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Ceramics with compositions in the solid solution region of the ZrO2-TiO2-SnO2 equilibrium 
diagram are finding wide application as dielectrics in filters for communications and radar 
systems operating at microwave frequencies. Commercially available compositions often 
incorporate sintering aids and dopants to reduce processing temperatures and modify the 
dielectric properties. However, the mechanism through which these additives influence 
dielectric loss is not obvious. The role of zinc oxide as a sintering aid and lanthanum and 
niobium as dopants, their effect upon microstructural development and their correlation with 
dielectric loss at microwave frequencies were investigated. For specimens of density greater 
than 90% theoretical, the influences of defect chemistry upon dielectric loss appear to 
dominate those of the microstructure. Properties close to those which might be considered 
intrinsic were attained through sintering for periods of up to 128 h. Doping with lanthanum is 
detrimental to the dielectric loss, particularly after long sintering times. 

1. Introduct ion  
The microwave frequency band is generally con- 
sidered to lie in the range 0.92300 GHz. The import- 
ance of this frequency range is recognizable in the 
current growth of microwave communications sys- 
tems which make use of the superior information 
density possible at high frequencies. Direct broadcast 
satellite TV, hand-held (cellular) telephones and radar 
are examples of systems that require tight channel 
frequency control to maximize information density. 
Band pass filters, in the form of resonant cavities, are 
therefore common elements in such circuits. 

Conventional air-cavity resonators are bulky and 
expensive t o  manufacture. However, the use of high 
relative permittivity, low-loss dielectrics, in the form of 
dielectric post resonators, coaxial resonators or as 
substrates for strip-line resonators, allows significant 
size reduction [1]. The electromagnetic theory for 
dielectric resonators was solved by Richtmyer [2] in 
1939, who demonstrated that suitably shaped dielec- 
tric materials were capable of confining electromag- 
netic fields within their geometries, by internal reflec- 
tion, and so act as electrical resonators. 

The size reduction achieved in using dielectric re- 
sonators, compared to air cavities, is of a factor of the 
order of s 1/2, where s, is the relative permittivity of the 
dielectric. Hence, the higher the permittivity of the 
material employed, the greater the size reduction. 
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However, there are factors, other than high ~,, which 
guide the choice of dielectric materials and place an 
approximate limit upon the achievable size reduction. 

The Q of a dielectric resonator determines its selec- 
tivity and attenuation, and is directly related to the 
dielectric loss of the constituent material 

Q ~ 1/tan 5 (l) 

where tan 6 is the dielectric loss tangent. Hence, 
materials with low dielectric loss tangents are prefer- 
red. In addition, good temperature stability of re- 
sonant frequency is also sought. The temperature coef- 
ficient of resonant frequency, 

"~e = 1 / f o ( d f o / d T )  (2) 

where fo is the resonant frequency and T is temper- 
ature, is often quoted and is related to the temperature 
coefficient of relative permittivity of the dielectric by 

~f - 1 / 2 z ~  - ~ (3) 

where ~ is the temperature coefficient of permittivity 
and ~ is the linear thermal expansion coefficient of the 
material. Low z~ is therefore also a desirable material 
property. 

In considering a wide range of dielectric materials, it 
can be generally said that as ~, increases, so do tan 6 
and z~, consequently the requirements for high e,, low 
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tan ~ and low ~ are to some extent incompatible. 
However, there is a group of materials which have 
been found to offer a combination of properties which 
are suitable for the fabrication of microwave dielectric 
resonators and substrates. These have properties in 
the range 

10 < a~ < 90 (4a) 

tan 6 < 3 x 10 -4 (4b) 

- 10  < "~f < 10  M K -  (4c) 

Materials exhibiting properties close to these were 
first identified in a series of perovskite solid solutions 
[3, 4] formed by combining components with oppo- 
sing values of z~. Ca(Zr, Ti)O3 and Sr(Zr, Ti)O3, for 
example, have values of rf in the region of 
+ 30 M K -  1, but relative permittivities are rather low 

for many of the intended applications. Materials such 
as rutile and barium tetratitanate [5] (BaTi409) have 
also been considered, but suffer from high values of ~f, 
these being 400 and 50 MK-1,  respectively. 

O'Bryan and co-workers [6-8] identified the use- 
ful dielectric properties of barium nonatitanate 
(Ba2Ti9Ozo); ar = 39, Q(gG!tz) = 7000 and zf 
= 2 M K  -1. However, this compound has been 

shown to have a very narrow compositional region in 
the BaO-TiO 2 phase diagram and a peritectoid de- 
composition temperature very close to that required 
for sintering. The attainment of the single phase need- 
ed to maintain good microwave dielectric properties 
demands exacting process control. 

A series of "complex" perovskite compounds 
have been prepared, in which the B-sites of the 
lattice are shared by two ions of different valency 
[9]. These materials include Ba(Znl/3Ta2/3)O3, 
Ba(Znl/3Nb2/3)O 3 and Ba(Mgl/3Ta2/3)O3, often re- 
ferred to as BZT, BZN and BMT, respectively. Typical 
properties are a, = 25-30, Q ~ 10 000 at 7 GHz and ~f 
in the range _+ 10 MK -a. These materials have ex- 
cellent dielectric loss characteristics at higher frequen- 
cies (f0 > 10 GHz), but their ar values are lower than 
those required for lower frequency applications 
(fo ~ 1 GHz). 

Zirconium tin titanate (ZTS), a solid solution of 
ZrO2, TiO2 and SnO2, or ZrxTiySnzO~ where x + y 
+ ~ = 2, offers perhaps the best compromise of prop- 

erties and ease of processing for a wide range of 
applications. It has been the subject of a number of 
publications, reporting its structure, range of existence 
and dielectric properties [10], The crystal structure 
[11] has been identified as being that of ~-PbO2, 
having orthorhombic symmetry and space group 
Pbcn. The Zr 4+, Ti 4+ and Sn 4+ ions are believed to 
be randomty distributed in the lattice each surrounded 
by slightly distorted oxygen octahedron. 

The solid solution region of interest in the ZTS 
phase diagram is shown in F!g. 1. The relationship 
between electrical properties and composition is com- 
plex. However, in general it may be said that increas- 
ing the TiO2 content at the expense of ZrO 2 or SnO2 
increases Q and er, whilst increasing SnO 2 at the 

SnO 2 

TiO 2 ZrO 2 

Figure 1 The extent of the solid-solution region in the ZTS 
equilibrium diagram. 

expense of ZrO 2 increases Q, but has little effect upon 
er. Compositions with ~r= 35, Q =  10000 and 
�9 f = __+_ 2 M K -  1 are readily identified. 

It has been found that ZTS powders do not readily 
sinter by solid state diffusion, therefore sintering aids, 
such as ZnO, have been invariably added to achieve 
good densification at temperatures between 1200 and 
1400~ It is thought that these additives act by form- 
ing a liquid phase at the grain boundaries during 
sintering and so aid densification through rapid trans- 
port of matter through the liquid phase. There are a 
number of publications and patents which report 
upon the efficacy of a variety of sintering aids and 
dopants [10, 12, 13] which are employed to increase 
densification and enhance Q. These include ZnO, 
NiO, CuO, La20 3 and Fe20 3. 

In the case of Fe203, deterioration in Q is caused by 
additions of approximately 0.5 wt %. However, it has 
been shown that this can be inhibited by the addition 
ofNiO. Fe 3 + is a common impurity in oxide ceramics 
and as a lattice defect might be expected to be distri- 
buted throughout the ZTS crystal structure. With the 
addition of NiO to the Fe-doped composition, an 
Fe-Ni spinel is formed at the grain boundaries, effect- 
ively removing the Fe 3 + ions from the grain interiors. 
It is assumed that in the form of a grain boundary 
spinel the Fe 3+ is less detrimental to the dielectric 
properties. 

Although there is a satisfactory explanation for the 
influence of F%O 3 and NiO upon the properties of 
ZTS, the behaviour of other additives is less well 
understood. In particular, the effect of ZnO, the most 
common sintering aid for this system, on the dielectric 
properties, is rather difficult to discern. Without a 
sintering aid, densities of > 90% theoretical have 
proved almost impossible to achieve by conventional 
routes and therefore microwave dielectric properties 
cannot be reliably related to those of a pure, dense 
ceramic. The presence of a grain-boundary phase due 
to the ZnO added to achieve adequate densities, may 
be assumed to cause significant deviations from the 
properties of a pure, dense material. Difficulties are 
therefore encountered in attempting to separate the 
intrinsic dielectric behaviour of ZTS from the influ- 
ence of additives and mierostructure. 

6304 



The work reported herein was undertaken in an 
attempt to clarify the effects of the different types of 
additives and microstructural features on the micro- 
wave dielectric properties of zirconium tin titanate 
ceramics. The studies include the effects of liquid- 
phase sintering aids (e.g. ZnO), aliovalent dopants (e.g. 
La 3+ and NbS+), porosity, grain-boundary phases, 
and grain size. An interpretation of the role of each of 
these in determining Q is attempted. An understand- 
ing of these effects is clearly of importance to the 
development of materials with higher Q values. 

2. Experimental procedure 
The materials studied were prepared by conventional 
solid state synthesis from the simple oxides of the cat- 
ions of > 99.5% purity. A single Z r O 2 - T i O 2 - S n O  2 
composition was used throughout, this being 
Zr0.svsTio.s75Sn0.2~O 4, subsequently referred to as 
ZTS. Additions of ZnO, La20  3 and Nb205 were 
made as detailed below, 

The powders including additives were batched to 
the desired composition and placed in polypropylene 
bottles. They were milled for 16 h under propan-2-ol 
with zirconia milling media. The mixture was pan- 
dried in an oven at 60~ and, when dry, passed 
through a 200 gm mesh nylon sieve before being cal- 
cined in open alumina crucibles at 1100 ~ for 4 h. The 
calcined material was subsequently re-milled for 8 h 
under Propan-2-ol with zirconia media. The resulting 
powder was dried and re-passed through the nylon 
sieve. All powders appeared to be single phase ortho- 
rhombic (Zr, Ti, Sn)O 4 when examined by X-ray 
powder diffraction (XRD) [14]. 

2.1. The  e f fec t  of po ros i ty  on  Q 
To determine the influence of porosity on Q a method 
was devised to introduce small amounts of controlled 
porosity into the samples. Additions of small size 
polymethyl methacrylate (PMMA) spheres were made 
to ZTS powders. Two sizes .of spheres, 4 gm and 
90 lam, were used to discern the influence of pore size. 
A ZnO-modified material was used in order to avoid 
the effects of uncontrolled porosity that would be 
present in samples of "pure" ZTS. Thus, additions of 
the PMMA were made to a ZTS composition contain- 
ing 1 wt% ZnO. The powder was dry mixed for 
10rain in a three-dimensional turbula mixer, after 
which a 7 g pellet of diameter 12 mm was uniaxially 
pressed in a steel die at 55 MPa. Burn out of the 
spheres and sintering of the pellet were accomplished 
by following a ramp of 1 ~ min 2 with 2 h dwells at 
200, 340, 600 and 1000 ~ with a final soak at 1350 ~ 
for 4h. 

The densities of the sintered pellets were measured 
by the water immersion technique. The pellets were 
cut to size using a diamond saw and dried in an oven 
at 80 ~ overnight in preparation for the measurement 
of microwave dielectric properties. 

2.2, Sintering experiments 
To study the effects of different additives and sintered 

grain size upon dielectric properties, three materials 
with different additives were fired for various times. 
The compositions studied were: 

(A) ZTS + 1.0 wt % ZnO 
(B) ZTS + 1.0 wt % ZnO + 0.5 wt % La203 
(C) ZTS + 1.0 wt % ZnO + 0.5 wt % Nb205.  

Pressed pellets of each composition were sintered in 
the range 1325-1375~ for up to 128 h. After firing, 
the weight loss, density, er, Q, ~f and grain size were all 
measured. 

The grain-size measurements were made on poli- 
shed sections etched in 60 vol % H2SO 4 at 250 ~ for 
30 min. Micrographs were recorded using an optical 
microscope and 35mm camera. Grain sizes were 
evaluated using the linear intercept method [15]. Ap- 
proximately 1500 grains were counted for each 
sample, and a constant of 1.57 was used in the conver- 
sion from the average intercept length to grain size 
[16]. 

2.3. Dielectric property measurement 
The dielectric properties of the specimens were meas- 
ured by a dielectric post resonator technique, sug- 
gested by Hakki and Coleman [17-] and Courtney 
[18]. In this method the relative permittivity and 
dielectric loss, or Q, are evaluated from the resonant 
frequency and width of a particular electromagnetic 
standing wave mode in a cylindrical sample of the 
dielectric. The analysis followed here is that of Hen- 
nings and Schnabel [19] with modifications to pro- 
vide an absolute calibration of the system for loss 
measurements which does not rely on knowing the 
dielectric loss of a standard specimen. 

A cylinder of the material to be characterized is 
placed between two parallel conducting plates to form 
a resonant cavity. Measurements are made in the 
transmission mode by coupling microwave power into 
and out of the cavity using two small antennae fash- 
ioned from the bared central conductor of semi-rigid 
microwave coaxial cable. The transmitted power as a 
function of frequency can be determined using a net- 
work analyser with a sweep oscillator as the source 
and is displayed as a ratio of the input power. At 
certain frequencies, which are functions of the dimen- 
sions and the relative permittivity of the resonator, 
resonance occurs, each frequency corresponding to a 
different electromagnetic mode. It is convenient to 
work with a low frequency, transverse electromagnetic 
mode, as the electric field goes to zero at the ends of 
the specimens which are in contact with the plates. 
This has the effect of minimizing losses due to conduc- 
tion in the plates. Such modes are easily identifiable as, 
unlike other modes, there is minimal effect on their 
resonant frequency if one of the plates is slightly 
moved causing a small air gap between plate and 
specimen. 

The particular mode chosen for these measurements 
is the H o 11, sometimes known as the TE o 11 mode. 
Specimen sizes were chosen such that the resonant 
frequency of this mode fell within the range 4-6 GHz. 
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in which ~ is the conductivity of the plates, go the 
The characteristic equation for the H o 11 mode is 

given by 

~Jo(~) I~Ko(~) 
- (5)  

&(=) K1(13)  

with g~(x) and K~,(x) being Bessel functions and modi- 
fied Bessel functions, respectively, of the first kind and 
vth order, c~ is the radial wavenumber for radii less 
than that of the resonator, whilst 13 is the wave number 
for radii greater than the radius of the resonator. They 
are related by 

~2 + [32 = (g, - 1)OrDfo/C) 2 (6) 

in which ar is the relative permittivity of the resonator, 
D the diameter, fo the resonant frequency and c the 
speed of light in a vacuum. Also 

= (rcDfo/c) [(c/2Lfo) a - 111/2 (7) 

where L is the length of the resonator. If the resonant 
frequency of the TE 01t mode is measured by the 
above method then the only unknown in the above 
three equations is ar. Finding ~ necessitates solving 
the transcendental Equation 5. This can be done by 
numerical methods. 

The width of the resonant peak is related to the Q or 
tan 6 of the material. This is found by measuring the 
width of the peak, Af, at 3 dB down from the max- 
imum. The unloaded Q-factor, Qo, is then given by 

Oo = ( f o / A f ) / (  1 - [ S ~ a [ )  (8) 

The correction factor 1 I S~21 can be kept close to 1 
by weakly coupling the cavity. That is the resonant 
peak should be well below the reference level. Suitable 
insertion losses (=201oglS12[)  lie in the range 

- 25 to - 40 dB, so that the resonant peak is just 
above the noise limit. In practice this is achieved by 
increasing the separation of the antennae until the 
value o f f o / A f  remains constant. 

Hennings and Schnabet [19] have demonstrated 
that provided that the radius of the plates forming the 
cavity is sufficiently large, the most important contri- 
butions to Qo are from the losses in the specimen and 
from the conduction losses in the plates themselves. In 
practice the radius of the plates should be chosen to be 
approximately ten times that of the specimen. The 
dielectric loss of the specimen is then given by 

t an8  = A / Q  o - B (9) 

where A is a mode factor 

with 

and 

A = 1 + F G / G  (10) 

F = JZ(:t) /[J~(~) - J0(~)J2(~)] (11) 

G = [K0(13)K2(J3) - K~(f3)]/K~(13) (12) 

Corrections for the plate conductivity are provided by 
the term B 

B = (1 + FG)/[L3(4~r~t, t3ezgz~f~) 1/2] (13) 
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permeability of free space and ao the permittivity of 
free space. In practice this term is minimized by 
ensuring a high conductivity for the surface of the 
plates. This is achieved by electroplating with silver to 
a thickness greater than the skin depth at the measure- 
ment frequency and then polishing to a 1 gm finish. 

Equations 9-13 canbe  rearranged to give a relation 
of the form y = mx + c in which y = A/Qo,  c -- tan 6 
and m = o-1/2. The only unknowns in this equation 
are tan 8, the loss of the specimen, and o the conduct- 
ivity of the plates. If several differently sized resonators 
of the same material are used, a plot of A / Q  o against 
(1 + FG)/[L3(4~gg~2a~ f5)1/2] will yield an inter- 

cept on the y-axis equal to tan 8 and a slope equal to 
O" - 1 / 2  

To avoid possible inaccuracies due to variations of 
cy as a function of frequency, the resonators were 
chosen so that they were of approximately the same 
resonant frequency. Specimens with dimensions in the 
range D / L  = 0.6-3.0 were used. As an approximate 
value for er is usually known, it is a simple matter to 
calculate the dimensions of resonators for specific 
resonant frequencies in order to accomplish the tan 6 
measurements. Four specimens with dimensional ra- 
tios within the above range were usually sufficient to 
provide a straight line from which tan 8 could be 
evaluated. From the regression analysis of this line 
errors on tan 6 of less than _+ 10% were typical. 
Reductions in this error can be achieved by using 
more than four specimens for each material. 

In previously reported methods for the evaluation 
of tan 6, an independent measurement of cy or a 
standard dielectric specimen were required to correct 
for conduction losses in the plates. The above method 
does not require an assumed standard and provides an 
absolute measurement of the specimen tan 8. In prac- 
tice, once a consistent value for ~ has been established, 
the requirement for multiple specimens of each mater- 
ial can be relaxed. A mean derived value of o can be 
inserted directly into the equations for single 
resonators. 

The majority of measurements reported here were 
carried out for resonant frequencies of between 4 and 
5.5 GHz. The Q values reported in the text have all 
been normalized to a measurement frequency of 4 
GHz, assuming the empirical relationship Qofo = a 
constant. 

3. Results 
3.1. The effects of porosity on Q 
The behaviour of the dielectric properties as a function 
of porosity was determined from those samples to 
which polymer spheres had been added. It was as- 
sumed that for densities of < 98% theoretical density 
(5.6 Mg m  -3) the deficit was totally due to porosity 
introduced from the burn-out of the PMMA spheres. 
G and Q as a function of percentage 0f theoretical 
density, can be seen in Figs 2 and 3 respectively, er is 
seen to decrease linearly with decreasing density, with 
only minor differences in behaviour being seen be- 
tween those samples originally containing 4 or 90 gm 
spheres. 
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Figure 2 Relative permittivity as a function of percentage of 
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Figure 3 Q as a function of percentage of theoretical density. For 
key, see Fig. 2. 
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Figure5 Percentage of theoretical density as a function of sintering 
time at 1350~ For key, see Fig. 4. 
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Figure 6 Relative permittivity as a function of sintering time at 
1350~ For key, see Fig. 4. 

For materials of > 90% theoretical density, Q ap- 
pears to be independent of porosity within the 4- 20% 
accuracy limits of the measurement (Fig. 3). However, 
there is a marked decrease in Q with increasing poros- 
ity once the density has fallen below 90% theoretical. 

3.2 .  D o p i n g  and  the  ef fec ts  of s in ter ing t ime 
The influence of sintering time at 1350~ on weight 
loss, sintered density, s,, Q and grain size for the 
compositions A to C can be seen in Figs 4 8. The 
behaviour reflected in these graphs is also typical of 
that seen at 1325 and 1375 ~ All samples underwent 
XRD analysis and no change, in either phase content 
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Figure 7 Q as a function of sintering time at 1350 ~ For key, see 
Fig. 4. 
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Figure 4 Weight toss as a function of sintering time at 1350~ for 
compositions (II) A, ( + ) B, (*) C. 
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Figure 8 Grain size as a function of sintering time at 1350~ For 
key, see Fig. 4. 
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or lattice parameters, was detected with time or com- 
position. Optical microscopy revealed no evidence for 
any second phases. However, ZnO-rich phases, not 
resolved by optical microscopy, presumed to exist at 
the grain boundaries, were confirmed during scanning 
and transmission electron microscopy using energy 
dispersive X-ray analysis. Fig. 4 illustrates that all 
samples lose mass as a function of sintering time. 
X-ray fluorescence (XRF) analyses of the cation com- 
position demonstrate that ZnO is lost during 
sintering, For example, the ZnO content of composi- 
tion A, sintered for 4 h at 1350 ~ was 0.93 wt %. After 
128 h this value was 0.10 wt %. As ZnO is the least 
refractory constituent of the compositions it is as- 
sumed that the loss occurs through volatilization. No 
change in the SnO 2 content was detected and other 
volatiles, such as water and organics picked up during 
the milling operation, are presumed to be responsible 
for the small weight losses that are apparent in addi- 
tion to those of the ZnO. 

The behaviour of I~ r as a function of sintering time is 
illustrated in Fig. 6. In all compositions there is a 
decrease in ar with increasing sintering time, which is 
consistent with the decrease in density (Fig. 5). Ap- 
plying a density correction [20] to the permittivity 
data results in er = 37.1 _+ 0.3 for all samples, inde- 
pendent of sintering time. The standard deviation is 
within the estimated measurement error of _+ 1%. 
The temperature coefficient of resonant frequency (~f) 
was found to be independent of dopant type or 
sintering time and temperature, the value being 0 
_+ 3 M K - 1  for all samples. 

Q, as a function of sintering time, is shown in Fig. 7. 
Q of compositions A and C is seen to increase with 
time, in both cases, although the value for C, the 
Nb 5 +-doped material, is consistently higher than that 
of A. However, Q of composition B (La3+-doped) 
initially increases as a function of sintering time to a 
peak of l0 000, but after 10 h begins to decrease, until 
after 128 h at temperature it has a value of approxim- 
ately 1000. This type of behaviour for composition B 
was also observed for specimens sintered at 1325and 
1375 ~ However, the sintering time after which Q 
starts to decrease is a function of temperature, being 
16 and 8 h for sintering at 1325 and 1375 ~ respect- 
ively. 

Microstructures of all samples show evidence of 
abnormal grain growth. After 4h sintering there is 
evidence of pore entrapment in grains, and of a bi- 
modal distribution of grain sizes. Further heat treat- 
ment results in grains with comparatively straight 
boundaries and a return to a more uniform grain size 
(Fig. 9a-c). Grain sizes as a function of sintering time 
are shown in Fig. 8. After 128 h at temperature, the 
La3+-doped material (composition B) has twice the 
grain size of the Nb 5 +-doped compositions (C). 

Samples examined by scanning electron microscopy 
(SEM) revealed the presence of a second phase at the 
grain boundaries. Energy dispersive analysis of X-rays 
(EDAX) showed this to be a zinc-titanium compound, 
assumed to be in the form of Zn2TiO4. The presence 
of La 3 + ions in the zinc titanate phase was confirmed 
for composition B, but Nb 5 + ions were not found to 
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Figure 9 Optical micrographs of composition B after (a) 4 h, (b) 32 h 
and (c) 128 h at I350 ~ x 200 

be localized in the grain-boundary phase of composi- 
tion C and were presumed to be evenly distributed 
throughout the matrix. 



4. Discussion 
The nature of the relationship between density and Q 
is not readily explained. It is assumed that for mater- 
ials of density < 90% theoretical, the decrease in Q, 
due to increasing porosity may be attributed to the 
effects of polarization at the pore surfaces. However, it 
might be expected that there should be some depend- 
ence upon pore size, with smaller pores producing a 
more marked degradation of Q. Although this appears 
to be the case, in this one experiment, the effect is 
perhaps not as marked as might be expected from a 
consideration of the pore surface areas. The fact that Q 
is virtually independent of porosity for densities great- 
er than 90% theoretical, allows the effects of porosity 
to be neglected for most practical materials. The speci- 
mens considered in the remainder of this study were 
all of density greater than 95% theoretical and hence 
the influence of porosity on Q may be ignored. 

Grain growth as a function of sintering time is a 
feature of all the compositions studied. As the behavi- 
our of Q, expressed as a function of grain size, is 
markedly different for the three compositions, it may 
be assumed that grain size, per se, does not in- 
fluence Q. 

The improved densification of ZTS ceramics achiev- 
ed through the addition of ZnO is attributed to a 
liquid-phase sintering mechanism, with the expecta- 
tion that some liquid remains at the grain boundaries. 
This second phase, as shown by EDAX and transmis- 
sion electron microscopy (TEM), is in the form of zinc 
titanate, Zn2TiO 4. The dielectric properties of this 
composition have been measured by Wakino et al. 

[12] as ar = 37 and tan 8 > 0.1 at 1 MHz. The pre- 
sence of minor amounts of this phase at grain bound- 
aries in ZTS is expected to lead to a reduction in Q of 
the ceramic, due simply to the additive effects of the 
introduction of an amount of a more lossy dielectric. 
Such a situation may be considered in terms of the 
known parallel and series mixing laws for dielectrics 
[21]. 

It has been shown that on prolonged sintering, ZnO 
volatilizes from the material, suggesting that the 
amount of second phase decreases as a function of 
sintering time. This explanation is consistent with the 
data shown in Fig. 7 for composition A, where Q 
increases with increasing sintering time. The volume of 
grain-boundary second phase is assumed to decrease 
and therefore contributes less to the measured dielec- 
tric properties. It can therefore be postulated that with 
increasing sintering time the composition of A ap- 
proaches that of unmodified ZTS and Q may be 
assumed to approach the intrinsic value of the pure 
material. This is a significant result as it provides a 
rational estimate of the intrinsic dielectric properties 
of pure ZTS. 

Interpretation of the results for compositions B and 
C requires consideration of the relative sizes of the 
dopant and principal cations. The La 3+ ion is 30% 
larger than the largest of the principal cations, Zr 4+, 
and is unlikely to be accommodated as a substituent. 
The ZTS lattice does contain a number of large inter- 
stitial sites and La 3 + ions may be assumed to be able 
to occupy these. However, during the initial stages of 

sintering, La 3+ is considered to be located in the 
Zn-T i -O  grain-boundary phase. 

In the case of composition B (La 3+ doped), during 
sintering for prolonged periods, ZnO volatilizes from 
the sample and the composition of the grain boundary 
changes, leaving excess TiO 2 and LazO 3 free to diffuse 
into the grains. The Ti 4§ ions are assumed to take up 
their conventional sites in the lattice, whereas the 
La 3 § ions enter as interstitials (using the notation of 
Kr6ger and Vink [22]) 

La203 -* 2 L a i  + 3/202 + 6e' (14) 

Once the La 3+ ions are present in the lattice they 
result in the formation of electrons as charge-compen- 
sating species. As an increasing mass of ZnO evapor- 
ates over longer sintering times, increasing numbers of 
La 3+ ions become available to enter the lattice, re- 
sulting in a greater concentration of electrons. Al- 
though the band gap and conduction mechanism in 
ZTS have not been determined, it may be postulated 
that the increase in electron concentration results in 
an increase in the conductivity of the material, mani- 
festing itself as a decrease in the dielectric Q at micro- 
wave frequencies. This hypothesis is consistent with 
the results of Fig. 7 for composition B. For short 
sintering times the ZnO losses produce a decrease in 
the volume of grain-boundary phase, without release 
of La 3+ into the grains, which results in a slight 
increase in Q with increasing sintering time. However, 
after sintering for approximately 10 h, a quantity of 
ZnO has been lost such that all the La 3 § cannot be 
accommodated by the grain-boundary phase. The ex- 
cess La 3 + ions migrate into the lattice resulting in a 
decrease in Q with increasing sintering time. 

In contrast to La 3+, the Nb 5+ ions are of similar 
ionic radius to the cations of the ZTS lattice and 
therefore may be assumed to have some solubility as 
substituents for either Zr 4+, Ti 4+ or Sn 4+. EDAX 
investigations confirm that Nb s + does not segregate 
to the grain boundaries and is therefore assumed to be 
present throughout the lattice. This distribution re- 
mains unaffected by changes in the composition of the 
grain-boundary phase as a function of sintering time. 
The observed changes in Q are therefore similar to 
those seen for composition A, in that Q increases due 
to the disappearance of the "lossy" grain-boundary 
phase. It is apparent, though, that the Q of the Nb- 
doped material is consistently higher than that of the 
undoped material (composition A). This may be ex- 
plained by the possibility that Nb 5 + ions are able to 
compensate for the effects of small quantities of com- 
mon impurity ions, such as Fe2 03 and A12 03,  which 
may be present in the ZTS. These ions, which would 
act as acceptors, are present as impurities in the start- 
ing materials. The importance of small quantities of 
impurity acceptor ions has previously been acknow- 
ledged by Chan et al. [23-1 in the case of BaTiO 3. In 
ZTS, the impurities are thought to substitute on to the 
cation sites producing oxygen vacancies as lattice 
defects 

F%O3 --, 2Fe)r + 30~ + V o (15) 

The presence of Nb 5 § ions is expected to reduce the 
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number of oxygen vacancies which result from the 
presence of impurities, minimizing the number of lat- 
tice defects 

Nb205 --, 2Nbzr + 40~ + �89 + 2e' (16) 

Fe203 + Nb205 --* 2Fear + 2Nbzr + 80~ (17) 

As discussed by Wakino et al. [243, the intrinsic 
microwave Q of this class of materials is a function of 
the lattice vibrational modes. Q may therefore be 
expected to vary as a consequence of changes to the 
material which influence the vibrational spectra. 
An example of this is the increase in Q of 
Ba(Znl/3Ta2/3)O3 due to ordering of the lattice on 
volatilization of ZnO [253. Similarly, other changes to 
the defect structure, such as a decrease in the oxygen 
vacancy concentration, might also be expected to pro- 
duce an increase in Q, as demonstrated by the present 
work. 

It can be seen from Equations 16 and 17 that 
increasing concentrations ofNb 5 + ions will eventually 
lead to the introduction of electrons to the lattice. 
Indeed, it is observed that samples containing greater 
than 0.75 wt % Nb20 5 begin to change colour from 
cream to mid-grey to dark grey with increasing 
sintering time or dopant addition. The onset of the 
dark grey colouration corresponds to a decrease in Q, 
possibly associated with increased conductivity. 

5. Conclusions 
Evidence suggests that a number of loss mechanisms 
influence the Q of commercial ZrO2-TiOz-SnO z cer- 
amic dielectrics used in microwave applications. Inter- 
facial polarization is thought to play a role in porous 
materials, but for densities of greater than 90% theor- 
etical there is no degradation of Q. Grain-boundary 
phases, due to the presence of ZnO as a sintering aid, 
reduce Q, again possibly due to the influence of inter- 
facial polarization, but more probably through the 
parallel and series addition of a lossy dielectric. The 
role of the second phase is diminished as ZnO is 
volatilized during prolonged sintering. The effect of 
dopants depends upon their concentration and dis- 
tribution between the bulk and grain-boundary 
phases. They may contribute electrons to the lattice 
resulting in a decrease in Q due to conductivity 

contributions, or may act to reduce lattice defects such 
as oxygen vacancies, thereby increasing Q through 
modification of the lattice vibrational modes. 
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