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Abstract

The RE3Al5O12 (RE¼Tb, Y, Er, Yb) ceramics have been prepared by the mixed oxide route and the influence of Ga3þ doping on their
properties is investigated. The intrinsic Y3Al5O12 (YAG) ceramic sintered at 1650 1C for 4 h showed good dielectric properties; (εr¼10.1,
Qu� f¼65,000 GHz, τf¼�45 ppm/1C). Addition of Ga2O3 was found to be beneficial in improving the densification of Tb3Al5O12, Er3Al5O12

and Yb3Al5O12 except Y3Al5O12 where Nb2O5 is the better choice. Among Ga3þ added samples, the composition Yb3Al5O12þ1 wt% Ga2O3

showed good microwave dielectric properties: εr¼10.3, Qu� f¼50,000 GHz, τf¼�58 ppm/1C. The Y3Al5O12 doped with 1 wt% Nb2O5 has
εr¼10.7, Qu� f¼120,000 GHz and τf¼�45 ppm/1C. The ceramics have good thermal properties (CTE¼2–3 ppm/1C, λ¼2–12 W/m K).
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

With the emergence of mobile communication revolution,
the low loss dielectric ceramics find huge demands as resonators in
antennas, filters, oscillators and also as substrates in microwave
electronic gadgets. These applications rely on the low loss nature
and low permittivity of the dielectric ceramics. Moderately high
permittivity (εr420) materials are required for microwave reso-
nator application in order to facilitate miniaturization since the
electrical performance of circuits and devices is highly dependent
on the permittivity εr of the dielectric medium. On the other hand
low permittivity (εro15) materials are mainly used for substrate
applications. The low permittivity ceramics maximize the signal
propagation speed through the substrate and minimize the cross
coupling effect with conductors [1]. The other major requirement
for substrate applications are high quality factor (Qu� f), low
temperature coefficient resonant frequency (τf), low value of linear
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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coefficient of thermal expansion (CTE), and high thermal con-
ductivity (λ) [1,2].
Silicates and aluminates are found to be promising materials for

substrate applications due to their low relative permittivity [3–5].
Perovskite type aluminates and gallates are widely used as
substrate materials for epitaxy of HTSC and CMR materials [4].
Over the last few decades, several rare earth substituted aluminates
and silicates have been reported for microwave substrate applica-
tions [5,6]. However, the high processing temperature limits their
wider acceptance due to the extra cost factor involved. A brief
survey of literature reveals that the addition of low melting glasses
and sintering aids (LMZBS, LBS, ZBS, Ga2O3, ZrO2, LiF, TeO2,
V2O5, CuO) which improve the relative density of ceramic
samples via liquid phase sintering at low temperatures without
considerably affecting the dielectric properties [5,7–9].
Garnets are well known material for solid state lasers,

microwave resonators, and thin film substrates in electronic
module [10]. Rare earth aluminum garnets and their deriva-
tives offer several important technological applications [11].
Rare earth garnets having general formula R3M5O12, (R is the
rare earth element or yttrium and M¼Al, Fe, Ga etc.) belong
ghts reserved.
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to the hexaoctahedral class of cubic structure with la3d space
group [12]. Several authors attempted to investigate the
structure–property relation of these garnets. For example, the
chemical bond formation and hardness estimation of rare earth
garnets has been studied by Gao et al. [13]. Hosokawa et al.
reported the thermodynamical instability of rare earth garnets
of high ionic radii [14].

Y3Al5O12 (YAG) is obviously a well studied material in this
family. Despite the enormous applications of YAG materials in
laser electronics, synthesis and development of coherently
dense YAG has been a challenge. Recently Vlasova et al.
reported the laser synthesis of YAG ceramics from powder
mixtures of Y2O3–Al2O3 ceramics [15]. However, the micro-
wave loss properties of these materials were largely unex-
plored until 2009, when Kagomiya et al. reported that the
polycrystalline YAG ceramic sintered at 1650 1C for 24 h
offered very high densification (99%), exceedingly high
quality factor (Qu� f¼440,000 GHz), and relative permittivity
of about 10.5 with a τf of �66 ppm/1C [16]. However,
subsequent studies by other groups could not generate this
high quality factor in YAG. For example, Zhou et al. reported
that YAG ceramic doped with TiO2 showed much inferior
microwave dielectric properties (εr¼10.2, Qu� f¼80,100
GHz, τf¼�30 ppm/1C) but at a lower sintering temperature
of 1150 1C/4 h [17]. On the other hand, the YAG single crystal
with garnet structure showed a quality factor 10,50,000 GHz
[11]. Evidently, the factors′ controlling dielectric loss mechan-
ism in rare earth aluminate garnets with Y3Al5O12 in parti-
cular, is not well understood. Selection of an ideal dopant or
sintering aid for a peculiar microwave dielectric ceramic has
been very tricky where key aspects of partial substitution as
well as liquid phase sintering have to be considered. Even
though the action of a dopant will vary from material to
material, there are several reports on the effect of Ga2O3 in
improving the microwave dielectric properties, in different
microwave ceramic systems. For example, Yang et al. in 2002
reported that Ga2O3 is an ideal choice to improve the sintering
behavior thereby resulting in the enhancement of density and
microwave dielectric properties of a Ba(Zn1/3Ta2/3)O3 ceramic
[18]. Shirey and Feteira was also found that Ga2O3 is a useful
sintering aid in other systems like Ba(Mg1/3Ta2/3)O3 [19],
BaTiO3 [20] etc. Hence the present study investigates the
effect of trivalent (Ga3þ ) dopant in rare earth garnets
RE3Al5O12 (RE¼Tb, Y, Er, Yb) on their sintering behavior
(densification) and microwave dielectric properties.

2. Experimental procedure

The conventional solid state ceramic route was employed for
the preparation of RE3Al5O12 (RE¼Tb, Y, Er, Yb) ceramics.
High purity powders of Tb2O3, Y2O3, Er2O3 and Yb2O3

(99.9%, IRE, India), Al2O3 (99.9%, Sigma-Aldrich, USA)
were stoichiometrically weighed and ball milled using zirconia
balls in ethanol for 24 h. The ceramic powders were calcined at
1250 1C for 4 h. 1 wt% Ga2O3 (Z99.99%, Sigma-Aldrich,
USA) were added to the fine powder of calcined (Tb3Al5O12)
TbAG, (Y3Al5O12) YAG, (Er3Al5O12) ErAG and (Yb3Al5O12)
YbAG. 4 wt% Poly Vinyl Alcohol (PVA) (molecular weight
22,000, BDH Lab Suppliers, UK) solution was then added to it
and mixed. It was then dried, ground well and pressed into
cylindrical disks of various dimensions for microwave dielec-
tric (diameter¼11 mm, thickness¼3–4 mm), linear thermal
expansion (diameter¼8 mm, thickness¼10 mm) and thermal
conductivity (diameter¼12.6 mm, thickness¼1.8 mm) mea-
surements. The sintering of the rare earth garnet was carried
out in the temperature range 1400–1650 1C for 4 h.
The sintered and powdered samples were used to analyze the

crystalline structure and phase purity by the X-ray diffraction
technique using Ni filtered CuKα radiation (PANalytical X′ Pert
PRO Diffractometer, Netherlands). The microstructures of the
sintered samples were studied using scanning electron microscope
(JEOL-SEM 5601v, Tokyo, Japan). The samples were polished
well and thermally etched for 30 min at a temperature 50 1C
below the sintering temperature. The surface of thermally etched
sample was coated with a thin layer of gold prior to SEM analysis.
The sintered densities of the specimen were measured by the
Archimedes method. The microwave dielectric properties were
measured in the frequency range of 5–15 GHz using a Vector
Network Analyzer (E5071C, Agilent Technologies, USA). The
relative permittivity of the material was measured using Hakki–
Coleman technique modified by Courtney. The TE011 mode was
used for this measurement [21]. The unloaded quality factor (Qu)
was measured using TE01δ mode by the cavity method [22]. The
temperature variation of resonant frequency (τf) was measured by
noting the temperature at regular intervals of 5 1C in the course of
heating and was calculated using the equation [23].

τf ¼
1
f 0

Δf
ΔT

ð1Þ

where f0 is the resonant frequency at room temperature, Δf is the
variation in resonant frequency and ΔT is the corresponding
difference in temperatures. The thermal diffusivity (α) of the
sintered samples were measured in the room temperature using
Laser Flash Thermal Properties Analyzer (Flash Line 2000, Anter
Corporation, USA). Thermal conductivity (λ) was then calculated
using the equation [24],

λ¼ αρCp ð2Þ
where Cp is the specific heat capacity and ρ is the density of the
material. The linear coefficient of thermal expansion (CTE) of the
ceramic sample was measured using dilatometer (DIL 402 PC,
NETZSCH, Germany) in the temperature range 30–500 1C. CTE
was calculated using the equation [23].

CTE¼ 1
L

ΔL
ΔT

ð3Þ

where L is the length of the material, ΔL=ΔT is the change in
length per unit change in temperature.

3. Results and discussion

Garnet is one of the most studied materials due to their
enormous potential as a host material in solid state lasers. The
powder XRD patterns of RE3Al5O12, (RE¼Tb, Y, Er, Yb)



A. Sunny et al. / Ceramics International 40 (2014) 4311–4317 4313
sintered in the range 1550–1650 1C/4 h are shown in Fig. 1.
The cubic unit cell of a general garnet compound A3B′2B″3O12

contains eight formula units. It has a bcc structure (space group
la3d or Oh

10) with 160 (80) atoms in the primitive cubic cell.
Usually the RE3þ ions occupy the 24(c) sites and each are
dodecahedroally coordinated to eight O. The O2� anions
occupy the 96(h) sites whose exact locations depend on three
structural parameters x, y, and z. There are two different sites
for Al3þ , Aloct (B′ ion) occupy the 16(a) site with octahedral
point symmetry (C3i) and Altet (B″ ion) occupy the 24(d) sites
with tetrahedral point symmetry (S4). In short, the RE3Al5O12

garnet structure can be viewed as interconnected octahedraons,
Fig. 1. The powder XRD patterns of (a) Tb3Al5O12 (TbAG) sintered at
1575 1C for 4 h, (b) Y3Al5O12 (YAG) sintered at 1650 1C for 4 h, (c)
Er3Al5O12 (ErAG) sintered at 1600 1C for 4 h and (d) Yb3Al5O12 (YbAG)
sintered at 1650 1C for 4 h.

Fig. 2. SEM image of (a) Er3Al5O12 sintered at 1600 1C/4 h, (b) Er3Al5O12þ1 wt%
(d) Yb3Al5O12þ1 wt% Ga2O3 sintered at 1600 1C for 4 h.
tetrahedrons, and dodecahedrons with shared O atoms at the
corners [25]. The peaks are indexed using the JCPDS file no.
76-0111, which belongs to cubic rare earth garnets with la3d
[no. 230] space group. From Fig. 1 it is obvious that the XRD
patterns of all the compositions are similar with an expected
shift in peak positions due to the gradual decrease in the ionic
radius of RE3þ ions [26]. A similar periodic shift in peak
positions with decrease of ionic radius of the RE3þ cation and
subsequent shrinkage of the unit cell was observed in several
other low loss rare earth based systems such as RETiTaO6 [27]
and Sr2(RE, Nb)O6 [28]. As part of the present investigation
we have synthesized several other rare earth aluminate garnets
based on RE3Al5O12 (RE¼Pr, Nd, Sm, Gd, Dy) but are found
to be crystallizing in a polyphasic structure as a mixture of
REAlO3 and Al2O3. A previous report on the sol–gel synthesis
method for the preparation of garnet crystal structure con-
cluded that the rare earth aluminate garnets with high ionic
radii are unstable and is stable only with RE¼Gd–Lu [29].
However, Garskaite et al. in 2007 reported that Eu3Al5O12

(EAG) also crystallizes in stable cubic garnet structure when
synthesized through aqueous sol–gel process [30].
It is well proven that the microwave dielectric properties

of the ceramic are intimately related to its microstructure.
A dense, defect free microstructure may largely improve the
dielectric properties [31]. The SEM images of Er3Al5O12

sintered at 1600 1C/4 h, Er3Al5O12þ1 wt% Ga2O3 sintered at
1550 1C/4 h, Yb3Al5O12 sintered at 1650 1C/4 h and
Yb3Al5O12þ1 wt% Ga2O3 sintered at 1600 1C/4 h are shown
in Fig. 2(a), (b), (c) and (d). The microstructure of the undoped
specimens (see Fig. 2(a) and (c)) shows polygonal grains of
varying sizes with poor close packing due to poor densification
(ErAG (90%) and YbAG (88%)). For ErAG, grain size varies
from 1 to 3 mm (Fig. 2a). For YbAG grain sizes are in the
Ga2O3 sintered at 1550 1C for 4 h, (c)Yb3Al5O12 sintered at 1650 1C/4 h and



Table 1
Total ionic polarizability, cell volume, sintering temperature, relative density, microwave dielectric properties and thermal properties of rare earth garnet ceramics.

Material Total ionic
polarizability (Å)3

Cell
volume (Å)3

Sintering
temp. (1C)

Relative
density (%)

Apparent
εr

Qu� f
(GHz)

τf
(ppm/1C)

Apparent
Tc (W/m K)

Porosity corrected
Tc (W/m K)

CTE
(ppm/1C)

Tb3Al5O12 40.52 220 1575 92 10.7 13,400 �66 05.0 5.43 2.86
Y3Al5O12 39.38 216 1650 96 10.6 65,000 �45 12.6 12.90 2.13
Er3Al5O12 39.39 215 1600 90 10.5 11,700 �45 02.6 2.80 2.83
Yb3Al5O12 38.64 213 1650 88 10.3 12,900 �70 02.0 2.27 2.41
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range 0.5 to 2 mm (Fig. 2c). From Fig. 2(b) and (d) it can be
seen that the Ga2O3 added ErAG and YbAG ceramics show a
relatively dense microstructure with uniform equiaxed grain
structure. It is also noteworthy that there is a decrease in grain
size when Er is replaced with Yb (Fig. 2). Furthermore, despite
the Ga2O3 doping, the micrographs do not reveal any
secondary phase formation in ErAG and YbAG (Fig. 2(b)
and (d)) which gives a clear indication that Ga2O3 doping is
effective in bringing about densification in garnets through
liquid phase sintering or through defect chemistry enhanced
densification mechanism.

Table 1 gives the sintering temperature, relative density,
microwave dielectric and thermal properties of the series of
rare earth garnets. Interestingly, as the size of the cation
decreases from Tb3þ to Yb3þ the sintering temperature
increases while the relative density decreases (with the excep-
tion of YAG). From the present investigation, it is revealed
that most of the rare earth aluminate garnets have poor
densification in the intrinsic form. For example, relative
density of Er3Al5O12 is only 90% at sintering temperature of
1600 1C/4 h while in the case of Yb3Al5O12 it is 88% when
sintered at 1650 1C/4 h. The different trend is observed in
Y3Al5O12 (YAG) which shows 96% of its theoretical density
at a relatively high sintering temperature of 1650 1C/4 h.

According to Claussius–Mossotti equation, the dielectric
permittivity largely depends on the ionic polarizability. The
permittivity of garnets was evaluated using the polarizability
and cell volume. Table 1 also gives the total ionic polariz-
ability (αD), cell volume, quality factor (Qu� f) and the
temperature coefficient of resonant frequency (τf) of pure rare
earth garnet ceramics. Since the ionic radius of the cation
decreases from Tb3þ to Yb3þ , obviously the unit cell volume
also decreases. The total ionic polarizabilities of individual
material (see Table 1) are calculated from the individual ion
polarizabilities [23]. The αD of the material shows a linear
trend with the ionic radii of the rare earth ions (Tb, Y, Er, Yb).
The molecular polarizabilities of YAG and ErAG are close to
each other which is due to the fact that both Y and Er show
similar ionic poarizabilities [23]. The apparent εr value are also
given in Table 1, the values are in the range 10.3–10.7. The
variation of εr decreases with decrease in the ionic radii of rare
earth elements. The Qu� f values of individual ceramics vary
between 12,000 GHz and 65,000 GHz. One among the reason
for the low value of Qu� f for the pure rare earth garnets may
be due to the low relative density of the samples. The intrinsic
structural parameters like anharmonicity in the interaction
between the electric field with the phonon system of the
dielectric and extrinsic factors like porosity, impurities and
random crystalline orientations affect the quality factor of the
ceramics [32]. One of the effective way to improve densifica-
tion and hence the quality factor is by aliovalent doping which
is being undertaken in this study. The τf value of the garnet
ceramics vary between �45 ppm/1C and �70 ppm/1C.
Table 1 also summarizes the thermal conductivity (λ) of

rare earth garnet ceramics. The λ values vary in the range
2–12 W m�1 K�1. Essentially thermal conductivity is a mea-
sure of the ability of a material to dissipate heat from the
ceramic substance. The high λ (12 W/m K) of YAG may be a
desirable feature in microelectronic substrates and packages
where high thermal conductivity materials are of great demand,
as a means to dissipate the heat generated in microelectronic
circuits. The thermal conductivity depends on the composition,
structure, defect state, temperature and microstructural features
such as porosity, cracks and second phases of the material
[22]. The effect of porosity on the λ values can be minimized
by calculating the porosity corrected λ values using the
following equation [32].

λðcorrectedÞ ¼ λ

1�P
ð5Þ

where P is the fractional porosity computed from the apparent
and X-ray densities. The values of λ (corrected) obtained for
RE3Al5O12 is given in Table 1. The porosity corrected λ
decreases when Tb3þ is replaced with Er3þ and Yb3þ in rare
earth aluminate garnet structure. This may be due to a more
inelastic phonon scattering resulting from the substitution and
the subsequent reduction in phonon mean free path [28]. The
Y3Al5O12 shows very high λ value, this may be due to the fact
that YAG is less porous (relative density¼96%) at 1650 1C/4 h
compared to other rare earth garnets. All of the ceramics in this
investigation showed a low CTE (o3 ppm/1C) (Table 1), and is
comparable with the CTE value of silicon which is one of the
desirable properties for their suitability as microwave substrates
[3,32].
Fig. 3 shows the variation of lattice parameter and measured

relative permittivity of gallium oxide added garnet composi-
tion as a function of ionic radius of rare earth elements. The
ionic radius of the rare earth ion is taken from R.D. Shannon
with 6 as the coordination number [33]. The lattice parameters
of TbAG, YAG, ErAG and YbAG are calculated from the
XRD pattern by graphical extrapolation using Nelson–Riley
function [26]. The values obtained are a¼12 Å for TbAG,
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12.02 Å for YAG, 11.96 Å for ErAG and 11.93 Å for YbAG.
In the case of YAG, a marginal increase in the lattice
parameter is observed, which can be understandable since
Yttrium is lighter than the rest of the rare earth elements and
does not belong to the lanthanide group. The measured value
of εr for the Ga2O3 added garnet ceramic composites decrease
with decrease in ionic radii of rare earths and it varies between
10.3 and 10.9 monotonously as a function of the ionic radius
of rare earth elements.
Fig. 3. The variation of lattice parameter and εr measured of RE3Al5O12

(RE¼Tb, Y, Er, Yb) garnet ceramics as a fuction ionic radius of RE3þ ions.

Fig. 4. The variation of εr (corrected) and εr (CM) of RE3Al5O12 (RE¼Tb, Y, Er,
Yb)þ1 wt% Ga2O3 garnet ceramics as a function of ionic radii of RE3þ ions.

Table 2
Sintering temperature, relative density, εr (corrected), εr (CM), Qu� f and τf of the
ceramics.

Material Sintering temp. (1C) Relative density (%

Tb3Al5O12þ1 wt% Ga2O3 1500 97
Y3Al5O12þ1 wt% Ga2O3 1600 95
Y3Al5O12þ1 wt% Nb2O5 1625 96
Er3Al5O12þ1 wt% Ga2O3 1550 98
Yb3Al5O12þ1 wt% Ga2O3 1600 97
The Claussius–Mossotti (CM) equation is used for the
calculation of εr (CM) [23] since the ionic polarizability and
unit cell volume of the rare earth garnets are known. The
relative permittivity of a ceramic is very much affected by
extrinsic factors such as porosity. Hence Penn et al. proposed a
porosity correction factor for the relative permittivity of the
material from the density of the sintered specimen [34]. The εr
(corrected) and εr (CM) for RE3Al5O12þ1 wt% Ga2O3 are
shown in Fig. 4. The εr (corrected) and εr (CM) shows almost
same value (Fig. 4). Literature shows similar trend of relative
permittivity with ionic radii of rare earth ions [5]. It has been
reported that a misfit between the calculated and porosity
corrected εr can occur due to the ionic or electronic con-
ductivity in presence of H2O and CO2 channels, dipolar
impurities and also due to the presence of rattling or
compressed ions etc. [33].
Table 2 summarizes the sintering temperature, relative

density, εr (corrected), εr (CM) and Qu� f of the gallium
oxide added rare earth aluminate garnet ceramics. It is evident
that the high sintering temperature (41600 1C) and low
relative density (r92%) delimits the practical application of
pure rare earth garnet ceramics. Hence we deliberately add
Ga2O3 as a dopant to RE3Al5O12 ceramic. The introduction of
Ga2O3 into the matrix of RE3Al5O12 could work in one of the
following way: (a) even though Ga2O3 has a high melting
point (�1740 1C), the additive can generate a low melting
eutectic with one of the component of the matrix and hence
enhances densification by bringing down the sintering tem-
perature through liquid phase sintering, (b) Ga3þ may partly
substitute at the trivalent RE3þ site that may result in the
tilting of the oxygen polyhedra since each oxygen is a member
of two dodecahedra ie, one octahedron and one tetrahedron,
and (c) additive remains at the grain boundary and pin it. Also
it should be noted that for 6 fold coordination, the ionic radius
of Ga is 0.62 Å which is less likely to be substituted in the
Al3þ site whose ionic radius is still smaller (0.535 Å for a
coordination of 6). In the present study we observed an
improvement in the densification of the garnet ceramics with
the addition of Ga2O3 and hence one of the beneficial
phenomena aforesaid is believed to have occurred (see
Table 2). The composites TbAGþ1 wt% Ga2O3 shows a
relative density of 97% at sintering temperature of 1500 1C
for 4 h, YAGþ1 wt Ga2O3 shows a relative density of 95% at
1600 1C for 4 h while ErAGþ1 wt% Ga2O3 shows 98% at
sintering temperature of 1550 1C for 4 h and YbAGþ1 wt%
Ga2O3 shows 95% at 1600 1C/4 h. The dense microstructure
RE3Al5O12 (RE¼Tb, Y, Er, Yb) with Ga2O3 and YAGþ1 wt% Nb2O5 garnet

) εr (corrected) εr (CM) Qu� f (GHz) τf (ppm/1C)

11.10 11.10 30,000 �32
10.90 10.90 25,000 �33
11.20 11.25 120,000 �48
10.80 10.90 12,600 �37
10.50 10.70 50,000 �58
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given in Fig. 2(b) and (d) also indicates that the increase in
densification of the Ga2O3 added rare earth garnet is due to the
elimination of pores probably due to liquid phase which might
have enhanced the material transport [8]. The εr (corrected)
and εr (CM) values are shown in Table 1, εr (corrected) value
is in an exact agreement with the εr (CM). A slight variation in
the value of εr (corrected) and εr (CM) are observed, this may
be due to the presence of dipolar impurities and also due to the
presence of rattling or compressed ions etc. [33].

It should be noted that the Qu� f value of Ga2O3 doped
Tb3Al5O12 (30,000 GHz), Er3Al5O12 (12,600 GHz) and
Yb3Al5O12 (50,000 GHz) are better than their intrinsic coun-
terparts. The relatively good Qu� f value of these rare earth
garnets are due to the corresponding increase in the relative
density. However, 1 wt% addition of Ga2O3 failed to bring
about improvements in the properties of Y3Al5O12 whose
quality factor (Qu� f) dropped down from 65,000 GHz to
25,000 GHz after doping, the reasons for which are yet to be
understood. It should be noted that 1 wt% Nb2O5 on YAG
increases the Qu� f value up to 120,000 GHz at a sintering
temperature of 1650 1C/4 h. We found that Nb2O5 acts as an
effective additive only in YAG and not in the case of other rare
earth garnets. In the aliovalent substitution, there is an
important issue of the oxygen overstoichiometry from
Nb2O5, for which there are three plausible mechanisms likely
to occur. The first one is an ionic-charge compensation
mechanism in which the extra oxygen from Nb2O5 requires
metal vacancies at either RE3þ or Al3þsites to compensate the
overcharge of Nb5þ . The second one is an electronic-charge
compensation mechanism, in which a couple of extra oxygen
ions are released and electrons are required to compensate the
overcharge of Nb5þ at RE3þ sites. The last one is an oxygen
vacancy filling mechanism, where a slight amount of oxygen is
lost and oxygen vacancies formed during high temperature
sintering in air. Both the ionic-charge compensation and the
electronic charge compensation mechanisms were observed in
Nb5þ doped TiO2 [35].

It should be noted that the sintering temperature of Yttrium
Aluminium Garnet (YAG) ceramic is 1650 1C, hence there is a
possibility of creating an oxygen vacancy during the high
temperature sintering. Therefore, the most possible mechanism
occurring in YAG ceramic while Nb2O5 addition is likely to be
oxygen vacancy filling mechanism. In oxygen vacancy filling
mechanism, the elimination of oxygen vacancies (which are
point defects) present in the lattice could be the reason for the
observed high Q of the ceramic. There are several reports
which clarifies the validity of the improvement of dielectric
properties by the addition of Nb2O5 dopant as an oxygen
supplier. Recently Lee et al. reported the improvement of
microwave dielectric properties of Bi2Mo2O9 by the addition
of Nb2O5 [36]. For further clarity about the reasons responsible
for the improved microwave dielectric properties of Nb2O5

added YAG ceramic require a detailed investigation.
Generally, τf value depends on the composition, additive and

second phase of the material [23]. The τf value for the 1 wt%
Ga2O3 added rare earth garnet composite is shown in Table 2.
The τf values are in the range �32 to �58 ppm/1C. The good
microwave dielectric and thermal properties make the rare earth
garnets a good material for substrate application.
4. Conclusions

The rare earth garnet based on RE3Al5O12, (RE¼Tb, Y, Er,
Yb) ceramics were prepared through the mixed oxide route and
their structural, dielectric and thermal properties were examined.
The intrinsic ceramics showed poor densification and dielectric
properties when sintered at temperatures in the range 1550–
1650 1C for 4 h. Hence Ga2O3 was added to improve the
densification of RE3Al5O12, however, the gallium doping was
unsuitable for YAG where Nb2O5 was more appropriate.
Among the gallium doped rare earth garnets, Yb3Al5O12

þ1 wt% Ga2O3 showed better dielectric properties (εr¼10.3,
Qu� f¼50,000 GHz, τf¼�58 ppm/1C). However the best
microwave properties were observed for Y3Al5O12 garnet doped
with 1 wt% Nb2O5 which is likely to be due to oxygen vacancy
filling mechanism. In general, rare earth garnet ceramic shows
low coefficient of thermal expansion (2–3 ppm/1C) and thermal
conductivities are in the range 2–12 W/m K. The physical and
microwave dielectric properties make rare earth aluminate
garnets a suitable candidate for microwave substrate application.
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