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Abstract

Nonstoichiometric strontium titanate (ST) ceramics with precisely controlled Sr/Tiratio of 0.997—-1.02 were synthesised by solid state reaction.
Structural properties and microstructure development was examined by X-ray diffraction (XRD) and scanning electron microscopy (SEM).
The dielectric properties were evaluated as a function of the temperature and frequency in the radio frequency range. The grain size was
found to decrease dramatically with increasing Sr/Ti ratio > 1. The variation of Sr/Ti ratio has only weak effect on the quantum paraelectric
behaviour of ST without any dielectric anomaly observed. The €X2ess promotes the increase of the dielectric permittivity values with loss
factor similar to stoichiometric ST. §¢,TiO3,0; composition exhibits much lower loss, while the dielectric permittivity is somewhat below

the values for stoichiometric ST ceramics.
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1. Introduction In the case of ST bulk materials, the research studies
have been performed on the relationship between nonsto-
With the increasing demand of oxide ferroelectrics, para- ichiometry and electrical conductivity largely by Eror and
electric SrTiQ (ST) and (Ba,Sr)Ti@ are most promising  co-worker§ and Smyth and co-workefsin spite of some
capacitor materials, because of their high dielectric constantcontradictions on the effect of TigOexcess on the conduc-
and thermal stability. ST is a quantum paraelectric, where tivity, tentatively related to processing procedure and impu-
the ferroelectric fluctuations are suppressed by the quantunrities in raw materials, it was reported that ST with 3iO
fluctuations of the atomic positiodslt is known that the excess down to 0.5 mol% shows the presence of Ti-rich sec-
polar state in ST can be induced via: electric fielahiaxial ond phasé€.0n the other hand, SrO excess is fully accommo-
stress’ catiorf or oxygen isotope substitutions in the lattitce.  dated in the epitaxial perovskite lattice as a three-dimensional
However the role of Sr/Ti ratio on the dielectric response mosaic of single-layered rock-salt blocks, forming the so-
as well as on the grain growth of undoped ST is not def- called Ruddlesden—Popper (RP) structure, without forming
inite. Moreover, the dependence of the quantum behavioursecondary phases related to the SrO ex€ess.
on the grain size of undoped ST materials is not clearly es-  The relationship between nonstoichiometry and dielec-
tablished, too. The optimisation of the dielectric response tric properties is poorly characterized in ST ceramics. How-
is closely related to the precise control of the composition ever, there are several reports on the study of stoichiomet-
(stoichiometry). While there are several studies on the de-ric effects on ST thin films fabricated by different deposi-
fect chemistry of BT, to the best our knowledge, not so sys- tion method$-1° showing ambiguous results. ST film with
tematic studies have been dedicated to the nonstoichiometryslightly Ti-rich composition prepared by metal organic chem-
of ST. ical vapour deposition (MOCVD) was reported to have a
higher dielectric permittivity then stoichiometric filfiviax-
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(PLD) method® On the other hand, Tsuzuki et¥reported
that the maximum dielectric constant occurs at the composi-
tion of Sr/Ti=1.04 in polycrystalline strontium titanate films
fabricated by the sol-gel method.

The raised questions justify the interest in the studies on j Sr/Ti = 0.997
nonstoichiometry of ST ceramics. In this work, preliminary N ] ‘ | T

results on the effect of nonstoichiometry on the crystallo-
graphic structure, microstructure and dielectric behaviour of
ST ceramics with different Sr/Ti ratio are presented. X-ray
diffraction (XRD) and scanning electron microscopy (SEM)
analysis are used for the crystallographic and microstructure
characterisation. Dielectric properties of nonstoichiometric
ST ceramics are evaluated as a function of temperature and
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2. Experimental procedure Sr/Ti =1.02
A J J }L Ao A
Ceramic samples were prepared by conventional mixed 20 40 100
oxide method. Reagent grades SeC@nd TiQ were 20 (deg.)
weighed according to the compositionsg §47TiO2 997,
Srp.999T102.999, SITiOz, Sty 01TiO3.01, and Sk g2 TiO3 2. Af- Fig. 1. XRD patterns of sintered nonstoichiometric ST ceramics.

ter ball milling in alcohol for 8 h using Teflon pots and zirco-
nia balls in a planetary mill, the powders were dried, and then 1 MHz, using Precision LCR Meter HP 4284A and a Displex
calcined at 1150C for 2 h. The calcined powders were milled APD-Cryogenics cryostat of He closed cycle during heating
again for 8 h to obtain powders with particle size lower than at a rate of 0.75 K/min in the temperature range of 10-300 K.
5m. Pellets of 10 mm in diameter were uniaxially pressed at
100 MPa and then isostatically pressed at 200 MPa. Sintering
was performed in air at 150 for 5 h. 3. Results and discussion

Room temperature XRD analysis (Rigaku D/Max-B, Cu
Ka) was conducted on some of the grounded sintered sam- XRD patterns of the sintered samples are showfign1
ples with a scanning speed of/thin and a step of 0.02 A cubic symmetry and absence of second phases were de-
Lattice parameters were refined by the least square fitting totected by XRD analysis for all compositions under study. No
the observed XRD data, betwee® 2 20° and 106. The systematic variation of the lattice parameter was observed.
microstructure of ceramics was observed on polished and The SEM micrographs of nonstoichiometric ST ceramics
thermally etched sections using SEM/EDS (Hitachi S-4100). sintered at 1506C for 5 h, shownirFig. 2, reveal rather dense
For the dielectric measurements, sintered samples were polmicrostructures for all the samples, and huge difference in the
ished and gold electrodes were sputtered on both sides. Thegrain size for Ti-rich and Sr-rich composition. The average
density measured by Archimedes’s method for all of the sam- grain size of ST ceramics with Sr/%i1 was found to be inthe
ples was about of 97%. The dielectric permittivity and losses range of tens of microns, whereas Sr/Ti>1 yields ceramics
were measured at different frequencies between 100 Hz andwith the grain size in the micron rang@aple J).

25.080kV Kl SBK 2. Bpm B6M1BA 25.8kV X4.80K 7. ':I&H-'m

Fig. 2. SEM micrograph of: (a) $b97Ti102.997and (b) St 02TiO3 02 ceramics, sintered at 150C for 5 h.



A. Tkach et al. / Journal of the European Ceramic Society 25 (2005) 27692772 2771

Table 1
Parameters of ST samples with different Sr/Ti ratio, sintered at 1636r
5h.

Sr/Ti ratio Average grain Barrett relation parameters
size wm
bm) To (K) T1 (K) C/I10° (K)
0.997 20 34 98 112
0.999 14 36 103 95
1 20 35 99 92
1.01 5 34 102 97
1.02 6 32 110 87
8000
—e— Sr/Ti=0.997
. —A— Sr/Ti = 0.999
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Fig. 3. Temperature dependence of the dielectric permittivity of

S10.997T102.997, Sio.999T102.999, SITiO3, Sr1.01TiO3 01 and Sk 02TiO3 02 Ce-
ramics at 18, 10* and 16 Hz (dot, solid and dash lines, respectively).

ichiometric compositions. SrO excess lowers the dielectric
permittivity values at low temperatures, while Ti@xcess
raises it monotonously in range of Sr/Ti ratio under study.
Thus, our results confirm the results reported for the films,
obtained by MOCVD and PLD? but contradict to those for
the films, deposited by sol-gel meth8d.

It is well known that the paraelectric state of pure SO
can be described by Barrett's relatibhwhich is based
on the mean-field theory taking quantum fluctuations into
account: g = C/[(T1/2)coth(T1/2T) — Tg], where C is the
Curie—Weiss constanity is the temperature of the crossover
between classical and quantum behaviour, dpds the
transition temperature at which the lattice instability would
occur in the absence of quantum fluctuations. The fitted
parameters of the experimental data to the Barrett's relation
are indicated inTable 1 The series of parametefs and
T1 agree well with those reported for a nominally pure ST
single crystalt Nonstoichiometry does not tend to change
the transition temperaturg.

Fig. 4shows the temperature dependence of the dielectric
loss at 10 kHz for stoichiometric and nonstoichiometric ST
ceramics. The loss of stoichiometric ST, which almost coin-
cides with Sg.999Ti02 999, are characterised by a strong peak
at 70-105K for the frequency range2af Hz. A simi-
lar peak was observed in nominally pure ST single crystals
and was attributed to the slowing down of polar modes at un-
avoidable defects within ferroelastic domain wafid3TiO,
excess has very weak effect on dielectric loss behaviour of
ST. On the other hand, composition with Sr/Ti=1.01 shows

The low-frequency dielectric measurements data are lower dielectric loss at all temperatures with the concomitant

summarised inFigs. 3 and 4 The temperature depen-
dence of dielectric permittivity for stoichiometric and non-

stoichiometric ST in the frequency range?2QC® Hz is

suppression of loss peak.
As previously mentioned, the excess of Sr in the ST lat-
tice fully accommodates in the perovskite lattice forming the

shown inFig. 3. The steep increase of the dielectric permittiv- Ruddlesden—Popper structure and allowing the SrO excess in
ity and its levelling-off at high values as the temperature ap- the ST lattice in the form of interlayers. The presence of such
proaches 0 K without any dielectric permittivity anomaly ob- interlayers, which are expected to be less polarisable than the
served for undoped ST are typical for quantum paraelectrics. perovskite lattice, seems to contribute to the decrease of the
No considerable frequency dispersion was found. A similar dielectric permittivity and dielectric loss of Sr-rich ST sam-
behaviour without dielectric anomalies is seen for nonsto- ples observed in the present work. This is in line with the
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Fig. 4. Temperature dependence ofda Srp 997TiO2.997, Sio.999T102.999,
SrTi03, Sr1_01TiO3_01 and S[_ozTiOg_oz ceramics at 1/bHZ.

work on RP phases in St. The reduction of the grain size in
these compositions is another factor that can also contribute
to such a decrease.

The increase of polarisability of Ti-rich ST samples can be
related to the formation of charged strontium and oxygen va-
cancies, which could result in the appearance of dipole pairs,
however further studies are required to clarify this question.

4. Conclusions

The effect of Sr/Ti ratio (1.02-0.997) on the grain size
and dielectric response was analysed in ST ceramics and
preliminary results were reported. No second phases were
detected for the studied samples. SrO excess impedes the
grain growth and thus decreases the dielectric permittivity.
On the contrary, TiQ excess promotes the increase of the
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dielectric permittivity values. The variation of Sr/Ti ratio has

only weak effect on the quantum paraelectric behaviour of
ST and no dielectric anomaly was observed. More detailed &

analysis show that §pg7TiO2 997 can be used to increase
the dielectric permittivity and $11TiO3,01 to suppress the
loss.
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