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Abstract:

Doped BaTiOs-ceramics is very interesting for their application as PTCR resistors,
multilayer ceramic capacitors, thermal sensors etc.

Ho doped BaTiOz; ceramics, with different Ho,O3; content, ranging from 0.01 to
1.0 wt% Ho, were investigated regarding their microstructural and dielectric characteristics.
The samples were prepared by the conventional solid state reaction and sintered at 1320 °and
1380°C in an air atmosphere for 4 hours.

The grain size and microstructure characteristics for various samples and their phase
composition was carried out using a scanning electron microscope (SEM) equipped with EDS
system. SEM analysis of Ho/BaTiO3z doped ceramics showed that in samples doped with a
rare-earth ions low level, the grain size ranged from 20-30.m, while with the higher dopant
concentration the abnormal grain growth is inhibited and the grain size ranged between 2-
10um.

Dielectric measurements were carried out as a function of temperature up t0180 <.
The low doped samples sintered at 1380 <C, display the high value of dielectric permittivity at
room temperature, 2400 for 0.01Ho/BaTiOs. A nearly flat permittivity-response was obtained
in specimens with higher additive content. Using a Curie-Weiss low and modified Curie-
Weiss low the Curie constant (C), Curie temperature (Tc) and a critical exponent of
nonlinearity () were calculated. The obtained value of y pointed out that the specimens have
almost sharp phase transition.
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1. Introduction

A modified BaTiO; with different additives/dopants is the most extensively
investigated dielectric material due to its attractive properties that can be used on a large scale
of applications. The most commercial use is for multilayers capacitors, whereas BaTiO; with
semiconducting properties is used widely in electronic devices such as thermistors, varistors
and energy converting systems. BaTiO; powder is usually mixed with additives in order to
adjust the sintering parameters and electrical properties to the requirements of electronic
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devices [1-2]. It has been found, that the dielectric properties of polycrystalline BaTiOs,
depend in a great extent on the grain growth during sintering and on donor type and
concentration [3-5].

Two types of dopants can be introduced into BaTiOs: ions with larger ionic radii of
valence 3" and higher such as Ho®*, Er**, and Dy*', which replaces predominately Ba*" sites
in perovskite BaTiOs lattice, and the ions with smaller ionic radii of valence 5° and higher
(Nb*), can be incorporated into the Ti*" sublattice [6-9].

It has been shown that the three-valent ions incorporated at the Ba®* -sites act as

donors, which extra donor charge is compensated by ionized Ti vacancies (V"T"i ), the three-

valent ions incorporated at the Ti** -sites act as acceptors which extra charge is compensated
by ionized oxygen vacancies (V ), while the ions from the middle of the rare-earth series

show amphoteric behavior and can occupy both cationic lattice sites in the BaTiO; structure
[10-12]. The substitution of Ho®* on Ba”* sites requires the formation of negatively charged
defects. For the samples sintered at air atmosphere, which are the electrical insulators, the
principal doping mechanism is the ionic compensation mechanism. This controversy remains
concerning whether the dominate ionic mechanism is through the creation of (Vg,") or
(Vi"").

The purpose of this paper was to analyze BaTiO; doped with various content of
Ho,0;, sintered at different sintering temperature. The influence of dopant on the
microstructure and dielectric properties (capacitance and dielectric losses) in function of
frequency and temperature has been investigated.

2. Experimental procedure

In this paper, Ho,O; doped BaTiOs-ceramics were used for microstructure and
electrical characterization. The samples were prepared from high purity (>99.98%)
commercial BaTiO; powder (MURATA) with [Ba]/[Ti]=1.005 and reagent grade Ho0,0;
powder (Fluka chemika), by conventional solid state sintering procedure. The content of
additive, Ho,O3, ranged from 0.01 to 1.0 wt%. Starting powders were ball milled in ethyl
alcohol for 24 hours using polypropylene bottle and zirconia balls. After drying at 200°C for
several hours, the powders were pressed into disk of 7 mm diameter and 3 mm thickness
under 120 MPa. The compacts were sintered at 1320°Cand 1380 in air for four hours.

The microstructures of sintered samples were observed by scanning electron
microscope (JEOL-JSM 5300) equipped with energy dispersive x-ray analysis spectrometer
(EDS-QX 2000S system). X-ray diffraction (XRD) patterns were recorded with CuKa
radiation in a PhilipsX’Pert diffractometer (Philips, the Netherlands). Prior to electrical
measurements silver paste was applied on flat surfaces of specimens. Capacitance and loss
tangents were measured using Agilent 4284A precision LCR-meter in frequency range 20 Hz-
1 MHz. The dielectric constant was calculated based on capacitance, specimen thickness and
electrode area. The variation of dielectric constant with temperature was measured in
temperature interval from 20°C to 180°C. The dielectric parameters such as Curie
temperature, Curie-Weiss temperature and Curie constant were calculated according to Curie-
Weiss and modified Curie-Weiss law.

3. Microstructure characteristics

The relative density of Ho doped samples was ranged from 82% of theoretical density
(TD) for 0.01Ho/BaTiO; samples sintered at 1320 °C to 90%TD for 0.01Ho/BaTiO; doped
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samples sintered at 1380 °C. With the increase of dopant amount the increase of porosity is
evident and density value decrease and for 1.0wt% doped samples sintered at 1320 °C the
density was 76% of theoretical density.

The homogeneous microstructure with spherical shaped grains, of ferly narrow size
distribution is the main characteristic of low doped ceramics sintered at 1320 °C. The average
grain size in specimens doped with low content of additive (0.01wt% and 0.05wt% of Ho) has
ranged between 20-30um (Fig.1). The similar microstructure is observed in low doped
ceramics sintered at 1380°C (Fig. 2).

F0kUgxl, 500

Fig. 1. SEM images of BaTiO;sintered at 1320°C doped with a) 0.01wt% and b) 0.05wt% of
Ho0,0;
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Fig. 2. SEM images of BaTiOssintered at 1380°C doped with a) 0.01wt% and b) 0.05wt% of
H0203

The increase of rare-earth cations content inhibits the abnormal grain growth. By
increase of dopant concentration the grain size decrease. As a result, for 0.5 wt% of dopant
the average grain size was from 10um to 15 um, and for the samples doped with 1.0 wt% of
dopant grain size decreased to the value of 2-5 um (Fig. 3 and Fig.4) for both sintering
temperatures.
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Fig. 4. SEM images of BaTiOssintered at 1380°C doped with a) 0.5wt% and b) 1.0wt% of Ho

The EDS analysis of samples, doped with 0.01 wt% Ho,03, did not reveal any Ho
rich regions thus indicated a uniform incorporation of dopants within the samples (Fig.5a).
The increase of dopant concentration leads to the appearance of Ho rich regions between
grains (Fig.5b). It is important to say that EDS analysis can not detect the concentration of
element less than 1wt% unless an inhomogeneous distribution or segregation of
dopant/additive is present.
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Fig. 5. SEM/EDS spectra of doped BaTiOj3 sintered at 1380 °C a) 0.01Ho-BT and b) 0.5Ho-
BT- local area reach in Ho.
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Fig. 6. X-ray analysis Ho doped BaTiOs

X-ray analysis of 0.01Ho/BaTiO; samples showed only BaTiO; perovskite phase
and uniform distribution of holmium (Fig.6). The increase of dopant content give rise to the
appearance of second phase Ho,Ti,O; in 0.5H0-BT (Fig.6). By comparison of XRD peaks of
pure BaTiO; and doped BaTiOg, it is evident that XRD peaks of doped samples are shifted
towards to lower values of 26 thus indicating the increase of lattice parameters, i.e. the
incorporation of Ho on the Ti-sites rather than on Ba-sites in BaTiOs structure.

Fig. 7. Domain structure of 0.01wt% Ho/BaTiO; sintered at 1380 °C a) directional long
domains and b) randomly oriented domains.

In samples of BaTiO; doped with 0.01 wt% of Ho in secondary abnormal grains the
domain structure were observed. Regarding the domain structure, two types of domain
structures were observed, i.e. the directional long domains that pass through the entire grain
with 90° domain boundaries (Fig.7a) and randomly oriented domains within some individual
abnormal grains (Fig.7b). Looking to the herring bone domain structure it can deduced that
wall thickness was ranged between 0.05-0.1 um and domain width was from 0.025 to 0.5um.
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4. Dielectric characteristics

The dielectric properties evaluation has been made by capacitance and dielectric loss
measurements in the frequency range from 20 Hz to 1IMHz.

The dielectric permittivity in function of frequency (Fig.8) for all investigation
samples shows that, after insignificant low initial decrease in dielectric permittivity at low
frequency, &, became constant for frequency greater than 5 kHz. The dielectric constant of the
investigated samples ranged from 900 to 2400 at room temperature. For 0.01wt%Ho doped
BaTiO; sintered at 1320°C dielectric constant is 2200 (Fig.8a) and for samples sintered at

1380°C dielectric constant increase and ¢, is 2400 (Fig.8b).

€
r

2400

2200 4

2000 +

1800

1600

1400

1200

1000

800

600

Ho / BaTioO,

T, 1320°C/4h
—=—0.01wt% Ho
—e— 0.05wt% Ho
0.1wt% Ho
0.5wt% Ho
—w— 1.0wt% Ho

v-v

2600 —
2400
2200
2000
1800
1600
1400
1200
1000

800 —

600 —

-

%'V*W*W*V*fW*V*VV* —v

Ho / BaTiO,
T,, 1380°C/ah
—=&— 0.01wt% Ho
—— 0.05wt% Ho
0.1wt% Ho
—¥— 0.5wt% Ho
u——J0wt% Ho

v-v

\
;vvw'vafvwfv—w—vav
T T

[

T T T
200 400 600 800

f(kHz)

T
1000

400

T
0

T T
200 400

6[‘)0 8[‘)0 1o'oof(kHz)

a)

b)

Fig. 8. Dielectric constant in function of frequency for doped BaTiOjs sintered at a) 1320 °C
and b) 1380 °C

With increase of dopant content the dielectric constant decrease for both sintering
temperature and for samples doped with 1.0 wt% of Ho the dielectric constant is 900 for
samples sintered at 1320°C and 1400 for samples sintered at 1380°C.

tand

0.34

0.2+

0.1+

0.0

Ho / BaTiO,
T T,, 1320°C/ah
—&— 0.01wt% Ho
—&— 0.05wt% Ho
0.1wt% Ho
—¥— 0.5wt% Ho
1.0wt% Ho

—0-00——0—

—0-9

©
O 0-B—000—0—00— -
TR RON e, i W N T I S

T T T T T
0 200 400 600 800

T J
1000 f(kHz)

tans
0.8
0.7
0.6 -
0.5
0.4
0.3
0.2
0.1

0.0

v

S @ oW 6 8o 88— 500
(G TITE R S —]

Ho / BaTiO,

T,, 1380°C/4h
—=—0.01wt% Ho
—e— 0.05w1% Ho
0.1wt% Ho
—v— 0.5wt% Ho
1.0wt% Ho

T
0

T
200

T
400

T T
600 800

T
1000 f(k}z

a)

b)

Fig.9. Dissipation losses in function of frequency for doped BaTiO; sintered at a) 1320 °C
and b) 1380 °C

Regarding the dissipation losses (Fig.9), a liner decrease vs. frequency is measured
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for all investigated samples. The corresponding curve for this sample could be separated into
two regions with a change in linearity for frequency greater than 10kHz. The loss tangents
values (tan 3) were in the range of 0.05 to 0.3 for samples sintered at 1320°C and from 0.05
to 0.7 for samples sintered at 1380°C.

The influence of additive type and microstructure characteristics on the dielectric
behavior of Ho-doped BaTiO; can be evaluated through permittivity-temperature response

curves (Fig. 10).
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Fig. 10. Dielectric constant in function of temperature for doped BaTiO; sintered at
a) 1320 °C and b) 1380 °C

The greatest change in dielectric constant vs. temperature for low doped samples is
observed in 0.01wt% Ho doped BaTiO; for which the dielectric constant at Curie temperature
is 6300. A relatively stable capacitance response in function of temperature up to 100°C has
been noticed in all doped samples. With higher dopant concentration (0.5 and 1.0 wt%) the
flatness of permittivity temperature response is observed.

The dielectric constant decrease of doped samples, with the increase of dopant
concentration, can be attributed on one side to the nonhomogeneous distribution of additive
throughout the specimens and on the other side to the decrease of density from 90 to 76% TD.
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Fig. 11. Reciprocal values of ¢ in function of temperature.
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The Curie temperature (T¢), determined from the maximum of the dielectric constant
g in the dielectric temperature characteristic, was in the range from 124 to 129°C being lower
for low doped Ho-BaTiO:s.
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Fig.12. Curie constant in function of additive concentration.
All specimens have almost sharp phase transition and follow the Curie-Weiss law
(Fig. 10). The Curie-Weiss law &=C/T-T, was used to calculate the dielectric parameters such
as Curie constant (C) and Curie-Weiss temperature (To).

Tab. I. Dielectric parameters for Ho doped BaTiOs.

0.01(T_=1320) | 2200 3000 125 1.50- 10 65
0.05(T_ =1320) | 2000 2800 124 1.45.10 65
0.1(T_ =1320) | 1850 2500 125 1.39-10° 70
0.5(T =1320) | 1000 1500 126 1.29-10° 75
1.0 (T =1320) 900 1000 129 1.20-10° 80
0.01 (T _ =1380) 2400 6300 124 1.85. 105 7
005(T_=1380) | 2300 | 6100 125 16610 70
0.1(T_=1380) 2200 6000 126 141.10 75
0.5 (T_=1380) 1900 1600 127 128.10 88
1.0(T_ =1380) 1400 1500 128 10510 70
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The Curie constant (C) decreases with the increase of additive amount and have an
extrapolated Curie-Weiss temperature (T,) down to lower temperature (Fig.11 and Fig.12). In
0.01 wt % doped samples, that exhibit a high density, the Curie constant is higher compared
to the high doped samples. It is believed that the value of Curie constant is related to the grain
size and porosity of samples. The highest value of C (C=1.85-10°) was measured in 0.01 Ho-
BaTiOs-ceramics sintered at 1380°C. The Curie constant C and the Curie-Weiss temperature
To values were given in Table I.

In order to investigate the Curie-Weiss behavior the modified Curie-Weiss low is
used.

To quantify the diffuseness i.e. the diffuse phase transformation of g, at T the
equation proposed by Uchino and Nomura [13] has been used:

V4
i_ 1 :(T _Tmax) (1)

& & c'

r rmax

were: (y) is the critical exponent of nonlinearity and C' is a Curie like constant.
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Fig.13. The modified Curie-Weiss plot In(1/e; - 1/en) vs. In (T-T.,) for selected samples.
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The critical exponent gama (y) was calculated from the best fit of curve In(1/g, - 1/ey)
vs.In (T-Tm) [13, 14] were the y represent the slope of curve (Fig 13).

The critical exponent y is in the range 1<y< 2, 1 for a sharp phase transformation and
2 for diffuse phase transformation. For BaTiO; single crystal y is 1.08 and for modified
BaTiOzgradually increases up to 2 for diffuse phase transformation.

In our case the critical exponent y is in the range from 1.12 to 1.25, and slightly
increases with the increase of additive concentration (Fig. 14). The obtained value of y and the
curves given in Fig. 7 pointed out that the specimens have almost sharp phase transition.

5. Conclusions

In this article the investigations of the influence of Ho,O; on BaTiO; ceramics
microstructure and corresponding electrical properties have been presented. Our
investigations showed that ceramic densities varied from 76% of theoretical density (TD), for
high doped samples sintered at 1320°C, to 93%TD for the low doped samples sintered at
1380°C.The average grain size in specimens doped with low content of additives is ranged
between 20-30 um and that with 1.0 wt% ranged from 2-5 um. The increase of rare-earth
cations content inhibits the abnormal grain growth. The dielectric constant of the investigated
samples ranged from 900 to 2400 at room temperature. The decrease in dielectric constant in
doped samples with the increase of dopant concentration was explained by nonhomogeneous
distribution of additive throughout the specimens. All specimens have almost sharp phase
transition and follow the Curie-Weiss law. The critical exponent y is in the range from 1.12 to
1.25, and increases with the increase of additive concentration. The obtained results enable
further optimization of electrical properties of barium-titanate based materials especially from
synthesis-structure-properties point of view.
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Caoporcaj. Jlonupana BaTiOz kepamuxa je nawna eenuxy npumeny sa oobujarwe PTCR
OMNOPHUKA, SUUUECTOJHUX KEPAMUUKUX KOHOEH3amopa u memnepamypHux censopa. Y paoy
ucnumueane ¢y MUKpoCcmpykmyphe u ouerekmpuune kapakmepucmuxe Ho oonupane BaTiO;
xkepamure. Konyenmpayuja aoumusa, H0,03, xpemana ce 00 0.01 oo 1.0wt%. Vzopyu
oonupane BaTiO; xepamuxe Oobujenu cy KOHEEHYUOHATIHOM MemMOOOM CUHMEPUBAILA )
ugpcmoj asu u cunmeposanu na 1320 T u 1380 T y mpajary 00 4h.

Benuuuna 3pna u MukpocmpykmypHe Kapakmepucmuxe pasiuyumux y30paka Kao u
wuxoe pasnu cacmas ucnumusanu cy SEM u EDS ananuzom. SEM ananuza Ho/BaTiOj;
Ooonupane Kepamuke NOKA3Ald je 0a je 3a Y30pKe OORUPAHE HUNCOM KOHYEHMpAyujom
AoUmMuUBa Kapaxmepucmuuna XoMo2eHa MUuKpocmpykmypa ca geauyurom spra o0 20-30um.
3a y3opke donupane BUUOM KOHYESHMPAYUJOM AOUMUBA KAPAKMEPUCMUYHA 8EIUYUHA 3PHA
Kpemana ce 00 2-10um.

Huenexmpuune xapaxmepucmuxe mepeme cy y memnepamypHom unmepsary 20-
180 €C. 3a yzopke donupane nuckom konyernmpayujom aoumusa (0.01 Wt%) u cunmeposane
na 1380 T kapaxmepucmuuna je sucoka epeonocm ouenexkmpuute koncmanme (&=2400) na
cobnoj memnepamypu. Penamugno maia npomena OueleKmpuyHe KOHCMaume ca
memMnepamypom KapakmepucmuyHa je 3a y30pke O0Onupame 6UCOKOM KOHYEHMPAyUujom
aoumusa. Kopuuwhewwem Kupu-Bajcosoe u moougurosanoe Kupu-Bajcosoe — 3axomna
uspauynamu ce Kupujeea xoncmanma (C), Kupujesa memnepamypa (TC) u xpumuunu
excnonenm neauneaprocmu (7). Jobujenu pezynmamu 3a y nokasyjy 0a je 3a cée ucnumugane
V30pKe Kapakxmepucmuian oumap ¢asuu npenas.

Kaoyune peuu: BaTiOs, muxpocmpykmypa, cunmepogarbe, aoumueu, OueieKmpuine
Kapaxkmepucmuxe.




