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Abstract 

Incorporation o f  Nb and Co and Jormation o f  
dielectric ceramics were studied in ceramics o f  the 
~Evstem BaTiOs Nb:O~ Cos04. Temperature-stable 
dielectric materials o f  the specification 'X7R' were 
Jound, showing permittivities up to K _~ 4800. 

The slow volume diffusion o f  Nb favours the 
formation o /  'core-shell' structures in BaTiO s which 
are responsible for  the temperature-stabilio'. Penta- 
valent Nb and divalent Co show a pronounced co- 
solubility in BaTiOs. At the atomic ratio Nb:Co = 
2.1 semiconductive materials occur which show the 
P T C R  ~:ffect. The ratio o[ Nb:Co = 2.1 strongly 
suggests charge compensation o f  [NbS+]-donors by 
[Co:+]"-acceptors on 77 sites, forming the complex 
[ Nb "~ +_v ~ Co : ~ L 3 ] 4+" 

The insulation resistance and l(fe stability o f  thin 
dielectric layers o f  BaTiOs-Nb, Co X7R material 
are determined by the interconnection o f  lower insu- 
lating undoped BaTiOs cores. The percolation limit 
depends on the dispersal o f  Nb_,O~ and Cos04 over 
the BaTiO s. 

Der Einbau yon Nb und Co und die Bildung tenl- 
peraturstabiler dielektrischer Keramiken wurden in 
Keramiken des Systems BaTiOs-Nb:O~-CosO 4 un- 
tersucht. Temperaturstabile Materialien der Spezi- 

fikation 'X7R' mit Dielektrizit~itskonstanten bis zu 
~, -_- 4800 wurden gefimden. 

Die geringe Volunwndiffusion yon Nb und Co 
begfinstigt die Entstehung yon 'core-shell'-Strukturen 
und ist eine wichtige Voraussetzung fur  die Bildung 
tenlperaturstabiler Materialien. Nb und Co zeigen 
eine ausgepriigte KonsolubilitEit auf  den Titanplgitzen 
des Perowskitgitters. In der Ngihe des atomaren 
Verhaltnisses Nb : Co _~ 2:1 treten halbleitende 
Keramiken auf  die den PTCR-Ef fek t  zeigen. Das 
atomare Verh61tnis von Nb:Co = 2:1 legt nahe, daft 
Ladungskompensation von [NbS+]-Donatoren und 
[Co:+]"-Akzeptoren auf  den Ti-Plgitzen des Per- 
ovskitgitters stattfindet. 

Der Isolationswiderstand und die Lebensdauer yon 
dfinnen dielektrischen Schichten werden maflgeblich 
durch die Perkolation der BaTiOs-cores bestimmt, 
die eine hOhere ionische LeitfiJhigkeit aufweisen als 
alas dotierte Material. 

L'incorporation de Nb et Co et la Jormation de 
ckramiques diklectriques ont Otk (tudi~es dans le 
systkme BaTiOs-Nb20<CosO 4. Un matOriau di- 
Olectrique stable en tempkrature ate spOcification 
'X7R' a Otk mis au point avec une permittivitO K = 
4800. La faible diffusion en volume de Nb favorise 
la Jormation d'une structure 'core-shell' dans 
BaTiOs, laquelle est responsable de la stabilite en 
tempkrature. Le Nb pentavalent et le Co divalent 
montrent une co-solubilitk prononc~;e dans BaTiOs. 
Un matOriau semi-conducteur apparait pour un 
raport atomique Nb : Co = 2.1 montrant l'effet 
PTCR. Ce rapport Nb.  Co = 2.1 sugg~;re Jortement 
un effet de compensation de charge des [NbS+] - 
donneurs par [Co:+]"-accepteurs sur les sites 77, 

[ ~T]~5+ f '  2+ 14+ formant le complexe l .... :,s,_o~.31 . La r~sistance 
d'isolation et la stabilitO de couches minces diklec- 
triques de matOriaux BaTiO_<Nb. Co X7R sont 
dOterminkes par interconnexion de coeurs en BaTiO 3 
non dopes et de faible effet isolant. La I#nite de per- 
colation d@end de la dispersion de Nb:Os et CosO 4 
clans BaTiO s. 
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I Introduction 

1.1 Temperature-stable (X7R) dielectrics 
For the manufacture of ceramic multilayer capaci- 
tors (MLCs) various dielectric materials are em- 
ployed, showing different permittivities, loss factors 
and temperature coefficients (TCC) of the permit- 
tivity. Some of the most desired materials are the 
temperature-stable dielectrics of the EIA (Electronic 
Industries Association specification) 'X7R'. The 
dielectric temperature specification X7R allows 
maximum deviations of the capacitance of +15% 
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from the 20°C reading within the temperature 
range -55°C to +125°C 

Even today the composition of most dielectric 
ceramics is based on ferroelectric BaTiO3. Pure 
BaTiO3 and homogeneous mixed crystals of 
BaTiO3, however, are usually not able to meet the 
stringent regulations of the specification X7R. The 
temperature stability of X7R materials is the 
result of a very fine chemical heterogeneity of the 
material. In a first approach X7R materials can be 
treated as a fine-grained mixture of pure BaTiO3 
and a second ferroelectric phase, having the 
dielectric Curie maximum at the low temperature 
end ~ of the specification X7R. In transmission 
electron microscopy (TEM) X7R materials often 
exhibit so-called 'core-shell' structures. Core-shell 
materials have a strong chemical heterogeneity 
within the grains. The grain cores consist of prac- 
tically pure ferroelectric BaTiO3, whereas the shell 
region is heavily doped. 2'3 The grain shell is, in 
contrast to the core, paraelectric at room tempera- 
ture. Core-shell materials are generally rather un- 
stable and sensitive to firing conditions. Due to 
their heterogeneous structure they have a strong 
trend to homogenize and to form mixed crystals. 
Reproduction of the flat dielectric temperature 
characteristics of X7R materials therefore needs 
careful control of the mixing and firing conditions. 

1.2 The system BaTiO3-Nb2Os---Co30 4 
X7R materials of the system BaTiO3-Nb2Os-Co304 
are well known for their high permittivity values 
of K _--_ 3000-5000. Moreover, dielectric powders 
of this system are relatively easy to handle com- 
pared to other X7R formulations. BaTiO3-Nb, Co 
materials are therefore preferentially employed 
for the manufacture of multilayer capacitors. 
The high insulation resistance (IR) makes these 
materials also promising candidates for use in thin 
dielectric layers. 

The permittivity level of BaTiO3-Nb,Co X7R 
materials critically depends on the grain size of 
the BaTiO3 which is optimum at 0-6-0.9 /xm. 4'5 

The temperature characteristic of X7R materials is 
determined by the degree of micro-heterogeneity 
at the distribution of Nb and Co over BaTiO3. 
Too fine mixing leads to formation of homoge- 
neous mixed crystals and a loss of temperature 
stability. 

Additives of niobium pentoxide are known to 
lower the Curie point of BaTiO3 and to form 
broad, diffuse dielectric maxima. 6 Kahn & 
Buessem 7 detected Nb-enriched grain boundaries 
in Nb-doped BaTiO3. The broad diffuse dielectric 
maxima at the Curie points of these materials 
were interpreted as a result of inhomogeneous dis- 
tribution of Nb. Burn 8 observed easy regulation of 
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Fig. 1. Correlation (schematical) between insulation resistance 
(IR) and thickness (d) of a dielectric layer in conventional 

BaTiO3-NbeO 5 Co304 X7R material. 

the Nb distribution over BaTiO3 by addition of 
small amounts of CoO, MgO or NiO. Nowadays, 
X7R materials with Co304 additives are preferen- 
tially used for the manufacture of MLCs. 

1.3 Thin dielectric layers of BaTiO3-Nb2Os--C0304 
In the field of passive components the continuous 
trend of miniaturization leads to smaller and 
smaller MLCs with thin dielectric layers being less 
than 10/zm. For thin dielectric layers highly insu- 
lating ceramics are needed which must have a high 
endurance under strong electrical field and tem- 
perature stress. A serious problem with thin layers 
of the BaTiO3-Nb,Co X7R material, however, is 
the trend to electrical degradation and lowered 
resistance even under low DC field stress. Figure 1 
schematically illustrates the correlation between 
insulation resistance and thickness of the dielectric 
layer. For a given electric field the specific resis- 
tance of a thin dielectric layer is much lower than 
that of a thicker layer having the same nominal 
composition. Corresponding to the internal het- 
erogeneity of the dielectric ceramic, certain small 
regions of lower resistive material are assumed 
to extend from one electrode to the other in thin 
dielectric layers. 

1.4 Aim of the investigation 
Insulation resistance, life stability and TCC of 
BaTiO3-Nb,Co X7R materials obviously critically 
depend on the micro-distribution of Nb and Co 
within the BaTiO 3. This paper deals with the rela- 
tions between micro-heterogeneity and insulation 
resistance of thin dielectric layers of BaTiO3-Nb, 
Co X7R materials, incorporation and diffusion of 
Nb and Co, the valency state of Co and the defect 
chemistry of both additives. 

2 Experimental 

2.1 Raw materials used 
For preparation of dense ceramic materials fine, 
reactive powders of BaTiO3 have to be employed. 
Fine powders of pure BaTiO3 were obtained either 
from calcined barium titanyl oxalate (BTO) or by 
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hydrothermal synthesis. The BTO-based barium 
titanate 9 (TAM Ceramics, Inc., Niagara Falls, 
USA) had a particle size of ds0 = 0.9 /~m and a 
crystallite size of_--0.3 ~m, while the hydrothermal 
BaTiO3 ~° (Cabot Corporation, Boyertown, PA, 
USA) had an average particle size of ds0 -- 0-4 p~m 
and a crystallite size of <0.1 ~m. Using X-ray 
fluorescence (XFA), the atomic ratios of Ba and 
Ti of the BaTiO3 powders used were determined 
to lie in the range 1.002 < Ti/Ba < 1.006. Reagent 
grade Nb205 (H. C. Starck, Goslar, Germany) 
and Co304 (PA, Merck, Darmstadt, Germany) 
were intensively ball-milled to particle sizes of 
ds0 < 0.3 p~m, using Y-stabilized ZrO2 balls. 

2.2 Preparation of ceramic disc capacitors (CDCs) 
Hydrothermal and BTO-based BaTiO 3 were wet 
mixed with Nb205 and CO304 in various concen- 
trations up to 5 at.% Nb and 2 at.% Co, using an 
agate ball mill. The mixed powders were dried and 
uniaxially pressed at 3-3 kbar to ceramic discs of 
5 mm diameter and 0.6 mm thickness. The discs 
were fired in air at temperatures in the range of 
1200 to 1500°C. Hydrothermal powders became 
dense at c. 1250°C, while BTO-based powders 
needed temperatures of c. 1300°C for densifica- 
tion. Ceramic disc capacitors (CDC) were pre- 
pared by evaporating Cr/Ni-Au electrodes on the 
discs. 

Permittivity and dielectric losses were measured 
at l kHz and 1 Vrms in the temperature range 
-60°C to +150°C. The dielectric strength was 
determined on CDCs by measuring the DC field 
dependence of the specific resistance, o-. Ferroelec- 
tric polarization currents distorting the measure- 
ment of or were largely suppressed by heating the 
samples above the Curie point. By increasing the 
DC field in small steps and waiting about 5 time 
constants (5. R.  C) for each measuring point, the 
measured sample currents appeared fairly time- 
stable. 

For STEM investigations CDCs were mechani- 
cally lapped and polished to about 15 p~m and 
thereafter ion-beam etched to <50 nm thickness. 

2.3 Preparation of diffusion couples 
A suitable way to study solid-state reactions 
between BaTiO3, Nb205 and C0304 is firing of 
diffusion couples of the reactants at various tem- 
peratures. Diffusion couples were produced from 
50 /~m thick ceramic foils of BaTiO3, Nb205 and 
mixtures of Nb205 + C0304 (Nb : Co = 2.5 : 1). 
Using the doctor-blade technique, the foils were 
tape-cast from aqueous suspensions of ceramic 
powder and polyvinyl alcohol (PVA) binder. 

The green foils were stacked and pressed to 
'sandwiches', consisting of cover layers of 500/~m 

BaTiO3 (10 foils of thickness 50/~m) and a central 
layer of 100 ~m Nb205, or Nb205 + Co304 (2 foils 
of thickness 50 p,m). After carefully burning out 
the organic binder at 525°C in air, the couples 
were heated at 4°C/rain to temperatures of 1200°C 
to 1380°C and held for lh. To prevent delamina- 
tion of the couples, firing was performed under 
low mechanical pressure, using the weight of small 
alumina bars. The alumina weights were separated 
from the BaTiO3 couples by thin Pt sheets. After 
firing, the concentration profiles of Nb, Co, Ba 
and Ti were determined on polished cross-sections 
of the couples by using electron microbeam tech- 
niques. Additional information about the phases 
formed during heating was obtained from X-ray 
diffraction ( X R D )  analyses of polished sections of 
the couples. 

3 Results 

3.1 Ceramic disc capacitors 
In dense ceramics fired at 1300°C grain growth 
was rather poor with exception of those materials 
having a N b : C o  atomic ratio slightly below 2: 1. 
At Nb : Co : 2 : 1 the materials recrystallized at T 
> 1270°C, yielding grains of >10 p,m. All other 
materials had grain sizes of <l /~m. In samples 
fired above 1300°C long dendritic needles of Ti- 
rich second phase were observed. Dielectric results 
are shown in Fig. 2. The figure is divided into two 
sections by a line, denoting the atomic ratio Nb:  
C o - - 2 : 1 .  In the lower section a number of 
interesting X7R materials was found, showing 
permittivities up to K = 4800. Materials of the 
upper section and those having compositions far 
below of the line Nb : Co -- 2 : 1 exhibited broad 
dielectric maxima, falling outside the specification 
X7R. Recrystallized ceramics occurring just below 
the line N b : C o - - 2 : 1  were, in contrast to the 
other materials, semiconductive, showing a positive 
temperature characteristic of resistance (PTCR 
effect), see Fig. 3. 

3.2 Reaction of Nb20 s and Co304 with BaTiO 3 

3.2.1 XRD and dielectric studies 
Nb205 is known for its slow and incomplete reac- 
tion with BaTiO 3. Figure 4 shows minimal changes 
of the lattice parameters for samples of BaTiO3- 
4Nb (BaTiO 3 + 0.02 Nb2Os) which were heated 
in the temperature range of 1200°C to 1450°C. 
Materials doped with Nb and Co (Nb : Co = 2.5 : 1) 
exhibited, in contrast distinct changes of the lat- 
tice parameters, indicating better incorporation in 
the case of combined doping. The TCC of Nb, 
Co-doped material (Fig. 5, curve (b)), fits well into 
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Fig. 2. Dielectric results, 
obtained in samples of the 
system BaTiO 3 Nb205-Co304, 
fired 2 h at 1300°C in air 
(conventional, oxalate-based 
BaTiO3). O, PTC semicon- 
ductive materials; O, highly 
insulating dielectrics. 
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the specification X7R, while that of single Nb- 
doped material, (Fig. 5, curve (a)), is characterized 
by a broad and diffuse dielectric maximum. 

3.2.2 Lattice site o f  Nb, valency state o f  Co 
On the basis of ionic radii, the ions of Nb 5+, Co 3+ 
and Co 2+ are expected to enter the Ti-sites of 
BaTiO 3. Large amounts of Ti-rich phase formed 
during the sintering of BaTiO3-Nb,Co materials 
strongly support the idea that Ti is replaced by 
Nb and Co. According to the phase diagram of 
Negas et al. n~, TiO2 reacts with BaTiO 3 to form 
the Ti-rich phase Ba6Ti~7040. 
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Fig. 3. Positive temperature characteristics of resistivity 
(PTCR effect), observed in samples, containing Nb and Co 

in the atomic ratio 2:1. 

Pentavalent ions of Nb on Ti-sites are [Nb(Ti) ] 
donors which are compensated by Ti-vacancies 
[Vmj'"' ] in an oxidizing atmosphere. 12'13 The ions 
of Co 2+ and Co 3÷ on Ti-sites are in contrast accep- 
tors, [Coral]" and [CoiTil]', which are compensated 
by oxygen vacancies [Vo]". 14 In the case of the 
combined addition of Nb205 and CO304 the Nb- 
donors and Co-acceptors are expected to compen- 
sate each other. The occurrence of PTCR-type 
semiconductive materials at Nb : Co -_- 2 : 1 strongly 
supports the idea that NbS+-donors are compen- 
sated by Co2+-acceptors. The PTCR effect only 
appears at a small excess (<0.4 at.%) of donor 
doping ~1 in BaTiO 3. In Fig. 2 the line denoting the 
ratio N : Co = 2 : 1 marks the boundary between 
net accept•r-doped (upper section) and net donor- 
doped materials (lower section). The complex 
perovskite compound s+ 2+ Ba(Nb2/3Col/3)O3 is in fact 
known from the literature/5 The dielectric properties 
of BaTiO3-Nb,Co materials are most probably 
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Fig. 4. Lattice parameters of BaTiO3 with additions of O, 
0.02 mol Nb205 and O, 0-0125 mol Nb205 + 0.0033 Co304, 

fired at temperatures of 1200°C to 1500°C in air. 
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Fig. 5. Dielectric temperature characteristic of (a) BaTiO 3 + 
0.015 Nb20> fired 2 h at 1450°C and (b) BaTiO 3 + 0.0125 

Nb2Os + 0.0033 CocO 4, fired 2 h at 1300°C. 

rlMl~5+ (-,A2+ ]4+ significantly determined by the complex t, ,u2,,3,-~u1/31 
substituting for Ti 4+. 

3.2.3 D(ffusion couples 
In the system BaO-TiO2 Nb205 a large number of 
ternary phases exist. Detailed investigations of the 
system BaTiO 3 Nb20 5 have been carried out by 
Roth and coworkers. ~6~s XRD data of some of 
these phases are available in the JCPDS powder 
diffraction file. 19 The XRD reflections of the fol- 
lowing phases were detected in polished sections 
of diffusion couples of BaTiO3 Nb205 which were 
heated for 1 h at 1250°C in air: 

BaTiO) (Main phase) 
Ba3Nbl002~ (Weak) 
BaNb206 (Strong)  
Ba3TisN b 32021 (Weak) 
Ba2TisOl2 (Weak) 

In BaTiO3 Nb205 Co304  couples, annealed for 1 h 
at 1250°C in air, CoNb206 additionally appeared. 
SEM micrographs of diffusion couples of BaTiO 3- 
Nb205 and BaTiO3 Nb205 Co304, heated for 1 h 
at 1250°C in air, are shown in Fig. 6(a) and 6(b). 
Even in sintered couples the sequence of BaTiO 3 
layers was still visible at the darkish lines where 
the green foils had been stacked together. Using 
these lines as simple markers, the direction of 
growth and diffusion of the phases formed during 
firing were determined. In SEM the material con- 
trast clearly indicates layers of different phases. 
Quantitative microbeam analyses revealed the 
following phases formed at 1250°C in couples of 
BaTiO3-Nb205. 

Cover layer 
Layer I 
Layer II 

Layer I II 

BaTiO3 (depletion of BaO), 
Ba:Ti5Ol, (with NbO dissolved) 
Ba3Ti4Nb4021 (with BaTiO 3 dis- 

solved) 
BaNb206 (with TiO2 dissolved) 
Ba6Nb14038 , Ba3Nb10028 (minor 

amounts) 

Microanalyses of the couples revealed a high 
mobility of BaO already at 1250°C, as seen by the 
drift of BaO from the BaTiO3 cover layers to the 
central Nb205 layer. The Nb205 layer was thus 
completely changed into BaNb206 (BN2), Ba6Nbl4. 
038 (B6NI4) and Ba3NbloO28 (B3Nlo). BN2 and B3Nlo 
were detected by XRD. The sequence of phases 
observed in couples of BaTiO 3 Nb205 (Fig. 7) 
strongly suggests initial formation of BN 2 and 
Ba2TisO12 (B2Ts) at the contact of BaTiO 3 and 
Nb205. In a subsequent step B2T 5 and BN~ seem 
to form a layer of a ternary phase, having the 
atomic ratio Ba : Ti : Nb = 3 : 4 : 4. The composition 
of this phase agrees well with the ternary com- 
pound Ba3Ti4Nb40:~ (B3T4N4), reported by Mercey 
et al. 2 The microanalytical studies also confirmed 
the broad compositional range of B3T4N 4 with 
respect to variations of Ti and Nb. Roth and co- 
workers ~6 derived for B3T4N 4 the general formula 
Ba3Ti4+sxNb44xO21 (0 _< x _< 0.3). These authors 
observed that this phase is in direct equilibrium 
with Nb-saturated BaTiO 3. B3T4N 4 is thus formed 
when the solubility limit of Nb in BaTiO3 is 
exceeded. Ba2TisOl2 was first discovered by Jonker 
& Kwestroo. ~3 Later its existence was questioned 
by Negas et al. ~1 In agreement with Roth and 
coworkers, ~6 however, it could be confirmed that 
Ba2TisO~2 is stabilized by small amounts of dis- 
solved Nb205. 

In diffusion couples of BaTiO3-Nb2OJCo304, 
fired for l h at 1250°C, (Fig. 7(b)), the central 
layer of Nb205/Co304 was completely changed to 
CoNb206. Even at 1250°C the CoNb206 did not 
dissolve considerable amounts of BaO or TiO 2. 
Between the layers of BaTiO 3 and CoNb206 a 
coherent layer of BaNb206 was found with appre- 
ciable amounts of Co dissolved. Small islands of 
BaNb206 were spread over the CoNb206. From 
this it may be deduced that BN 2 is in direct equi- 
librium with BaTiO 3 and CoNb206. The phase 
B3T4N 4, detected in couples of BaTiO 3 Nb205, 
was not observed in BaTiO 3 Nb:O 5. In couples of 
BaTiO3 Nb205, fired at 1250°C, the B:T5 had dis- 
solved large amounts of Co. The large clusters of 
BN 2 and B2T 5 scattered over the matrix of BaTiO 3 
were already formed on heating at 1250°C. In the 
undoped system BaTiO3 TiO 2 the Ti-rich phase 
Ba6Ti~7040 forms a liquid eutectic with BaTiO 3 at 
1312°C. ~ In Nb,Co-doped BaTiO3 the eutectic 
temperature is lowered to about 1270°C. Distribu- 
tion and incorporation of NbeO 5 and Co304 in 
BaTiO3 are strongly accelerated by liquid phases, 
having Nb and Co dissolved. 

3 T E M  and S T E M  studies 
The minimal change of lattice constants, observed 
in mixtures of BaTiO3-Nb205 (Fig. 4) confirmed 
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Fig. 6. SEM micrographs of diffusion couples: (a) BaTiO 3 (500/xm)-Nb2Os(100/xm)-BaTiO3(500/xm), fired for l h at 1250°C; 
(b) BaTiO 3 (500/.tln), Nb205/Co304 (100/zm, Nb/Co -- 2.5 : 1)-BaTiO 3 (500/~m), fired for I h at 1250°C. 

the poor homogenization of Nb in BaTiO3. STEM 
inspection of ion-beam etched CDCs of BaTiO3- 
Nb,Co X7R material (Fig. 8) revealed typical 
core-shell structures in the grains. The intragranular 
heterogeneity was also confirmed by EDAX 
analyses in STEM. Using a fine electron beam of 
<4 nm diameter, small relative changes of the Nb 
and Co concentration could be detected with a 
local resolution of <20 nm. The concentrations of 

Nb and Co are given in arbitrary units, based on 
the measured count rates of Nb-L~ and Co-K~. 
Figure 8 shows the inhomogeneous distribution 
of Nb and Co along a line of spots (analysis 
numbers 1-6 ) in a grain of X7R material. The Nb 
and Co concentrations determined in spot num- 
bers 10-12 agree well with those of numbers 1 and 
2 (shell region). Core-shell regions were even 
found in samples heated up to 1350°C. The 
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Fig. 7. EDAX analysis of atomic concentrations of Ba, Ti, 
Nb and Co, determined in diffusion couples: (a) BaTiO 3 
Nb20 ~ BaTiO~, fired for 1 h at 1250°C; (b) BaTiO 3 NB2Os/ 

Co304(Nb/Co = 2.5: 1) BaTiO~, fired for 1 h at 1250°C. 

narrow coexistence of poorly doped material in 
the grain cores and heavily doped material in the 
shells suggests extremely low volume diffusion 
coefficients of Nb and Co in BaTiO 3. The very 
slow diffusion of Nb and Co through the grains is 
considered as a fundamental prerequisite for the 
formation of temperature-stable X7R materials. 
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Fig. 8. STEM-EDAX microspot analysis of Co and Nb 
along a line through a core-shell grain of BaTiO 3 Nb205 
C0304 material. (a) STEM micrograph of analyzed grain; 
(b) analysis of Nb and Co-concentration in arbitrary units, 

corresponding to count rates of Nb- and Co-Ks. 

3.3.1 Co-solubility o f  Nb and Co 
Although Nb205 and C o 3 0  4 powder were sepa- 
rately added to BaTiO3, the grain shells generally 
contained a combination of both elements in a 
ratio close to Nb : Co _= 2 : 1. Regions with high 
concentration of Nb thus always showed a com- 
parably high concentration of Co. This effect of 
so-called 'co-solubility' suggests that both ele- 
ments preferably enter the perovskite lattice as the 

rNlks+ ( ,  2+ 14+ complex tl,v2/3,,.~O1/3J , rather than as separate 
[NbS+]'-donors or [C02+]"-acceptors. Most probably, 
the complex perovskite Ba(Cot/3Nb2/3)O3, reported 
by Galasso ~5 strongly modifies the Curie point of 
BaTiO3. Hence, the C0304 additive not only regu- 
lates diffusion and incorporation of Nb205 but 

also decisively influences the temperature charac- 
teristic of the dielectric material. 

3.3.2 Nb-mapping in X7R capacitors 
Nb mapping of industrial X7R ceramics occasion- 
ally reveals larger regions of almost pure BaTiO 3. 
Such irregularities of the microdistribution of Nb 
and Co usually extend over dimensions of 2-3/~m. 
The irregularities are assumed to result from 
particle aggregates in the BaTiO3 powder. Figure 
9(a) shows the Nb mapping of a X7R material, 
containing such 'flakes' of undoped BaTiO3. 

In undoped BaTiO 3 the number of ionized 
oxygen vacancies 2~ is significantly higher than in 
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Fig. 10. Specific conductivity of 200 /zm discs of BaTiO 3 
Nb205/Co304, fired 2 h at 1300°C, measured as function 
of the DC field (V//zm) at 125°C: (a) conventionally mixed 
BTO-based BaTiO 3 powder, (b) hydrothermal BaTiO 3 

powder. 

(b) 

Fig. 9. STEM-EDAX Nb-K,, mapping of BaTiO 3 Nb2Os/ 
Co304 X7R material, fired 2 h at 1300°C: (a) aggregated 

powder, (b) with hydrothermal BaTiO3 powder. 

donor-doped material. Electromigration 22 of ion- 
ized oxygen vacancies, [V(o)]", through the flakes 
possibly gives rise to rapid electrical degradation 
and breakdown. A detailed interpretation of the 
effects of electromigration of charged oxygen 
vacancies is given by Waser and coworkers. 22'23 

From a statistical point of view, some of the 
flakes are expected to touch each other, thus form- 
ing larger clusters of undoped BaTiO3. In thin 
dielectric layers such clusters of undoped BaTiO3 
may extend from one electrode to the other. 
Hence, the thickness of the dielectric layers lies 
within the 'percolation limit' of the lower insulat- 
ing BaTiO 3 flakes. 

Mixtures of monodispersed, hydrothermal 
BaTiO3 with fine-grained Nb20 5 and C0304 exhibit 
a much finer degree of heterogeneity. As can be 
seen from Nb-mapping (Fig. 9(b)) no BaTiO3 flakes 
appear in ceramics of hydrothermal BaTiO3. In 
spite of the very fine distribution of Nb and Co, 
these materials display the typical, flat X7R char- 
acteristic. 

3.4 Improved dielectric materials 
X7R materials prepared from hydrothermal BaTiO3 
showed an improved dielectric strength, as com- 
pared to those prepared from conventional, aggre- 
gated BaTiO3 powders. Figure 10 shows the field 
dependence of the specific resistance o - o f  two 
200-/zm thick disc capacitors. The capacitors had 
the same nominal composition but were prepared 
from different BaTiO3 powders. At E < 5 V//zm 
the conductivity o- of both materials was almost 
independent of the DC field applied. At DC fields 
E > 5 V//zm the conductivity of the sample made 
from conventional aggregated BaTiO 3 became 
strongly field dependent, while that of materials 
produced from hydrothermal BaTiO3 remained 
unchanged up to very high fields. 

4 Discussion and Conclusions 

Microheterogeneity is considered to be the funda- 
mental prerequisite for temperature stability of 
BaTiO3-based X7R dielectrics. In ceramics of the 
system BaTiO3-Nb2Os-C0304 a high degree of 
chemical heterogeneity was observed inside the 
grains. At the reaction of Nb205 and C0304 with 
BaTiO 3 various intermediate phases are rapidly 
formed. Diffusion of Nb and Co from these 
intermediate phases into the perovskite lattice of 
BaTiO3 is very slow. The transport of Nb and Co 
is promoted by molten eutectic phases in the sys- 
tem BaTiO3-TiO2. The Co304 additive shows a 
pronounced co-solubility with Nb2Os. NbS+-donors 
are compensated by Co:+-acceptors on Ti sites. 
The complex [Nb2/3Col/3] 4+ substituting for Ti 4÷ 
largely determines the dielectric temperature 
characteristic of the material. 
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In thin dielectric layers of BaTiO3-Nb, Co X7R 
materials the dielectric strength and life stability is 
determined by the interconnection of undoped 
BaTiO3 microregions, showing a lower insulation 
resistance. The percolation limit of the undoped 
BaTiO3 regions depends critically on the micro- 
heterogeneous distribution of Nb205 and C0304 
over the BaTiO3. 
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