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1. Introduction

In the new era of communication technology there are revolutionary developments in
satellite communication, global positioning systems and mobile communication systems,
which has helped the developments in multilayer technologies like low temperature cofired
ceramics (LTCC). The microwave electronic devices have achieved significant
miniaturisation, light weight and became very cost effective using LTCC. The characteristic
properties required for dielectric materials which are used in multilayers are (a) high
dielectric permittivity( ¢, ), (b) high quality factor (Qxf) and (c) low temperature coefficient
of resonant frequency (t). The size of the resonator is inversely related to the \/Z .
Dielectric materials should posses near zero temperature coefficient of resonant frequency
(t¢) for thermally stable electronic devices [1-7].

Generally most of the dielectric ceramic materials are known to posses the above said
properties but will sinter at temperatures above 1000 °C. Zinc niobates, ZnNb,Og (ZN) is a
low loss dielectric material with columbite structure having excellent dielectric permittivity,
high quality factor and low temperature coefficient of resonant frequency. Sintering
temperature of ZN is comparatively lower (~1200 °C) [8]. Hence it is widely used as
dielectric resonators in microwave communication devices. In multilayer ceramic structures,
the low melting electrodes such as Ag (melting point ~961 °C), Cu (melting point ~1083 °C)
and Au (melting point ~1064 °C) are co-fired with these ceramic materials [9,10]. In the case
of Ag electrodes, processing temperature of the material must be below 950 C.

There are several approaches to reduce the sintering temperature of the ceramics viz. (i)
usage of ultra-fine particles/powders as synthesized by wet chemical methods as starting
materials (ii) addition of low melting glasses to obtain a low temperature sintering
composite [11-14]. Glass addition is known to be the most popular and least expensive
method and hence ZN is widely used in ceramic technology.

Even though the ZN ceramics prepared by conventional ceramic route [1-6] shows excellent
properties, high sintering temperature preclude its application potential in the LTCC. Usage
of nano sized ZN powders (instead of micron size powders) in multi layer technology can
bring down the sintering temperature to a lower value. Hence the procedure for preparing
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ZN ceramic powder as both micron size powders and nanosized powders and the
sinterability of pure materials as well as the glass added ceramics are described in this
chapter. The structural characterisation of the materials can be done using XRD and the
microwave dielectric properties (in the frequency range 2-6 GHz) can be studied and
compared to highlight the effect of particle size on sinterability and microwave dielectric
properties of these materials.

2. Materials and methodologies

ZN ceramic powders can be synthesized using two different well established preparation
techniques such as solid state ceramic method and polymer complex techniques [15-17].

2.1 Synthesis of ZnNb,Og using solid state synthesis technique

Single phase ZN can be prepared using oxides of Zn (ZnO 99.9+%) and pentoxide of
Niobium (NbyOs 99.9+%) as raw materials. These oxides can be weighed in stoichiometric
proportion and mixed for 24h in a ball mill, using zirconia balls and distilled water as the
milling medium. The slurry can be dried at 80 °C and the dried powder can be calcined at
850 oC/4h, to get the phase pure ZN ceramics.

2.2 Preparation of ZnNb,Og using polymer complex method

Zinc acetate [Zn(CH3COO)z 99.99%,] and niobium ethoxide [Nb(OC:Hs)s, 99.95% metal
basis] can be used as the starting material for preparing ZN using polymer complex method.
The flow chart, in Fig. 1 shows the various steps involved in the synthesis. 3 mol equivalent
of citric acid can be dissolved in 12 mol of ethylene glycol with continuous stirring for 1h to
form a clear solution. 1 mol of zinc acetate can then be added and stirred for several hours at
80°C to dissolve it completely. 2 mol of Nb(OC;Hs)s can be added to this clear solution with
a stirring speed of 500 rpm until it results in the formation of a thick white gel. The gel can
be sonicated for 2h to obtain the uniform distribution. After sonication the polymeric
precursor can be recovered by desalting with acetone. The dried polymeric precursor can be
calcined at 600°C/4h to obtain the ZnNb,Og nanopowders.

2.3 Preparation of 60Zn0-30B203-10SiO2 (ZBS) glass

High purity ZnO, B,Os and SiO; (99.9%) can be used as the raw materials for the preparation
of 60Zn0O-30B,03-10Si0; (ZBS, sintering temperature is <800 °C). The raw materials weighed
accurately in the stoichiometric proportion are mixed well in distilled water medium using
zirconia balls for 24 h in a ball mill. The slurry can be dried and the powder can be melted in
a platinum crucible at 1000°C for 2h, and the melt can be quenched into cold distilled water
and powdered. This glass powder can be used for the preparation of glass ceramic
composites.

2.4 Preparation of ZN-ZBS glass composites

Appropriate amounts of ZN and ZBS glass (1,3,5,10 wt%) can be mixed using an agate
mortar for 2 hours in distilled water medium and the slurry can be dried and powdered.
3wt% PVA solution can then be added to this mixture as a binder. The dried powder can be
uniaxially pressed using a tungsten carbide (WC) die in the form of cylindrical discs of
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12 Mol 3 Mol
Ethylene Glycol Citric Acid
1 Mol Zn(CH3COO), L
A 4
Heat Treated at 80°c/2h
with stirring
Clear Solution Obtained
2 Mol Nb(C,H50)s5

White Gel

l

Sonicated for uniform Distribution

l

Desalting with Acetone Solution

A 4

Polymeric Precursor

A 4

Dried and Calcined at 600 °C/4h

l

ZnNb,Og Nano Powders

Fig. 1. Flow chart for the preparation of ZnNb>Og nano powders
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diameter 14 mm and about 7 mm height at a pressure of 150 MPa. The green compact can be
heat treated at different temperatures and the dimension changes are recorded. The density
can be determined each time and the sintering temperature can be optimised as the
temperature which gives the maximum densification.

The sintered pellets of all the compositions can powdered and the crystalline phase of the
powders are identified by the XRD analysis using Cu-Ka radiation of wavelength ()
1.54056A for 26 range 10-80c. The recorded patterns are compared with standard ICDD Data
file with the help of Philips X’pert High Score plus software. The ZN nano particles can be
characterised using transmission electron microscopy (HRTEM) FEI Technai G2 30S-TWIN
high resolution electron microscope operated at 300 KV. The crystallite size, lattice
parameter and the selected area diffraction patterns can be recorded using TEM. The
crystallite size (d) of the nano-ZN was determined from the XRD patterns using Debye
Sherrer formula [18,19],

~ 094
~ Bcosf (0

where A is the wavelength of the x-ray, B is the FWHM of the maximum intense peak and
6 is the glancing angle.

The microstructure analysis of the sintered polished and thermally etched samples can be
carried out using scanning electron microscope (SEM, JEOL-JSM, 5600LV, Tokyo, Japan).
The bulk densities of the sintered pellets can be measured by the Archimedes method. The
dielectric constant can be measured using the post resonator method of Hakki and Coleman
modified by Courtney. The unloaded quality factor can be measured by a resonant copper
cavity whose interiors are coated silver and the ceramic composites are placed on a low loss
quartz spacer which reduces the effect of losses due to surface resistance of the cavity using
a Vector Network Analyser. The temperature coefficient of resonant frequency (7) can be
measured by noting the temperature variation of the same using TEps mode in the
transmission configuration over a range of temperature 20-80°C. The temperature
coefficient of the resonant frequency can be calculated using the following relation in a fixed
interval of temperature [20-22],

A(T-Th)
where, f] and f, are the resonant frequencies at temperatures 7} and 75 respectively and

the average value can be calculated and reported.

3. Observations and analysis

Fig 2(a) is the powder XRD diffraction pattern of ZnNb,Os synthesized using solid state
ceramic route. All the peaks are compared with the ICDD file card for ZN (Number 76-1827)
and indexed. Fig 2 (b) depicts the XRD pattern of ZnNb,Os with 5wt% of zinc borosilicate
glass (ZBS). The addition of ZBS glass did not produce any additional phases, as evident
from Fig. 2 (b).
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Fig. 2. XRD pattern of ZnNbOg (a) sintered at 1200°C/2h and (b) ZnNb>Os + 5Wt%

The powder XRD patterns of the calcined ZnNb,Os nanopowders are depicted in the fig 3.
Fig 3(a) shows the XRD pattern of ZnNb,Og¢ calcined at 600°C/4h and fig 3 (b) is that of
ZnNbyOs powder sintered at 950 oC/2h. The figures clearly indicate that the powder
patterns are in well accordance with ICDD data card (76-1827). The average crystallite size
of the nanostructured ZN calcined at 600 °C/4h can be estimeted from the X-ray diffraction
pattern. The fig 4 depicts the maximum intense peak obtained from XRD of ZN ceramics.
Using Gaussian fit (as seen in the fig 4), the FWHM and centre of the peak can be
determined. Employing Debye Sherrer formula (equation 1) the average crystallite size can
be calculated as ~17 nm.

www.intechopen.com



282 Advances in Ceramics - Synthesis and Characterization, Processing and Specific Applications

p—
= (b)
o,
— :
- - 0
S—
- — — A,
. = G N o
o o] L) —
-« ~— P T iﬁﬁﬂ = = ;
Bonc — T o S Nt — ey g b -
o -~ A SND o N S Swmee= ""i,-—.._|N —_— —
-t =T ——— | Lo - o i3 M
e | 2 o O =
z Lot meTfim S0 o =onm
2 -_,_h___d SN _A N\ _,._ JEAL R S
= (a)
0
T 600 C
cale
2 B 2 T T R BTt

20 25 30 35 40 45 50 55 al 65 70 75 80
20 (Degree)
Fig. 3. XRD pattern of ZnNb,Os (a) calcined at 600°C/4h and (b) calcined at 950°C/2h.
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Fig 4 shows the various TEM images of ZN nanocrystallites. Fig 5 (a), (b) and (c) are the
TEM images of the ZN nanocrystallites at two different regions. It can be seen that in both
images the nanocrystallites have same characteristics and mostly of spherical in shape. The
fig 5 (c) establishes the crystallite size at low magnification; they are well separated and have
uniform size distribution. A histogram is shown in fig 5 (d), indicates the crystallite size
obtained from the images both fig 5 (a) and (b). In order to obtain particle size distribution, a
Gaussian function is fitted for the experimental data. The average particle size is obtained
and found that it is lies between 18-20 nm. This is in good agreement with the crystallite size
obtained from XRD using Debye Scherrer formula.

W
L

No. of Particles

B0 100 IB14 11k 1ei8 30 033 D4 436 Sed8 380
Crystallite Size in nm

Fig. 5. TEM images of nano ZnNb,Os (a), (b) 50 nm scale, (c) 100 nm scale and (d) histograph
of particle size distribution obtained from image (a) and (b).
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The high resolution TEM (HRTEM) image and the selected area diffraction pattern (SADP)
of ZN nanocrystallites are shown in the fig 6 (a) and (b) respectively. Lattice plane of ZN
nanoparticles are clearly visible in the HRTEM image. Inter planar spacing ‘d” of several
planes were determined using set of Fourier Transforms of lattice fringe images. TEM image
analysis software (Digital Micrograph - Gatan) was used for the determination of
interplanar spacing. The average d values were determined and the plane corresponding to
each set of fringes are duly indexed, shown in the fig 6 (a). Interplanar spacing obtained
from TEM and XRD are tabulated in table 2. Comparing the d values from the X-ray
diffraction pattern, the planes corresponding to each ring was identified and indexed.
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Fig. 6. (a) HRTEM of nanostructured ZN ceramic (b) SAD patterns of ZN ceramics.

In fig 7, variation of bulk density of pellets, synthesised by solid state ceramic route and heat
treated at 975°C with different wt% of ZBS is shown. From the fig 7, ZN ceramics with 5
wt% of ZBS has maximum density. Hence 5 wt% of ZBS is taken as the optimized glass
addition amount for the composite. Fig 8 illustrates the variation of the bulk density of ZN
and ZN-ZBS glass composites with varying sintering temperatures. From Fig. 8 it can be
seen that nanostructured ZN with 5 wt% of ZBS glass has greater density at lower sintering
temperatures (925°C/2h). Comparison of densification of pure (nano and micron sized) ZN
ceramics shows that the densification is faster for nano powder compacts at lower
temperatures, however at temperature above 1100°C for micron sized powder compacts
synthesised by solid state ceramic route has higher absolute density. Since the nano
powders of ZN have higher sinterability, the growth during the sintering process will be
more rapid. Hence more finer intergranular porosities will be formed in the case of nano
powder compacts than micron sized powder compacts. This will results in the reduction in
the values of absolute densities of sintered powder compacts. Similar effects were noticed
for sintered nano sized powder compacts of BZT by Manoj Raama Varma et al. [23] In
nanostructured ZN ceramics the grain boundary area per unit volume will be more than
that of the solid state synthesised ZN ceramics [24]. This deteriorates the densification of
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nano sized ZN ceramics. In the case of glass addition, low melting glasses such as ZBS
enhances the sinterability of the ZN ceramic powders due to the liquid phase sintering
[25,26]. The glasses start melting at lower temperatures and the molten glasses flows
through the porosity between the grains and fill the porosity and the gap between the grain
Boundaries [27]. This enhances the sinterability i.e. the composite gets densified at lower
sintering temperatures. Hence the ZN composite with 5 wt% ZBS glass shows higher
density than that of the pure materials. The effect of liquid phase sintering is clearly seen in
the SEM micrographs ( Fig. 9) as molten glass melted at low temperatures.

Fig 9 shows the SEM micrographs of the sintered ZN. Fig 9 (a) and (b) are SEM micrographs
of ZN synthesised using solid state ceramic route. Large grains having average grain
diameter of ~4.2 pm were observed for pure ZN. Though the sintering has taken place,

15kU ®15, 8868

Fig. 9. SEM micrograph images of ZN ceramics and ZN-glass composites

Fig. 9 (b) shows a highly densified microstructure with large amount of molten glass phases
for glass-ZN composites. It is observed that by the addition of ZBS glass the grain growth
decreases. In fig 9 (b) the grains have an average diameter of about 1 to 2 pm only. Fig 9 (c)
shows the SEM images of the sintered nano structured ZN (obtained via chemical synthesis)
which are sintered at 925 °C for 2h. The SEM micrograph exhibits highly dense grains.
Average grain size obtained from the micrograph images ranging from about 1-2 pm. It
reveals fine sintered grains are obtained by sintering of nano ZN powder. Fig 9 (d) shows
micro structure of the nanostructured ZN ceramic powders with 5wt% of ZBS glass.
Comparatively smaller grains are obtained for the glass added nano powder compacts of
ZN. The densification is very high for a much lower sintering temperature viz 925°C/2hrs.
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Comparing all images in Fig. 9 the nanostructured ZN with 5wt% of ZBS shows very high
packing with a minimum porosity at 925 C/2h.

The density and the dielectric properties viz dielectric constante,, Qxf, and T, of ZN
ceramics are tabulated in table 2. Comparison of these properties of the materials
synthesised by different preparation techniques reveals that the solid state synthesised
shows greater values for dielectric constant and Qxf. This can be correlated with the effect of
grain size. In ceramic materials the increase in the grain size deteriorates the dielectric loss.
Reduction in the number of grains per unit volume, decreases of grain boundaries per unit
volume and it would result in a material with a lower dielectric loss and better polarisability
which improves both &, and Qxf [28,29]. From the SEM micrographs (Fig. 9) it can be
concluded that the nanostructured ZN has more grain boundaries than solid state
synthesised ZN and hence had a low ¢, and Qxf. However the glass addition to these
compounds, due to liquid phase sintering the nanostructured ZN has greater densification
at lower sintering temperature. The dielectric properties of micron sized ZN cermic with 5
wt% of ZBS are: density =5.48, ¢, =21.3, 1= -66 ppm/°C and with Qxf ~38,000, sintered at
975 oC/2h. Dielectric properties of sintered nano sized ZN with 5 wt% of ZBS have density
=521, g =225, 1= -69.6 ppm/°C and with Qxf ~12,800, sintered at 925 oC/2h [30]. Since
ZnNbyOs+5wt%ZBS can be identified as one of the potential LTCC materials sintering at
9250C, co sintering studies were done with silver. ZnNb,Os+5wt%ZBS was mixed with 20wt%
metallic Ag (99.99%) and sintered at 930°C/2h. SEM pictures with EDAX was recorded after
sintering and found that Ag is not reacting or melting during the sintering. Hence the co
sintering of ZnNb,Os+5wt%ZBS+20wt% Ag was successful as can be seen in fig.10.

hkl Plane d spacing from TEM (A) d spacing from ICDD file(fx)
111/310 3.6494 3.3602
311 2.9559 2.8455
020 2.8630 2.6789
002 2.5200 2.3098
312 2.0736 1.9918
131/330 1.7703 1.5676
313 1.5260 1.3099
041 1.3770 1.1561

Table 1. d spacing of major reflecting planes determined from TEM analysis

Sintering . T
. Density (p) Oxf
Materials temperature &, m/o°
0 (8/<0) cHz) | PRV
ZnNb:Os - solid state 1200 5.32 233 | 12,800 | -77.9
synthesis
ZnNbyOg + 5wt% ZBS 975 5.48 21.3 38,000 -66.0
ZnNb:Qg - polymer 1200 487 192 | 77,900 -66.4
complex synthesis
ZnNby,O¢ + 5wt% ZBS 925 5.21 22.5 12,800 -69.6

Table 2. Density and microwave dielectric properties of ZN and ZN-glass composites
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Nb
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Fig. 10. SEM with EDAX micrographs of ZnNb,Os+5wt%ZBS+20wt% metallic Ag-Sintered
at 930°C/2h
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4. Conclusions

Zinc Niobates ceramics were prepared in phase pure powder form using solid state ceramic
technique and polymer complex method. Particle size of the ZN ceramics is determined
using TEM and it is found most of the particles are in the range 18-20 nm, the particle size
obtained from XRD pattern using Debye Sherrer formula is 17 nm. Effect of particle size on
the sinterability and the microwave dielectric properties were studied. Micro structure
shows that a high density ZN ceramics can be obtained by sintering nanopowder of ZN
with 5wt% of ZBS glass at 925 oC for 2h. Optimized sintering of nano sized powder at 925
oC/2h give microwave dielectric properties of &, =22.5, Qxf~12,800 and 1= -69.6 ppm/°C.

These composites were successfully co sintered with silver.
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