
cations, as they deprived large or small cation polarizabilities, respectively. [14] The
opposite trends (>1225 °C) between &, and eneas Were due to the significant density
reduction. Quite similarly, the variations of Qxf were consistent well with that of
relative density. Porosity was a major component of extrinsic dielectric loss.

Compounds with enhanced density usually exhibited low loss and vice versa. Besides,



the packing fraction was quantified in current work. With temperature shifting from
1175 to 1225 °C, the Qxf suggested a similar increasing trend, in compare to packing
fraction (Fig. 5). Larger packing fraction was favorable to optimize Qxf. [15]
Nevertheless, the consistency was destroyed above 1225 °C. This occurred because 5%
porosity was bad enough for Qxf. To be noted that the Qxf and sintering behavior in this
work were superior compared to CoTiNb,Og [4]. The octahedra distortion and Nb-site
bond valence were calculated based on the formulas of Refs [7, 16]. In this case, the
Nb-site bond valence depicted an upward trend, which meant higher recovering force
for the tilting of NbOg octahedra. As a result, the 7+ decreased to 31.44 ppm/°C. The
relation of bond valence and z was in line with that previously reported by Kim [15].

Table 1 lists a comparison of the microwave ceramics with ¢~32. [17-23] Some
materials, such as ZnTa,0¢ [19], Ba(Coy,3Nb,3)O3 [22] were difficult to densify without
any aids. The Qxf of CoSnNb,Og might not be the largest in table 1. This ceramic has a
lower sintering temperature, making it a promising candidate for dielectric components.
4. Conclusions

The microwave dielectric ceramic CoSnNb,Og was initially synthesized. Structure-
property relations were discussed systemically. The sample with 96.89% theoretical
density displayed a tetragonal rutile structure. Depending on the temperature, the &
ranged from 26.7 to 31.8. The Qxf was attributable to the relative density and packing
fraction. With the increase of Nb-site bond valence and oxygen octahedron distortion, z;

moved to the negative direction. In particular, CoSnNb,Og compound sintered at 1225



°C revealed properties: &=31.8, Qxf=43,000 GHz, and z; =35.01 ppm/°C.
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Figure captions

Fig. 1 XRD patterns of (a) CoO-SnO,-Nb,O5 powders calcined at 1000-1100 °C for 4 h

and (b) CoSnNb,Og ceramics sintered at 1175-1275 °C for 4 h

Fig. 2 (a) Representative refinement plot; (b) schematic crystal structure; (c) lattice
parameters; and (d) Vit for CoSnNb,Og ceramics
Fig. 3 (a) Sintering behavior and corresponding SEM images; (b) &; (¢) Qxf ; and (d) z

vs. sintering temperature of CoSnNb,Og ceramics

Table 1 Comparison of microwave dielectric properties of some ceramics with ¢~32

Composition T4(°C) & Qxf(GHz) ¢ (ppm/°C) Ref.
BaNb,O¢ 1300 30.0 43,000 -45 [17]
La(Coy;,Ti12)O3 1440 30.0 67,000 -64 [18]
ZnTa,0¢ 1400 30.3 87,580 9.5 [19]
(ZnosCoy5)TiO; 1150 31.0 60,000 75 [20]
(Zr65SNo.2) TiO4 1050 314 32,000 -1.4 [21]
CoSnNb,Og 1225 31.8 43,000 35.01 This work

Ba(Co1,3Nby3)03 1400 32.0 78,000 -12 [22]

ZnTiNb,Og 1250 34.0 42,500 -52 [23]
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Fig.1

Fig.2

Fig.3



Highlights

CoSnNb,Og ceramic was initially prepared via solid state method.

Structure-property relations were discussed based on Rietveld refinement.

£=31.8, Qxf=43,000GHz, and 7=35.01ppm/°C were obtained.
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Table 1 Comparison of microwave dielectric properties of some ceramics with ¢~32

Composition Ts(°C) & Qxf(GHz) 7 (ppm/°C) Ref.
BaNb,04 1300 30.0 43,000 -45 [17]
La(Coy,,Tiy,)03 1440 30.0 67,000 -64 [18]
ZnTa,04 1400 30.3 87,580 9.5 [19]
(ZngsCog5)TiO;s 1150 31.0 60,000 75 [20]
(Zr0sSNo2) TiO, 1050 314 32,000 -1.4 [21]
CoSnNb,Og 1225 31.8 43,000 35.01 This work
Ba(Co1/3Nb,3)0;3 1400 32.0 78,000 -12 [22]
ZnTiNb,Og 1250 34.0 42,500 -52 [23]
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