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bstract

ecent research activities on functional properties and applications of Ag(Nb,Ta)O3-based materials are reviewed and critically discussed. Funda-

ental aspects of these materials, such as crystal chemistry, lattice dynamics and phase formation, are explained first. Further, a focus is placed on the

evelopment of state-of-the-art applications for passive components, piezoelectrics and tuneable thin films. Many areas are identified where further
esearch should focus. This includes open questions from the fundamental segment of research as well as challenges of the applied development.
he review clearly presents potentials of the Ag(Nb,Ta)O3-based materials but also reveals an incomplete understanding of these materials.

2007 Elsevier Ltd. All rights reserved.
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and tantalates have been placed on a short list of functional
. Introduction

Because of recent developments in telecommunications,
lectro-optics and piezoelectric components perovskite niobates
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aterials for future technologies. Several unrelated scientific
iscoveries, political decisions and economical trends have
ade investments into investigation of these materials even more
ourageous and, in turn, an important fundamental knowledge
as generated, a number of devices was constructed and sig-
ificant industrial profits were gained. A few examples of these
vents are:
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a discovery of ultra-low loss microwave ceramics based on
the perovskite tantalates, which initiated extensive studies on
mainly a A2+(B2+

1/3Ta2/3)O3 type of the perovskites;
a high market price of the tantalum, which re-directed the
studies onto the alternative perovskite niobates;
an ecologically driven quest for lead-free piezoelectrics,
where a A+NbO3 type of the perovskites show a high poten-
tial;
laser technologies, holographic techniques, integrated
optics, surface-acoustic-wave (SAW) applications and high-
frequency telecommunication signal processing has made
progress into the everyday use; LiNbO3 and LiTaO3 single
crystals have became strategic materials.

Although researchers have looked on these materials from
number of different angles there is one particular family of

he perovskite niobates/tantalates, which surprisingly has been
eft aside. Perovskites from a AgNbO3–AgTaO3 system have
ot been so widely investigated so far as their alkaline ana-
ogues. There were many reasons for this, however, with a further
evelopment in this field they have vanished one after another.

The first of the major problems relates to the synthesis and
intering of the Ag(Nb,Ta)O3 ceramics. The synthesis has been
hought to be difficult due to a thermodynamic instability of the
g+ ion at elevated temperatures. Intuitively, this would sug-
est that the solid-state synthesis using a metal-silver or oxide
owder is not possible. Researchers have soon disproved this
hesis and determined conditions for the solid-state synthesis.1

urthermore, for a range of the Ag(Nb,Ta)O3 compositions rich
n Ta a decomposition temperature is lower then the sintering
emperature. This makes the sintering extremely complicated
nd expensive but recent developments in the field of low-
emperature sintering has shown ways to overcome the problem.
n addition, wet-chemistry methods for the synthesis of the
g(Nb,Ta)O3 powders were developed, which give a very fine

nd active powder with significantly lower sintering tempera-
ure. Today Ag(Nb,Ta)O3 is also used in forms of thin films or
ingle crystals where the sintering is not required.

Secondly, Ag(Nb,Ta)O3 has been considered a costly mate-
ial and devices made of it economically unattractive. Therefore,

ndustrial interest for this material has been low and research on
t inhibited. One reason has been the high and unstable prices of
antalum. As a consequence of the mobile telecommunication
xpansion the prices for tantalum jumped to around US$ 350/lb

a
e
m

able 1
unctional properties of Ag(Nb,Ta)O3-based materials

omposition Form Properties

g(Nb0.65Ta0.35)O3–Ag(Nb0.35Ta0.65)O3

composite
Ceramics ε = 430, τ� < 50

Qxf = 700 GHz
Ag0.9Li0.1)NbO3 Ceramics Pr = 23 �C/cm2

gNbO3 Single crystal d31 = 130 pC/N,
g(Nb0.8Ta0.2)O3 Ceramics τ = 27% at 800 V

100 kHz
g(Nb0.8Ta0.2)O3 Thick film τ = 19% at 1.2 k
gNbO3 on SRO/LAO Spin-coated thin film τ = 21.4% at 1.9
g(Nb0.62Ta0.38)O3 on LAO PLD thin film 16.8% at 200 kV
eramic Society 27 (2007) 2549–2560

n 2001, up from US$ 40/lb in 1997. However, instead of con-
inuing to grow, the mobile telephone market and the aerospace
ndustry turned downward in 2001 and tantalum prices started
o fall sharply. By the end of 2001 the prices were back to the
re-boom levels, and in early 2005, the spot prices remained
elow US$ 40/lb. In 2005, the principal end-use markets for tan-
alum, such as mobile phones and other electronic equipment,
erospace and automobile manufacturing, have returned to a
ong-term growth trend. That will not, however, fully translate
nto additional demand for tantalum. As a result of a progressive
rend in device miniaturization a unit consumption of component

aterials is significantly reduced. The material is used in forms
f thick and thin films with a minimal consumption of the mate-
ial and an insignificant contribution to the price of the entire
evice. Tantalum is also losing market share to other materials,
uch as ceramics, aluminium and niobium in applications where
t previously had little competition such as microwave filters and
apacitors. It is also believed that the price for tantalum will sta-
ilize due to a commercialization of new deposits of tantalum.
ome large projects in Egypt, Saudi Arabia and Canada are in
dvanced stages of development and could be operational in the
airly near future.2 Taking in account the prospect of the low
nd stable tantalum prices and the decreased unit consumption
f the material the concerns related to the economical viability
f Ag(Nb,Ta)O3 are considerably reduced.

Researchers are becoming aware of the unexplored possi-
ilities for the use of Ag(Nb,Ta)O3 and many laboratories are
esuming the work on this material. The majority of today’s
nvestigations on Ag(Nb,Ta)O3 are focused on technologies
ased on thick and thin films and differ from those, in which
g(Nb,Ta)O3 was investigated and used as a bulk material. In

his review of the perovskites from the AgNbO3–AgTaO3 sys-
em we will focus mainly on the development of technological
pplications of these materials (Table 1). But we also high-
ight fundamental work that correlates functional properties of
g(Nb,Ta)O3 with its crystal chemistry.

. Crystal chemistry, lattice dynamics and dielectric
roperties
Modern devices do not only exploit dielectric properties but
vast spectrum of functional properties of Ag(Nb,Ta)O3. Nev-

rtheless, dielectric and ferroelectric properties are by far the
ost important in the applications of these materials and to

Application Reference

ppm/K, tan δ = 2 × 10−4 at 1 MHz
at 2.4 GHz

Filters, capacitors 23

Ec = 22 kV/cm Ferroelectrics devices 46

k31 = 70.5% Piezoelectric devices 32

/mm ε ∼ 400 tan δ < 0.014 at Voltage tuneable devices 48

V/mm ε ∼ 350 tan δ = 0.005 49

kV/mm tan δ = 0.020 at 100 kHz 29

/cm ε = 224 tan δ = 0.0033 at 1 MHz 52
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nderstand their fundamental nature the crystal chemistry and
he lattice dynamics must be analysed. A considerable body of
ork in this direction was led by two teams from the Univer-

ity of Silesia and the University of Metz and thanks to them
n impressive body of knowledge about the characteristics of
he Ag(Nb,Ta)O3 materials was gathered.3–11 For the purpose
f this paper the final results of their studies will be reviewed
hile for the fine details of the research readers are advised to

efer to the publications listed below.
Initial papers about phase transitions and their influence

n the dielectric properties were published by Reisman and
oltzberg,12 and Francombe and Lewis1 in the late 50s and the
ork was resumed in the seventies13 when the first spectroscopic
ata were published.14 In the mid 80s Kania5 and Pawełczyk7

ublished two papers, which even today represent comprehen-
ive information on the relations between the phase transition
nd the dielectric properties in the AgNbO3–AgTaO3 system.
his information provided a basis for the further more detailed

nvestigations of this system. The same group had worked on
he end members of this system already before but has just few
ears ago came towards the conclusive results, which describe
he crystal chemistry and the nature of the phase transitions of
gNbO3. Fig. 1 is from the original work of these two authors

nd shows the correlation between the phase transition sequence
nd the permittivity.

Ag(Nb,Ta)O3 undergoes a rich sequence of displacive phase
ransitions, which are driven by a successive tilting of oxygen

ctahedra. Because of this the crystal structure becomes more
nd more distorted with a decrease in temperature. Finally, this
istortion, results in a displacement of cations from their Wyck-
ff positions and a creation of dipolar moments and ferroic states.

t
t
t
a

ig. 1. AgNbO3–AgTaO3 phase diagram according to Pawełczyk7 and permittivity o
he correlation between the phase transition temperatures and the temperatures of the
eramic Society 27 (2007) 2549–2560 2551

.1. C phase

The high-temperature cubic AgNbO3 phase is stable above
79 ◦C. The transformation temperature decreases almost lin-
arly with increase in Ta concentration to 497 ◦C for AgTaO3.

structural refinement of neutron diffraction data of all the
gNbO3 phases was performed by Sciau et al.15. The C phase
as described with the Pm3̄m (No. 221) space group and no
isorder was found in this phase. With a decrease in tempera-
ure the C phase undergoes the tilting of oxygen octahedra to
ransform into the T phase.

.2. T phase

The octahedra in the tetragonal T phase are tilted around the
-axis and the structure can be described with the P4/mbm (No.
27) space group. A disorder is possible in this phase due to
ocal faults in the oxygen octahedron tilt scheme and conse-
uent local appearance of anti-phase tilting. The disorder can
e frozen and so influencing the structures and the properties
f the lower phases. The AgNbO3 T phase is stable down to
87 ◦C. With increasing Ta concentration the transformation
emperature slightly increases to ∼430 ◦C.

.3. O phase

At the transition of the T phase into the O phase the distor-

ion of the lattice continues by condensation of the octahedron
ilting around the b-axis. This tilting does not influence the posi-
ion of the Nb ions while the Ag ions are slightly displaced
long the b-axis. The space group that describes this phase is

f AgNbO3 as a function of temperature according to Kania.5 The arrows denote
dielectric anomaly.
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ccording to Sciau et al. cmcm (No. 63) 15 and to Ratuszna et
l. Pmmn (No. 59).11 In his AgNbO3–AgTaO3 phase diagram
awełczyk described a phase field below the O phase as a field
f a coexistence of the O and M phase (hatched area in the
riginal figure).7 Later Kania disproved this and confirmed the
xistence of another orthorhombic phase (O2).16 No investiga-
ions of the symmetry of the O2 phase has been carried out
o far.

The O phases do not extend completely to AgTaO3. Instead
monoclinic distortion (M4) appears for AgTaO3, which is dif-

erent to that of AgNbO3 at lower temperatures. The M4 phase
ominates in the temperature range from 436 to 402 ◦C and starts
o disappear below this temperature. It takes only around 5% of
b on the B-site to stabilize the O phases.

.4. M phases

The monoclinic M phases (M1, M2 and M3) are by far the
ost important for the application of the AgNbO3–AgTaO3 sys-

em in electronic devices. This is because these phase fields
xtend through the working temperature of these devices and
ecause the phases exhibit ferroic states with many unique fea-
ures.

Again, the transition from the O phase to the M3 phase is
ssociated with further distortion of the crystal lattice. The oxy-
en tilting advances and for the M phases also appears around
he a-axis and causes a significant Nb displacement (Fig. 2).15

ll M phases can be satisfactorily described by the Pbcm space
roup and the same octahedral tilting scheme. The tilting causes
n antiparallel displacement of Ag and Nb in the [1 1 0] cubic
irection and consequently a long-ordered antiferroelectric state.
ifferent M phases cannot be resolved using diffraction tech-
iques, DTA or domain structure studies17 but can be observed
nly as a diffuse maxima in a ε′′(T) dependence. They are related
o the different states of Nb ion displacement. A slim ferro-
lectric hysteresis, which was observed for AgNbO3 at room
emperature, can be rationalized by a presence of clusters of

18
local polar ordering occurring around structural defects. In
ontrast, an ab initio study of the room temperature AgNbO3
hase showed on a preferential ferroelectric ordering over the
ntiferroelectric.19

ig. 2. The view along the (0 0 1) direction shows a crystal structure fragment
f AgNbO3. The displacement of the Nb ion from the centre of octahedron is
llustrated for M3 phase at 372 ◦C. The atomic coordinates published in Ref. 15

ere used for the octahedron construction and calculations. The displacement
ector is (0.1046, 0.0424, and 0.0646 Å) where x-, y-, and z-axes are defined as
hown.
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Analyses of lattice dynamics have shown that the Nb ions
ave a great influence on Raman spectra, phase transitions and
ielectric properties.6,10,20 The niobium relaxation motion is
ttributed to high frequency dispersion, which gives rise to high
nd frequency stable (up to more than 100 GHz) permittivity.
n addition, an absence of any further lower-frequency disper-
ion keeps the dielectric losses on a low level and makes the
g(Nb,Ta)O3 very attractive for technical applications.21

The increase in Ta concentration in Ag(Nb,Ta)O3 influences
he properties through the reduction in the concentration of
b oscillators. As a result the permittivity decreases and the
odes in the Raman and IR spectra, which are related to the Nb
otion, decrease in intensity. The M3–M2 transition temper-

ture decreases almost linearly with increasing Ta content. At
90% of Ta on the B-site the M3 phase becomes unstable and

he rhombohedral modification starts to appear in a coexistence
ith the M3 end member. The M2–M1 transition has not been
et investigated and for now the only evidence for the existence
f the low-temperature phase is a slight anomaly in ε′′(T) 6 and
n a temperature variation of unit-cell parameters.15

. Synthesis and sintering

.1. Solid-state synthesis

The main problems in the solid-state synthesis of the
g(Nb,Ta)O3 compounds are related to oxidation and reduction

haracteristics of Ag and Ag+ species. Usually the synthesis
tarts from the mixture of Nb/Ta oxide and Ag2O. At slightly
levated temperature (∼200 ◦C) Ag2O decomposes into metal
g and oxygen. This would imply that the same results should
e obtained when the metal Ag powder is used as a silver source
n the initial mixture. However, the kinetics of the reaction are
ery much slower in this case and a final product is typically
ot single phase. It is still not understood why this difference
ccurs.

At the reaction temperature Ag2O is thermodynamically
nstable but nevertheless, oxidation of the metallic silver occurs
imultaneously during the reaction with (Nb,Ta)2O5. We inves-
igated the oxygen transport during the synthesis and the results
f a thermogravimetric analysis clearly show the initial release
f oxygen during the decomposition of Ag2O. This process is
ollowed by a mass gain during the reaction of Ag, (Nb,Ta)2O5
nd O2 from atmosphere. The amount of oxygen released is
qual to the mass gain (Fig. 3) which confirms that all the sil-
er that was reduced, was re-oxidized and consumed during the
eaction.

The next important issue related to the solid-state synthesis
f Ag(Nb,Ta)O3 relates to a homogeneity of a B-site cation dis-
ribution. In the case when all the three oxides are mixed and
eacted at around 900 ◦C the perovskite phase does form but it
s very unlikely that a fully homogeneous distribution of Nb and
a over the B-site will be obtained at such a low-temperature. A

outine X-ray diffraction analysis will not reveal this problem but
ome functional properties could be significantly influenced.22

n example is the temperature dependence of permittivity,
hich is a very important parameter for microwave filters
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Fig. 3. Thermogravimetric analysis of mixtures of Ag2O and, Nb2O5 (a) and
Ta2O5 (b). The evolved-gas and X-ray diffraction analysis showed that a mass
change occurs because of a release of oxygen and a pick-up of the oxygen
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uring the decomposition of Ag2O and formation of Ag(Nb,Ta)O3 (A . . . start
f Ag2O decomposition, B . . . start of Ag(Nb,Ta)O3 formation, C . . . start of
g(Nb,Ta)O3 decomposition).

r capacitors. We performed a model experiment where the
roperties of homogeneous Ag(Nb0.5Ta0.5)O3 ceramics were
ompared with properties of inhomogeneous ceramics of same
verall composition.23 A different level of the homogene-
ty was obtained by mixing together two kind of powders,
g(Nb0.65Ta0.35)O3 and Ag(Nb0.35Ta0.65)O3, with different par-

icle size. After sintering a significant difference in the tempera-
ure dependences of the permittivity was observed ranging from
he dependence typical for homogeneous Ag(Nb0.5Ta0.5)O3 to
hose theoretically estimated for the two-phase system using the
ogarithmic rule. The experiment clearly showed that for a highly
eproducible industrial production of these materials the B-site
ation distribution should be closely controlled.

A much more homogeneous Ag(Nb,Ta)O3 compound can
e synthesized when Nb2O5 and Ta2O5 are pre-reacted at
1200 ◦C to form a homogeneous solid solution. The formation
f (Nb1−xTax)2O5 solid solution can be monitored using X-ray
owder diffraction. Completely homogeneous solid solutions,
b2O5(ss) and Ta2O5(ss), can be obtained in the concentration

ange x < 0.25 and x > 0.51, respectively.24,25 In the intermedi-
te concentration range both solid solution end members coexist
nd the homogeneity is again not perfect. However, no problems
ith the homogeneity of the final perovskite compound were
bserved experimentally when the synthesis was conducted in
his manner.

.2. Sintering

The problem that must be overcome during the sintering of a
owder from the AgNbO3–AgTaO3 system is a thermal decom-
osition of the compound driven by the reduction of the Ag+ ion.
t is reasonable to expect, and it was also many times empirically
onfirmed,26 that oxygen partial pressure influences the decom-
osition process. The chemistry of the decomposition process

as been described in detail and it was shown that during the
intering an oxygen atmosphere is essential.26 However, with
he increase in Ta, the sintering temperature increases, as it is

case for many other Nb and Ta analogues. This means that

s
A
o
a

eramic Society 27 (2007) 2549–2560 2553

ven a pure oxygen atmosphere does not prevent the decompo-
ition during sintering. In such cases, an increasing amount of
lack silver precipitates can be visually detected in otherwise
ellow/orange ceramics. In our study we used thermogravimet-
ic analysis to trace the onset temperature of the decomposition
see Fig. 3). It was shown earlier that during the decomposition,
xygen evolves, which reduces mass of the sample. In air the
tart of the decomposition of AgNbO3 and AgTaO3 was deter-
ined to be at 1122 (±2) and 1172 (±3) ◦C, and in oxygen

tmosphere at 1138 (±2) and 1200 (±10) ◦C, respectively.
To avoid the presence of the silver precipitates during sin-

ering researchers have used different techniques. A simple
echnique is to enclose a compacted sample into a corundum
rucible or tube and suppressed the decomposition by suppress-
ng dissociation of Ag2O and volatilization of Ag.5,26 Successful
intering of the powders from the entire compositional range was
erformed using this technique. However, it is unsuitable for
arger scale industrial production. Because of this, the research
ocused on alternative ways of sintering applying an understand-
ng of low-temperature sintering techniques and wet chemistry.

Here it is important to mention an ill understood microstruc-
ural phenomenon that so far has been described in only two
apers,27,28 i.e. a formation of Ag nano-precipitates within the
g(Nb,Ta)O3 matrix. These precipitates should not be confused
ith the large micrometer-size precipitates appearing during sin-

ering. Verwerft et al.28 reported that they observed the formation
f these nano-precipitates during in situ heating experiments
fter heating AgNbO3 through the O–M phase transition at
37 ◦C. Furthermore, TEM studies of a number of different
g(Nb,Ta)O3 compositions detected the nano-precipitates in

ll investigated samples (Fig. 4). The question regarding the
easons for their formation remains unanswered. Can their pres-
nce be avoided by better processing or are they a constituent
art of a high-temperature equilibrium? Neither crystallographic
or spectroscopic investigation has taken into account their
resence, although a process, responsible for their formation
ould cause a stoichiometric deficiency, structural changes and
hanges in the dynamics of the lattice vibrations.

.3. Wet-chemistry methods

Wet-chemistry methods for a synthesis of Ag(Nb,Ta)O3-
ased compounds were used for the purpose of reducing the
intering temperature of powder or preparing thin films. Authors
ave described two different chemical routes: an alkoxide and a
itrate route.

The alkoxide route was described by Telli in his doctoral
hesis.29 He dissolved Nb and Ta ethoxides in 2-methoxyethanol
nd pyridine. He used pyridine to avoid silver precipitation and
tabilize the solution after the 2-methoxyethanol solution of
gNO3 was added. The chemical solution was dried at 200 ◦C

n air to get a solid precursor. The solid precursor crystallized
n one step at 650 ◦C into Ag(Nb,Ta)O3. He showed that the

ame route could be applied for all the compositions from the
gNbO3–AgTaO3 system. For the synthesis of thin films the
btained solution was deposited by spin-coating on a substrate
nd heat treated.
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Fig. 4. STEM image of a Ag(Nb0.5Ta0.5)O3 microstructur

Xiao et al.30 report a citric self-combustion method where
tarting oxides or nitrates were dissolved in a mixture of
ydrofluoric and nitric acid. The citric acid was added to start the
ondensation. Such a precursor was heated under an infra-red
amp to evaporate the solvent and calcined. During this pro-
ess the self-combustion occurred and subsequent calcination at
00 ◦C led to the formation of a fine powder with a particle size
f 30–40 nm.

Due to the use of hydrofluoric acid and the hazard of an
ncontrolled combustion, we developed another citric route
or the synthesis of Ag(Nb,Ta)O3. The starting reagent was
bF5, which was weighed out in a humidity-free atmosphere

nd dissolved in water. Thus, a solution with the accurate Nb-
oncentration of 0.2 mol/l was obtained. The stoichiometric
mount of AgNO3 was dissolved in the Nb solution. To start the
ondensation, citric acid and ethylenglycol were added in the
atio 7.5:1. After heating at 80 ◦C for 3 h the solution become
viscous gel suitable for a spin-coating. No self-combustion

ccurred during this treatment. Thermal analysis showed that
ll the organics could be removed by the heat treatment of the
el at 550 ◦C and a well crystallized AgNbO3 product could be
btained at 800 ◦C.

.4. Single crystals

A number of structural and spectroscopic investigations has
een performed on Ag(Nb,Ta)O3 single crystals as well as some
haracterization of electrical properties. An understanding of
unctional properties of the single crystals and their anisotropy is
undamental for thin film studies and piezoelectric applications.

Fairly large single crystals can be grown by a molten salt
ethod. Łukaszewski et al.31 used NaCl as a flux for the growth

f the AgNbO3 crystals. From a mixture of Ag2O, Nb2O5 and
aCl (1:1:1) melted at 1200 ◦C and cooled at 17 ◦C/h they
btained crystals up to 15 mm large. The Ta analogue was grown
ith the use of either AgCl or V2O5 as a flux. The crystals

rew in needle-like or plate-like forms with dimensions up to
mm × 3 mm × 1 mm.

Saito et al.32 used a slow cooling method to grow Li-doped
gNbO3 single crystals. The calcined powder was heated in

T
t
a
w

ing the black nano-precipitates inside the crystal matrix.

corundum crucible up to 1220 ◦C, kept at this temperature
or 3 h and then slowly cooled with 4 ◦C/h to 950 ◦C. During
his process the crystallites grew with maximum volume around
mm3.

. Passive dielectric components

The development of the Ag(Nb,Ta)O3-based materials for
assive dielectric components was triggered by an unique com-
ination of several physical characteristics of these materials;
i) an unusually high permittivity, the atomistic background
f which already has been discussed in this paper, (ii) mod-
st dielectric losses as a consequence of an absence of any
ow-frequency dispersion, (iii) a prospect for a low-temperature
ependence of the permittivity and (iv) a fairly low sinter-
ng temperature, which for Nb-rich members can be as low
s 1000 ◦C. Without much further adjustments the permit-
ivity (400–600) and the dielectric losses (tan δ = 2 × 10−4 at
MHz, Q = 700 at 1 GHz)23 are good enough for these kinds
f applications, however, the temperature dependence of the
ermittivity on certain parts of the curve exceeds 1000 ppm/K
nd is therefore problematic. Consequently, much research is
ocused into stabilizing the temperature dependence of the
ermittivity.

From an analysis of the dielectric properties of the
gNbO3–AgTaO3 system, performed by Kania,5 we can see

hat around room temperature and in the compositional range
etween Ag(Nb0.6Ta0.4)O3 and Ag(Nb0.4Ta0.6)O3 the temper-
ture dependence of the permittivity somewhat flattens with
pposite trends for the both end members (Fig. 5). This is
he reason why the development focused on this particular
ompositional range. The maximum temperature dependence
f the permittivity in this compositional interval is around
300 ppm/K while the required dependence should be in a range
elow 100 ppm/K. Unfortunately, the final suppression cannot
e achieved just by a further adjustment of the Nb to Ta ratio.

he change in this ratio only influences a position of the phase

ransition, i.e. the position of the dielectric “hump” moves to
lower temperature with an increase in the Ta concentration,
hile the steepness of the curves remains the same.23
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Fig. 5. Temperature and compositional dependence of permittivity for ceramics
from the Ag(Nb1−xTax)O3 solid solution system according to Kania5 (1. . .x = 0,
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would lead to a new category of multilayer capacitors with

F
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. . .x = 0.2, 3. . .x = 0.4, 4. . .x = 0.6, 5. . .x = 0.8, 6. . .x = 1.0). The inset detail
hows an interval around room temperature, in which the search for the temper-
ture stable dielectrics has been focused.

Researchers have tried to suppress the temperature depen-
ence of the permittivity by an isovalent substitution of Ag
ith Li+, Na+ or K+.33–36 Systematic studies of an influence of
hese dopants on the dielectric properties were performed. No
hange in the symmetry of the phases is induced with a modest
a+ and K+ doping (<10%) and the temperature dependence

emains of the characteristic shape for undoped Ag(Nb,Ta)O3

c
I
i

ig. 6. (a) A 1.8 and 0.9 GHz band-pass filters based on Ag(Nb,Ta)O3 ceramics an
a6−xNd8+2/3xTi18O54 with permittivity ∼90 (for a size comparison); (b) and (c) mic
eramic Society 27 (2007) 2549–2560 2555

ith no significant improvement in the steepness of the curve.
5% of the Ag substitution by Li induces the change in the

ymmetry from orthorhombic to rhombohedral. The tempera-
ure characteristics of the permittivity change significantly and
i-doped Ag(Nb,Ta)O3 becomes proper ferroelectrics with very

nteresting properties for ferroelectric applications.
The only approach described so far to suppress the temper-

ture dependence of the permittivity successfully was the one
eported by Valant et al.23,37,38 By a controlled powder morphol-
gy and a careful selection of firing conditions an inhomogeniety
n the B-sites of Ag(Nb,Ta)O3 was deliberately generated. The
ifferent Ag(Nb,Ta)O3 phases present in such ceramics exhib-
ted different temperature dependences of the permittivity, which
roduced a compensated overall temperature dependence of
uch ceramics. On the steepest part of the curve the temperature
ependence of permittivity reached a value of only ∼40 ppm/K.

The properties of such ceramics were compatible with the
equirements for several microwave electronic components,
.g. band-pass filters, high-capacity NP0 multilayer capacitors,
nd their use would lead to a significant miniaturization of these
evices. For the case of band-pass filters, an eight-fold reduction
n volume could be expected (Fig. 6), allowing the production
f ceramic filters with the size of surface-acoustic-wave (SAW)
lters, but with significantly improved power handling and

ow dielectric losses across a wide temperature range.39 For
apacitor technology, the implementation of Ag(Nb,Ta)O3
haracteristics between those of standard NP0 and X7R types.
n addition, the replacement of high-frequency polymer capac-
tors (PPS-type) with Ag(Nb,Ta)O3 capacitors in, for instance,

d a commercial 1.8 GHz band-pass filter produced from a material based on
rostructure of a PPS-type multilayer capacitor produced from Ag(Nb,Ta)O3.
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luetooth modules and the loop-filters of cellular phones offers
he possibility for further size reduction and the enhancement
f performance and reliability.40

Because of a relatively low sintering temperature
g(Nb,Ta)O3 is also considered as a potential material

or an LTCC technology. Researchers have attempted to
evelop the LTCC-compatible Ag(Nb,Ta)O3-based material
or an integration of embedded capacitors, antennas and
esonators. The development was focused in a further reduction
f the sintering temperature on a level suitable for the LTCC
echnology (∼900 ◦C). A promising approach is to use CuO
s an additive.41 Full densification of Ag(Nb0.5Ta0.5)O3 was
chieved at 900 ◦C after addition of 1 wt.% of CuO. The dielec-
ric properties were not adversely influenced by this addition.
n addition, taking advantage of the compositional inhomo-
eneity, as described in Ref. 23, the temperature dependence
f permittivity was reduced to <180 ppm/K. Unfortunately, no
xplanation of the CuO interaction with the matrix phase was
iven in Ref. 41. It was later confirmed that Cu-ions incorporate
nto the Ag(Nb,Ta)O3 crystal structure42 but the substitution

echanism is not yet clear. Li et al.43 report on a successful
ecrease in the sintering temperature of the Ag(Nb,Ta)O3
eramics by a glass addition. By the addition of 2 wt.% of glass
hey decrease the sintering temperature to 960 ◦C and keep
he dielectric losses low, tan δ < 10−3. Unfortunately, they do
ot report on the composition of the glass nor do they give
ny detailed analysis of the phase interactions and dielectric
roperties, etc. They also report a beneficial influence of a
b2O5 addition on the dielectric losses but again without any
omprehensive analysis of its interaction with the matrix phase.

The development of the passive components based on
g(Nb,Ta)O3 is still in an early stage. Much more basic knowl-

dge is needed to improve functional properties such as dielectric
osses and temperature dependence of permittivity, dielectric
trength, aging, leakage . . . In addition, processing of the powder
nd a production of the components is far from being opti-
ized. On several segment the work with Ag(Nb,Ta)O3 relies

n empirical recognitions and could be, with further understand-
ng of the chemistry and physics of the Ag(Nb,Ta)O3-based
ystems, brought onto a much higher level. An example is
ubstitutional chemistry of Ag(Nb,Ta)O3, which so far is insuf-
ciently understood. A more comprehensive understanding of
henomenological correlations between the isovalent/aliovalent
ubstitutional mechanisms, crystallography and functional prop-
rties is required. In combination with this research, a detailed
esearch of reaction mechanisms and conditions, and sintering
ehaviour of the substituted Ag(Nb,Ta)O3 would be needed to
vercome problems, which are present in the production of the
g(Nb,Ta)O3-based components, especially to improve repro-
ucibility and to further decrease the sintering temperature to a
evel where the thermal decomposition does not cause compli-
ations.

Another characteristic of the permittivity, which is very

nteresting from a fundamental standpoint but troublesome
or technological exploitation of Ag(Nb,Ta)O3 is a signifi-
ant dielectric thermal hysteresis.35,44 Its origin and nature is
ot understood yet. It is hypothesized that the M3–O1 phase

t
A
c
a

ig. 7. Thermal hysteresis of permittivity for AgNbO3 (a) and (Ag0.87Li0.13)
Nb0.6Ta0.4)O3 (b) ceramics, measured at 1 MHz.

ransition is of a martensitic type, where the phase transition tem-
erature is strongly influenced by external or internal stress.35

t present, no experimental evidence has been put forward to
upport the hypothesis. Moreover, our experiments on this topic
o not confirm this hypothesis. It can be seen from Fig. 7 that
he thermal hysteresis is not present only at the M3–O1 phase
ransition but also at other transitions. In addition, for Li-doped
g(Nb,Ta)O3 where the M3–O1 transition not even exist the

hemal hysteresis can be detected as well. More work is needed
o explain the origin of the hysteresis and prevent or immobilize
ts adverse effect on the properties of the passive components.

. Piezoelectric response

An off-centering of A-site ions in a perovskite lattice is
hown to be essential for a strong piezoelectric response. As Pb
ons show an outstanding off-centering that gives rise to a large
nternal polarization and a strong coupling to electric fields,
heir perovskite compounds are used in high-performance
iezoelectric devices such as actuators, motors, sensors, and
ransducers. Recently a quest for environmental acceptable
ead-free piezoelectrics with performance similar to lead-
ontaining materials triggered extensive research all around

he world. Density functional theory calculations showed that
g ions in the perovskite are ferroelectrically active and, if

rystalo-chemical conditions are right, can off-center as much
s the Pb ions.45 This suggests that by a proper modification
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f the crystal lattice of Ag(Nb,Ta)O3 ferroelectricity can be
nhanced and a high piezoelectric response achieved.

The only substituent, which so far was experimentally con-
rmed to induce the strong ferroelectricity in Ag(Nb,Ta)O3,

s Li. Li+ incorporates on the Ag site according to formula
Ag1−xLix)(Nb,Ta)O3 and occupies the off-centered position,
hich creates an additional dipole moment.35 The remanent
olarization and coercive field are increased by several orders of
agnitude compared with undoped Ag(Nb,Ta)O3. On ceramic

amples with composition of (Ag0.9Li0.1)NbO3 Sakabe et al.46

easured the remanent polarization (Pr) and coercive field (Ec)
o be 23 �C/cm2 and 22 kV/cm, respectively (pure AgNbO3
xhibits Pr = 0.095 �C/cm2 and Ec = 2.9 kV/cm). Interestingly,
aito et al.32 determined a significantly lower Pr on single
rystals. They measured Pr of only 10.7 �C/cm2 and Ec of
1.2 kV/cm. Nevertheless, of importance are their measure-
ents of piezoelectric constants on the same single crystal. The

iezoelectric constant d31 was measured to be 130 pC/N, which
s close to soft PZT ceramics (171 pC/N), but they also mea-
ured very high k31 of 70.5% that is twice as high as that for
ZT. On ceramic samples of the similar composition the piezo-
lectric constant were somewhat smaller but still surprisingly
igh, d33 = 66 pC/N and k33 = 48%.47

These data indicate that the Ag(Nb,Ta)O3-based ceramics
an be considered as promising lead-free piezoelectric materi-
ls. The cost of the materials can impede a commercialization
f bulk piezoelectric devices based on Ag(Nb,Ta)O3, such as
.g. actuators. But for piezoelectric devices in a form of thick
nd thin films the material consumption is very low and this cost
s not expected to inhibit commercialization. Unfortunately, so
ar there has been no investigations performed on the piezoelec-
ric response of the Ag(Nb,Ta)O3-based thick and thin films.
he studies should focus on an investigation of an influence of
train, generated during the deposition, and its relaxation on the
erroelectric and piezoelectric properties of the Ag(Nb,Ta)O3-
ased films. The clamping of the film on the substrate is another
eature which influences the piezoelectric response of the thin
lms and should be evaluated. In addition, different orientations
f epitaxially grown films should be investigated with respect to
he strain and electric properties. The quantum-size effect and
ts influence on the hysteresis and piezoelectricity of these films
hould also be characterized.

. Thick and thin films

Current research on the AgNbO3–AgTaO3 system is focused
n thin and thick film synthesis and investigation of their dielec-
ric properties and dielectric tuneability. The reasons that make
his field of research attractive are various. The entire develop-

ent of the electronic industry is shifting from bulk components
o integrated devices based on thick or thin film technology,
hich is significantly cheaper in a mass production. In the case of

he Ag(Nb,Ta)O3-based films this is even more pronounced due

o the lower material consumption of relatively expensive oxides.
reliminary studies on single crystals indicate that much better
roperties can be expected from the epitaxially grown films than
rom the bulk ceramics where the random grain orientation, and
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presence of porosity and grain boundaries represent extrinsic
actor that affect key properties adversely.

.1. Thick films

A preliminary research of Zimmermann et al.,48 performed
n bulk ceramics, provided the guidance for further work on
creen printed thick films. Two-phase transitions around room
emperature, M1–M2 and M2–M3, were examined on bulk sam-
les and the authors clearly showed that only the M1–M2 phase
ransition is tuneable. By changing the Ta:Nb ratio the M1–M2
ransition was brought towards room temperature. The high-
st tuneability (τ) was achieved for Ag(Nb0.8Ta0.2)O3 with the

1–M2 transition at −26 ◦C. When the transition was shifted
o the room temperature by decreasing the Ta concentration to
0% the tuneability decreased to 16% (1 kV/mm). Such pow-
ers were used to prepare a paste for a screen printing of
–6 �m thick films on Al2O3 substrate. For electrical measure-
ents at low frequencies an interdigital capacitor (IDC) structure
as sputtered on the thick films while for high frequencies a

oplanar waveguide technique was used. The measurements
howed that the dielectric properties of the fired thick films
ere in the main influenced by their porosity. For the dense
lms the dielectric properties were very close to the bulk mate-
ials while, as expected, for the porous films the permittivity
as much lower. Interestingly, the tuneability was not so much

ffected by the porosity. The relative tuneability remained on
he level of the bulk materials with 19% (1.2 kV/mm) and
6% (1 kV/mm) for Ag(Nb0.8Ta0.2)O3 and Ag(Nb0.9Ta0.1)O3,
espectively.49

For possible applications in tuneable microwave devices,
uch as phase shifters, tuneable filters and varactors, these films
ere also characterized in the frequency range from 4 to 13 GHz.
he tuneability decreases with frequency to 5% at 4 GHz and
1% at 13 GHz. This is accompanied with an increase in dielec-

ric losses to tan δ ∼ 0.15 at 10 GHz. It is suggested that the
eason for such behaviour is in the presence of a relaxation
t around 30 GHz, most probably due to phonon scattering
ffects.50 If this problem is not overcome in the future the use of
hese thick films will be restricted to the low-GHz applications.

.2. Chemically deposited thin films

Telli in his doctoral thesis29 reports on successful formation
f epitaxial thin films by spin-coating of chemical solutions on
0 0 1) LaAlO3 and (0 0 1) SrRuO3/(0 0 1) LaAlO3 (SRO/LAO)
ubstrates. He prepared three compositionally different films,
gTaO3, AgNbO3 and Ag(Ta0.5Nb0.5)O3, and determined their
ielectric tuneability. The tuneability is again significantly lower
hen that for the bulk materials but for one particular case, when
he AgNbO3 was deposited onto the SRO/LAO substrate, a
emarkably high tuneability was measured. At a negative bias of
140 kV/cm the tuneability of 12.8% was measured and 21.4%
or the opposite bias of 190 kV/cm. The polarity dependence is
ue to use of asymmetric electrodes (Pt and SRO) with differ-
nt leakage current. He also determined dielectric properties of
he films and for majority of the films the permittivity and the
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osses roughly correspond to those of the bulk materials. In a few
ases, a shift in the transition temperature, which most probably
ccurs because of the induced strain in the film, significantly
nfluences the room temperature permittivity. Such an example
s Ag(Ta0.5Nb)O3 on SRO/LAO where the M2–M3 transition
hifts from around 50 ◦C, as typical for the bulk ceramics, to
150 ◦C. Even more interesting is AgNbO3 on the SRO/LAO

ubstrate where the measurements indicated that the phase-
ransition sequence completely changes. No detailed analysis of
he observed phase-transition sequence was performed but the
ffect results in a remarkable deviation of the room temperature
ermittivity of the thin film (εr = 550) from values typical for the
ulk (εr = 120). Nevertheless, the thin films retained moderate
ielectric losses, which is very important for possible applica-
ions. A relatively low dielectric strength of the film prevents the
chievement of even higher values for tuneability and if future
evelopments can improve the dielectric strength then AgNbO3
ould be a good substitute for lossy (Ba,Sr)TiO3 for applications
here the low dielectric losses are required.

.3. Physically deposited thin films

The only group that has so far reported synthesis and studies
f Ag(Nb,Ta)O3 thin films is the group from Royal Institute of
echnology, Sweden.51–54 They synthesized and characterized

he Ag(Nb0.62Ta0.38)O3 thin films deposited on LaAlO3, MgO,
t80Ir20 and Al2O3 substrates. For the deposition they used a
ulse-laser deposition technique with a 248 nm KrF excimer
aser, 350 mTorr of oxygen pressure in a deposition chamber,
50 ◦C substrate temperature and 3–4 J/cm2 laser energy density.
ypically their films were 400 nm thick.51

Comprehensive crystallographic analyses of these films
howed that only the film grown on the LaAlO3 (0 0 1) substrate
xhibit very high c-axis orientation (0 0 1) of the prototype unit-
ell with strictly a cube-on-cube epitaxial relationship.52 Some
mall deviation from the composition of the target was detected
resumably due to a discriminated thermalization (increase in
a content) and volatilization of Ag. The effect of this compo-
itional shift on the functional properties was not investigated.
ilms grown on the MgO substrate show a lower c-axis ori-
ntation but can be still considered as pseudo-epitaxial. The
ajor part of the film crystallized in the cube-to-cube epi-

axial relationship while the minor part in a diagonal-to-edge
elationship.53 The latter is energetically unfavourable because
f a high in-plane tensile stresses due to a structural mismatch on
he interface. Deposition on a polished polycrystalline Pt80Ir20
ubstrate resulted in a preferentially (0 0 1)-oriented film which
ontained a small concentration of a Ag2Nb4O11 phase.51 On
he single-crystal Al2O3 substrate the film was single phase but
olycrystalline.54

The characterization of the thin films was mainly oriented
nto their possible application in tuneable devices. The IDC
tructures were defined on the thin films, typically having five

airs of 1-mm long fingers with 4-�m gap.54 The thin films
ith a composition of Ag(Nb0.62Ta0.38)O3 were deposited on

he different substrate and characterized with respect to their
ielectric properties, dielectric tuneability, relaxation character-
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stics during switching cycles, leakage current and conduction
echanisms. Superior overall performances were exhibited by

he Ag(Nb0.62Ta0.38)O3 film deposited on LaAlO3 substrate.52

he tuneability was measured to be 16.8% at 200 kV/cm. At the
ame time the dielectric losses were rather low, tan δ = 0.0033
at 1 MHz). The permittivity was determined to be 224 (at
kHz) with a small frequency dependence of only 5.8% up

o 1 MHz. The leakage current was as low as 230 nA/cm2 and
esistivity 4.4 × 10−11 � cm at 100 kV/cm2. Using substrates
ther than LaAlO3 particular characteristics can be better, e.g.
ower dielectric loss for a MgO substrate, but the overall per-
ormance deteriorates. Taken as a whole, the performance of
he Ag(Nb0.62Ta0.38)O3 film deposited on the LaAlO3 surpass
he performances of (Ba,Sr)TiO3, which today is regarded as a
rime candidate for the electrically tuneable devices. Taking into
ccount that not much work has been done so far on an optimiza-
ion of these characteristics of the Ag(Nb,Ta)O3 thin films we
an expect even further improvements and serious consideration
f these materials in commercial tuneable devices.

. Summary and future work

As a result of an enthusiastic work of a small number of
esearch groups the fundamental aspects of the Ag(Nb,Ta)O3
aterials are well understood. Not many open fundamental

uestions have remained to be answered. Maybe one of the
ost intriguing questions to be answered is the reason for

he appearance of the nano-size silver precipitates within the
g(Nb,Ta)O3 crystal matrix.27,28 Researchers have mainly con-

idered the Ag(Nb,Ta)O3 ceramics as a metal-silver free if no
lack silver precipitates were observed and no silver diffraction
ines were present. But, using these two methods the nano-size
nclusions cannot be detected although their overall concentra-
ion can be fairly significant. The observed silver deficiency in
he thin films52 might be related to the same phenomena as the
ppearance of the silver inclusions in the bulk. We also observed
related phenomena during a deposition of Ag(Nb0.5Ta0.5)O3

hin films on LaAlO3 substrates. An accurate X-ray diffraction
nalysis of an apparently single-phase epitaxial film showed
races of metallic silver. No other phase was detected, which
gain implies significant cation deficiency in the Ag(Nb,Ta)O3
rystal matrix. However, the defect chemistry of Ag(Nb,Ta)O3
n the form of bulk or thin films has so far never been a topic
f comprehensive studies. Such results could give us valuable
irections for the synthesis of a metallic-silver pure material
ith superior properties.
The production of Ag(Nb,Ta)O3 powder is fraught with prob-

ems related to the synthesis of the material. The formation of
g(Nb,Ta)O3 is highly sensitive to firing conditions, starting
aterials, powder packing, etc. and sometimes fails without any

bvious reason. Despite this, no detailed study of the forma-
ion mechanism and reaction kinetics has been reported so far.
t is taken for granted that the high oxygen vapour pressure is

equired during the synthesis of this material although the crit-
cal process, which determines the kinetics of the reaction, has
ever been determined. Understanding of the formation pro-
esses would allow an optimization of powder production in
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erms of a synthesis of purer powders, reproducibility, economic
fficiency and optimal scale-up of production. In addition, an
nderstanding of the solid-state reaction mechanism and its ener-
etics is essential for studies of the processes occurring during
he combustion of gels or the deposition of thin films. The latter
ncludes several different processes, in which we have abso-
utely no insight. These are a thermalization of the species by
he laser, mass transport from the target through the plum and a
ondensation of the thin films on the substrate.

Compared with the fundamental aspects of the research the
pplied research is still in a very early stage. Possibly, the only
egment, which has been examined in some detail, is the area of
assive bulk components. A great deal of work is required in the
reas of the integrated passive component, piezoelectricity, thin
lms, properties of compositionally modified Ag(Nb,Ta)O3, etc.
t is impossible to comment within this paper on all the par-
icular topics which need to be addressed in the future, but a
hort list of the most promising future research direction is given
elow:

Development of Ag(Nb,Ta)O3-based compositions for an
integration of the passive components into LTCC systems.
An interaction of sintering aids, such as CuO, glasses . . .,
should be determined to optimise the microstructure and con-
sequently the properties. Even more important, the chemical
compatibility and cofiring characteristics with base LTCC
materials must be carefully studied and optimized.
The influence of the thermal hysteresis on the functional
properties in the temperature-variable environment should be
determined. It is important to know its atomistic origin.
The substitutional chemistry of Ag(Nb,Ta)O3 is poorly inves-
tigated. For only few substituents (Na, K, Li and Bi) all the
substitutional parameters have been determined while a large
number of other ions have never been tested. It would be inter-
esting to understand their influence on the crystallographic
parameters as well as on the functional properties.
It is known that the Li incorporation in Ag(Nb,Ta)O3 induces
a strong ferroelectricity and rather high piezoelectric coeffi-
cients. No systematic search for other dopants, which might
enhance the ferroelectricity even further and give even higher
piezoelectric coefficients, has been performed so far although
the quest for lead-free piezoelectrics is still ongoing.
No investigation of the piezoelectric properties of
Ag(Nb,Ta)O3-based thin films has been reported so
far. The investigation is needed to understand the influence
of chemical composition, strain, clamping and quantum-size
effect on the functional properties of such films.
No substituted Ag(Nb,Ta)O3 has been tested for dielectric
tuneability.

The investigation of Ag(Nb,Ta)O3 has gone through periods
f high and low intensity. Work on the materials started in late
0s and resumed intensively in 80s. Another peak was seen in

he late 90s and in the first years of the new century. In the
ast few years the frequency of publications has diminished but
esearch continues within the industrial laboratories. Unfortu-
ately, their achievements are not always publicly revealed. Still,

1

eramic Society 27 (2007) 2549–2560 2559

he Ag(Nb,Ta)O3-based material remains on the list of poten-
ial functional materials for future applications and represents
topic, which is surprisingly relatively unexplored. In addition

o the established electronic applications there are numbers of
otential applications from different fields where Ag(Nb,Ta)O3
hould be considered from the outset. A good example are
nvestigations of photophysical and photocatalytical properties
f Ag(Nb,Ta)O3. It was shown that these materials, especially
n a combination with sacrificial agents, can be used as a
ew visible-light-driven photocatalyst with the ability to split
ater into oxygen and hydrogen.55,56 Because of its excellent
iezoelectric properties Ag(Nb,Ta)O3-based materials could be
onsidered as a ferroelectric component for the development of
ultiferroic composite materials. Similarly, the investigations of

lectrocaloric effect for the development of alternative cooling
echniques would also be highly interesting.

Ag(Nb,Ta)O3 is a perovskite with a highly flexible crystal
tructure, which can be modified in a way so as to induce dif-
erent ferroic effects. At present we do not know the limits of
his family of materials and this is good news. It means that with
uture work we can even improve properties further, exploit the
hysical effect and develop a number of technologically very
ttractive Ag(Nb,Ta)O3-based compositions.
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Acta, 1973, 29A, 93–106.



2 ean C

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

5

5

5

5

560 M. Valant et al. / Journal of the Europ

5. Sciau, P., Kania, A., Dkhil, B., Suard, E. and Ratuszna, A., Structural inves-
tigation of AgNbO3 phases using x-ray and neutron diffraction. J. Phys.
Condensed Matter, 2004, 16(16), 2795–2810.

6. Kania, A., An additional phase transition in silver niobate AgNbO3. Ferro-
electrics, 1998, 205, 19–28.

7. Miga, S. and Dec, J., Reorientation of the W’Domain Walls in Ferroelastic
Silver Niobate Crystal. J. Appl. Phys., 1999, 85(3), 1756–1759.

8. Kania, A., Roleder, K. and Lukaszewski, M., The Ferroelectric phase in
AgNbO3. Ferroelectrics, 1984, 52(4), 265–269.

9. Grinberg, I. and Rappe, M., Ab initio study of silver niobate. In Fundamental
Physics of Ferroelectrics, ed. P. K. Davies and D. J. Singh. American Institute
of Physics, 2003, pp. 103–138.

0. Volkov, A. A., Gorshunov, B. P., Komandin, G., Fortin, W., Kugel, G. E.,
Kania, A. et al., High-frequency dielectric spectra of AgTaO3–AgNbO3

mixed ceramics. J. Phys. Condens. Matter, 1995, 7(4), 785–793.
1. Petzelt, J., Kamba, S., Buixaderas, E., Bovtun, V., Zikmund, Z., Kania, A.

et al., Infrared and microwave dielectric response of the disordered antifer-
roelectric Ag(Ta,Nb)O3 system. Ferroelectrics, 1999, 223(1–4), 235–246.

2. Li, L. X., Wu, X. W. and Wang, Y. M., Temperature-stable super high
permittivity dielectric ceramics based on (Ag1−xNax)(Nb1−yTay)O3. J. Elec-
troceram., 2003, 11, 163–166.

3. Valant, M., Suvorov, D., Hoffmann, C. and Sommariva, H., Ag(Nb,Ta)O3-
based ceramics with suppressed temperature dependence of permittivity. J.
Eur. Ceram. Soc., 2001, 21(15), 2647–2651.

4. Holtzberg, F. and Reisman, A., Sub-solidus equilibria in the system
Nb2O5–Ta2O5. J. Phys. Chem., 1961, 65(7), 1192–1196.

5. Mohanty, G. P., Fiegel, L. J. and Healy, J. H., On the system niobium
pentoxide-tantalum pentoxide. J. Phys. Chem., 1964, 68(1), 208–210.

6. Valant, M., Suvorov, D. and Meden, A., New high-permittivity
AgNb1−xTaxO3 microwave ceramics. Part I. Crystal structures and phase-
decomposition relations. J. Am. Ceram. Soc., 1999, 82(1), 81–87.

7. Valant, M. and Suvorov, D., New high-permittivity AgNb1−xTaxO3

microwave ceramics. Part II. Dielectric characteristics. J. Am. Ceram. Soc.,
1999, 82(1), 88–93.

8. Verwerft, M., Van Dyck, D., Brabers, V. A. M., Van Landuyt, J. and
Amelinckx, S., Electron-microscopic study of the phase-transformations
in AgNbO3. Phys. Stat. Sol. A-Appl. Res., 1989, 112(2), 451–466.

9. Telli, M.B., Chemical solution deposition of silver tantalate niobate,
Ag(TaxNb1−x)O3 thin films. Doctoral Thesis. The Pennsylvania State Uni-
versity, USA, 2005.

0. Xiao, M., Wu, X. W. and Song, K. X., Ag1−xNax(Nb1−yTay)O3 dielectric
ceramic prepared through citrate precursor method. Key Eng. Mater., 2005,
280–283(Pt. 1/2), 15–17.

1. Łukaszewski, M., Kania, A. and Ratuszna, A., Flux growth of single crystals
of AgNbO3 and AgTaO3. J. Cryst. Growth, 1980, 48, 493–495.

2. Saito, A., Uraki, S., Kakemoto, H., Tsurumi, T. and Wada, S., Growth of
lithium doped silver niobate single crystals and their piezoelectric properties.
Mat. Sci. Eng. B-Solid State Mater. Adv. Technol., 2005, 120(1–3), 166–169.

3. Kania, A., Dielectric properties of Ag1−xAxNbO3 (A: K, Na and Li) and
AgNb1−xTaxO3 solid solutions in the vicinity of diffuse phase transitions.
J. Phys. D Appl. Phys., 2001, 34(10), 1447–1455.

4. Porokhonskyy, V., Bovtun, V., Kamba, S., Buixaderas, E., Petzelt, J.,

Kania, A. et al., Microwave dielectric properties of the Ag1−xLixNbO3

(x = 0 ÷ 0.06) ceramics). Ferroelectrics, 2000, 238(1–4), 695–702.
5. Kania, A. and Miga, S., Preparation and dielectric properties of

Ag1−xLixNbO3 (ALN) solid solutions ceramics. Mat. Sci. Eng. B-Solid State
Mater. Adv. Technol., 2001, 86(2), 128–133.

5

5

eramic Society 27 (2007) 2549–2560

6. Kania, A. and Kwapulinski, J., Ag1−xNaxNbO3 (ANN) solid solutions: from
disordered antiferroelectric AgNbO3 to normal antiferroelectric NaNbO3.
J. Phys. Condens. Matter, 1999, 11(45), 8933–8946.

7. Valant, M., Suvorov, D., Hoffmann, C., and Sommariva H., Method for
producing a ceramic silver niobium tantalate body. US Patent 6,843,956,
(March 7, 2002), German Patent 10042349 (November11, 2001).

8. Hoffmann, C., Sommariva H., Suvorov, D., and Valant, M., Metalized ceram-
ics. US Patent 69,56,001 (October 18, 2005), German patent 10,042,350
(January 31, 2002).

9. Hoffmann, C., Sommariva H., Suvorov, D., and Valant, M., Kondensator,
German Patent 10,042,359, July 7, 2005.

0. Hoffmann, C., Sommariva H., Suvorov, D., and Valant, M., Mikrowellen-
Bauelement. German Patent DE 10042360, February 29, 2002.

1. Kim, H. T., Shrout, T., Randall, C. and Lanagan, M., Low-temperature sin-
tering and dielectric properties of Ag(Nb, Ta)O3 composite ceramics. J. Am.
Ceram. Soc., 2002, 85(11), 2738–2744.

2. Duguey, S., Lebourgeois, R., Grattepain, C., Heintz, J.-M. and Ganne, J.-
P., Study of copper substitutions in Ag(NbxTa1−x)O3. J. Eur. Ceram. Soc.,
2007, 27(2–3), 1171–1175.

3. Li, L., Wang, D. and Wu, X., Temperature-stable and High-� dielec-
tric ceramics based on Ag(Nb1−xTax)O3. J. Eur. Ceram. Soc., 2006, 26,
1991–1993.

4. Hu, X., Valant, M. and Suvorov, D., Phase transition of dielectrics in
Ag1−xBixNbO3 system. J. Appl. Phys., 2006, 99, 124109.

5. Grinberg, I. and Rappe, A. M., Silver solid solution piezoelectrics. Appl.
Phys. Lett., 2004, 85(10), 1760–1762.

6. Sakabe, Y., Takeda, T., Ogiso, Y. and Wada, N., Ferroelectric properties
of (Ag,Li)(Nb,Ta)O3 ceramics. Jap. J. Appl. Phys. Part 1. Regular Papers
Short Notes Rev. Papers, 2001, 40(9B), 5675–5678.

7. Takeda, T., Takahashi, Y., Wada, N. and Sakabe, Y., Effects of substitution
of Na and K ions for Ag Ion in (Ag,Li)NbO3 ceramics. Jap. J. Appl. Phys.
Part 1-Regular Papers Short Notes and Review Papers, 42 (9B), 6023–6026.

8. Zimmermann, F., Menesklou, W. and Ivers-Tiffee, E., Electrical proper-
ties of silver-tantalate-niobate thick films. Integr. Ferroelectr., 2002, 50,
181–188.

9. Zimmermann, F., Menesklou, W. and Ivers-Tiffee, E., Investigation of
Ag(Ta,Nb)O3 as tunable microwave dielectric. J. Eur. Ceram. Soc., 2004,
24(6), 1811–1814.

0. Schwab, R., Sporl, R., Burbach, J., Heidinger, J. and Koniger, F., MM-wave
characteristics of low loss dielectric materials using open resonators. Display
and Vacuum Electronics, ITG-Fachber, vol. 150. VDE-Verlag, Germany,
1998, pp. 363–368.

1. Koh, J. H., Khartsev, S. I. and Grishin, A., Ferroelectric silver niobate-
tantalate thin films. Appl. Phys. Lett., 2000, 77(26), 4416–4418.

2. Koh, J. H. and Grishin, A., Ag(Ta,Nb)O3 thin-film low-loss variable inter-
digital capacitors. Appl. Phys. Lett., 2001, 79(14), 2234–2236.

3. Koh, J. H. and Grishin, A., Electrically tunable Ag(Ta,Nb)O3 thin film struc-
tures on oxide substrates. Integr. Ferroelectr., 2001, 39(1–4), 1281–1288.

4. Koh, J. H., Song, J. S., Lisauskas, A. and Grishin, A., Dielectric relaxation
behavior of Ag(Ta,Nb)O3 interdigital capacitors on oxide substrates. Jap.
J. Appl. Phys., Part 1. Regular Papers Short Notes Review Papers, 2004,
43(4A), 1434–1437.
5. Kato, H., Kobayashi, H. and Kudo, A., Role of Ag+ in the band structures
and photocatalytic properties of AgMO3 (M: Ta and Nb) with the perovskite
structure. J. Phys. Chem. B, 2002, 106(48), 12441–12447.

6. Kudo, A., Development of photocatalyst materials for water splitting. Inter.
J. Hydrogen Energy, 2006, 31(2), 197–202.


	Review of Ag(Nb, Ta)O3 as a functional material
	Introduction
	Crystal chemistry, lattice dynamics and dielectric properties
	C phase
	T phase
	O phase
	M phases

	Synthesis and sintering
	Solid-state synthesis
	Sintering
	Wet-chemistry methods
	Single crystals

	Passive dielectric components
	Piezoelectric response
	Thick and thin films
	Thick films
	Chemically deposited thin films
	Physically deposited thin films

	Summary and future work
	References


