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The synthesis and densification of fairly dense nanocrystalline
SrTiO; and its characterization are described in this paper in
detail. Significant grain growth was avoided by the application
of a two-stage sintering process using hot pressing. High-reso-
lution transmission electron microscopy and electron energy loss
spectroscopy characterizations indicate pure material with no
detectable chemical inhomogeneities. The electrical measure-
ments indicate the disappearance of bulk contribution to the
electrical conduction due to the overlap of depleted space charge
layers if the grain size is below 100 nm. Owing to the overlap,
the capacitance appears as bulk-like rather than due to space
charge polarization. Non-contact sub-millimeter optical spec-
troscopy measurements reveal strong suppression of the dielec-
tric constant values at low temperature.

L

NANOCRYSTALLINE materials have triggered great excitement
concerning technological relevance but also fundamental
impact. While electronic materials are widely investigated at
nano-size,'™ this is not so much the case for ionically as well as
mixed conducting materials, although they play a significant
role in a variety of applications such as batteries, fuel cells, and
sensors. Even though classical in nature, nano-ionic effects are
by no means less striking*™®; here, we only mention the ionic
conduction behavior in nanometer-sized CaF,/BaF, multilay-
ers,” the change of the conduction mechanism from ionic to
electronic in dense nanocrystalline ceria,'® or the anomalous
storage of Li in nanocomposites.''

SrTiO; has attracted much attention due to both scientific
and technological considerations. SrTiOjs is a useful material for
sensors, photo-electrodes, varistors, and many other applica-
tions. From a fundamental point of view, SrTiO; is a model
oxide for mixed ionic and electronic conduction. In both cases,
the space charge layers at grain-boundary cores are of signifi-
cant interest. The electrical properties of high- and low-angle
grain-boundary cores of Fe-doped SrTiOj; bicrystals are inves-
tigated in great detail.'>?® These grain-boundary cores have
been found to be positively charged and hence to be accompa-
nied by zones in which electron holes (4°) and oxygen vacancies
(V&) are depleted, the concentration of the latter ([V'3']) being
depleted more strongly, because of the double charge leading to
a quadratic effect compared with the hole depletion.?® The de-
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fect concentrations in the grain-boundary zones are thus grossly
different from the bulk. While the electrical properties of both
bulk and grain boundary are well studied in bicrystals and mi-
crocrystals, it remained a challenge to study the electrical con-
duction in nanocrystalline SrTiO; (with grain sizes less than 100
nm) in which the grain size turns out to be comparable with the
space charge width. This situation is referred to as ‘““mesoscopic
situation™! (the reasons for the large screening lengths are the
low charge carrier density and the high dielectric constant). So
far, sufficiently dense nanocrystalline SrTiO;3 ceramics have not
been available. In this paper, we describe their synthesis and
characterization and briefly touch upon the electrical behavior.
A more detailed discussion of the electrical conductivity has
been given elsewhere.!

For the investigation of electrical properties of electroceram-
ics such as SrTiO3, BaTiO;, ZnO, etc., it is mandatory to fab-
ricate samples with high density. Two important criteria
required to be fulfilled for achieving dense nanocrystal-
line SrTiO; are (a) to synthesize very fine particles as the
final average grain size of the sintered specimen depends on
the particle size of the nanopowder itself, and, most challen-
ging in many cases, (b) to achieve dense compaction during
sintering that avoids excessive grain growth and retains nano-
crystallinity.

Various wet-chemical methods have been reported in the lit-
erature®>2® for the synthesis of SrTiO; nanopowders: the po-
lymerized complex (PC) method, the microemulsion method,
the hydrothermal synthesis, the stearic acid sol-gel method, the
solution—precipitation method, and the combustion synthesis
using ethylene diamine tetraacetic acid (EDTA) and NHj(aq.).
Our experience is that the SrTiO; synthesized through sol-
gel techniques suffers from the presence of unavoidable traces
of carbon. In addition, strongly agglomerated nanoparticles
with a significant fraction of porosity have been observed due
to the exothermic reaction during the burning process of the
organics. Such fine powders with high porosity could not be
compacted to a high-density pellet. There is hardly any report
available in the literature about the synthesis of pure SrTiO;
nanopowder followed by successful densification. If, e.g., the
powder synthesized by the stearic acid sol-gel technique® is
calcined at 1000°C for 1 h, the particle size increases up to
120 nm. In this paper, we report an optimized synthesis tech-
nique for achieving nominally pure SrTiO; nanopowder (~ 30
nm) and to arrive at dense nanoceramics of SrTiO; with an
average grain size of 80 nm. In addition, we also characterize the
nanoceramic SrTiO; using high-resolution transmission electron
microscopy (HRTEM) and electron energy loss spectroscopy
(EELS), focusing on the grain-boundary structure and compo-
sition. A most striking result of the electrical characterization is
that for 80 nm grain size the bulk response to the electrical con-
duction disappears due to overlap of depleted space charge re-
gions.



II. Experimental Procedure

(1) Synthesis

For the synthesis of PbTiO3, Camargo and Kakihana® used the
peroxy-based route (PBR) that has the advantage of eliminating
traces of chlorine impurities. Applying this synthesis procedure
for SrTiO3 nanoparticles yielded powders with a grain size of
nearly 50 nm. Although X-ray diffraction (XRD) confirmed the
formation of SrTiO; phase, analysis of the Sr and Ti contents
from an inductively coupled plasma (ICP) spectroscopy exper-
iment revealed excess Ti content as compared with Sr. One pos-
sible reason for this non-stoichiometry is probably that Ti and
Sr do not take part in the reaction completely. We further mod-
ified the PBR by introducing an EDTA complexing agent as
indicated in the flow chart (Fig. 1) so that Ti and Sr precursors
form Ti-EDTA and S—EDTA complexes. It may be noted that
we have made no further attempt to identify these complexes, as
this is beyond the scope of this paper. However, it is realized that
this modified peroxy-based method (described below in detail)
indeed enables one to obtain a homogeneous mixture of an
equal amount of Sr and Ti, thus leading to the formation of a
stoichiometric SrTiO3; compound.

Figure 1 presents the flow chart of the modified peroxy-based
method developed for the synthesis of the SrTiO; nanopowder.
This procedure avoids a major problem of the formation of
amorphous TiO, experienced while using titanium tetrabutoxide
or titanium tetraisopropoxide or titanium tetrachloride as a pre-
cursor in an aqueous environment. A Ti metal foil and Sr(NO3),
were used as precursor materials for synthesis in the aqueous
medium. The Ti metal foil (purity: 99.7%:; thickness: 30 pm;
Alfa Aesar, Karlsruhe, Germany) was dissolved in a mixture of
hydrogen peroxide (30%) and ammonia solution (65%) whose
pH was adjusted to be 11 and the reaction temperature was
maintained below 10°C using an ice bath to avoid evaporation
of ammonia. The metal foils dissolved completely after 5 h of
continuous stirring and resulted in a yellow-colored solution of
peroxytitanato acid [Ti(OH);0,]". One mole of EDTA per Ti
was added to the above solution and stirred for 10 min for a
complete dissolution. Following this, 40 mL of distilled water
was added and the stirring continued for another 10 min. In
addition, one more mole of EDTA was added and vigorous
stirring was continued for further 10 min. The pH of the whole
solution was adjusted at this stage to 7 by adding HNO;. A
yellowish solution was obtained after continuous stirring for
about 30 min. One mole of Sr(NOj), (99.995%, Alfa Aesar),
dissolved in 20 mL of distilled H,O, was added to this solution.
The reaction set in instantly and resulted in the formation of a
light green-colored precipitate of a Sr—Ti complex. The stirring
continued for about 15 h at a temperature of ice water, from
which a clear pale-green-colored precipitate was obtained.

Sttir for 30 min.
Sr(NO,), + H,0O

Stir for 15 h.

[Filtering, drying and calcination]

Fig.1. Flow chart for synthesizing SrTiO; nanopowder using a mod-
ified peroxy-based route.
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The precipitate thus obtained was filtered, dispersed in dis-
tilled H,O, and then centrifuged. The latter procedure was re-
peated four times, in order to remove traces of NOz and NH,.
The product was found to be a light-green-colored thick gel.
This wet precipitate was further dried under vacuum
(1 mbar) at 80°C for about 12 h. Upon gentle grinding of this
dried product, a fluffy light-greenish precipitate powder was ob-
tained, which was subsequently subjected to the thermal analysis
to determine the decomposition temperature of the organic res-
idues.

(2) Calcination and Characterization

Combined thermogravimetry and differential thermal analyses
were performed in air atmosphere to provide information on the
temperatures at which organic volatile matter is lost from the
dried precipitate upon heating and the key temperature at which
the decomposition is completed. Based on these thermal anal-
yses, the dried precipitate was calcinated. The final calcinated
product was further characterized by XRD using CuKo radia-
tion in a Philips PW 3020 diffractometer (Eindhoven, the
Netherlands). The specific surface area was determined by ni-
trogen absorption measurements (BET) using a surface area an-
alyzer (Autosorb-1, Quanta Chroma). The particle size of the
calcinated powder was characterized by transmission electron
microscopy (TEM) performed on a CM30ST (Philips) micro-
scope operating at 300 kV. An ICP optical emission spectrome-
ter (Spectro Ciros) was used to identify the traces of NO3 and
NH present in the synthesized SrTiOs; nanopowder. X-band
electron paramagnetic resonance (EPR) of the nanopowder was
recorded at room temperature with a Bruker EMX spectrometer
to check possible paramagnetic impurities such as Fe, Mn, etc.

(3) Dilatometry and Sintering

The key feature of nanopowder compaction is the retention of
grain sizes within a desirable limit while achieving a density
above 90% of the theoretical density. The optimal sintering
temperature was decided according to the dilatometry experi-
ments carried out on pre-compacted pellets using a differential
dilatometer (BAHR Thermoanalysis DIL 802). The nanocrys-
talline powders were isostatically pressed at 300 MPa for 5 min.
The shrinkage behavior of these green bodies was investigated
using dilatometry over the temperature range 30°-1300°C at
different heating rates (7.5, 10, and 15 K/min) and holding
them isothermally for 15 min under different ambient conditions
such as vacuum (1 mbar) and nitrogen. Based on these sintering
conditions, the SrTiO; nanopowder was densified further using
single-stage sintering. The grain size of the sintered nanoceramic
was determined using a field-emission scanning electron micro-
scope (FESEM) after every stage of each sintering process. It is
known that during single-stage sintering, the process is frequent-
ly accompanied by a rapid grain growth at high temperatures,
especially when the density exceeds 80%. To overcome this
problem, a two-stage sintering method,*® which has been suc-
cessfully used earlier for nanocrystalline Y,O3, is preferred for
densification of nanocrystalline SrTiOs. This two-stage sintering
technique involves two steps in the heating schedule. Although
two-stage sintering resulted in grain sizes less than 100 nm, the
densification does not occur uniformly throughout the volume
of the pellet (see later). As a result, we preferred uniaxial hot
pressing for the densification to avoid significant grain growth
and to arrive at a smaller grain size. The density of the sintered
pellet was determined using the Archimedes method.

(4) TEM

A common observation while preparing dense ceramics of per-
ovskites such as BaTiO; and SrTiOj; is the formation of an
amorphous phase at the grain boundaries. We have systemati-
cally investigated the grain-boundary structure of nanocrystal-
line SrTiO; ceramic samples using HRTEM. For TEM
investigations of the nanocrystalline SrTiO; ceramic sample,
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standard TEM specimen preparation was carried out starting
with a sintered pellet. The preparation steps included cutting of
the pellet into a disk, mechanical grinding, and polishing of the
disk to a thickness of 100 um, dimple grinding to a thickness of
about 30 um, and ion-beam milling (Ar*-ions) to electron trans-
parency of the central region of the disk.

Conventional TEM (JEOL 2000FX, Tokyo, Japan) was used
to study the morphology (grain size and shape, defects). The
atomic structure in the grain-boundary regions was investigated
by HRTEM using a JEOL 4000FX microscope with a point
resolution of 0.2 nm and a Philips CM 30ST (point resolution
0.19 nm), respectively. The chemical composition in the grain-
boundary region was measured in a scanning TEM (VG
HB501UX) using EELS and EDXS.

(5) Electrical Conductivity

The impedance spectroscopic characterization of the electrical
behavior in nanocrystalline SrTiO3 (~80 nm) and its compar-
ison with those of sub-micron (~200 nm) and microcrystalline
(~2500 nm) SrTiO; samples is only touched upon briefly as it is
a subject of a separate publication.?! For this purpose, in addi-
tion to the 80 nm grain size samples, SrTiO; ceramics with grain
sizes of 200 and 2500 nm were obtained by subsequent heat
treatment of the 80 nm sample for about 12 h at 600° and 900°C,
respectively, under 250 bar of oxygen pressure and later equili-
bration at 1 bar of oxygen atmosphere at 1250°C for about 2 h.
YBa,Cu;306+ 5 was deposited by a pulsed laser to a thickness of
~200 nm to serve as a reversible electrode material. Impedance
measurements were performed in the frequency range of 1 Hz-3
MHz (high resolution dielectric analyzer, Novocontrol, Hund-
sangen, Germany) with 100 mV applied AC voltage in the tem-
perature range of 350°-~500°C and in the pO, range, 10~°~1 bar.

(6) Complex Dielectric Constant Using Quasi-Optical
Submillimeter Spectroscopy

The low-temperature complex dielectric constant of the nano-
crystalline SrTiO; has been obtained from a (non-contact)
submillimeter optical spectroscopy measurement that was per-
formed using the coherent source THz spectrometer ““Epsi-
lon.”*! The utilized backward wave oscillator source covers
the frequency range 180-400 GHz (6-13 cm™!). The measure-
ment was carried out in transmission geometry on a plane-par-
allel 100 um thick sample placed in a helium-cooled cryostat.
The temperature range was 7-300 K.

III. Results and Discussion

(1) Calcination and Characterization

As described in the experimental procedures, the synthesis and
subsequent drying of the gel precipitate in a vacuum oven leads
to a light-green-colored dry fluffy powder. Figure 2 presents the
combined thermogravimetric and differential thermal analysis
of this dried precipitate in air atmosphere. It is found that the
weight loss already starts at about 50°C and more significantly
at about 560°C as evidenced from a sharp decline in weight,
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Fig.2. Thermogravimetry (TG) and differential scanning calorimetry
(DSC) of the dried precipitate powder recorded in air at a rate of 7.5 K/
min and 7.538 mg of sample in an alumina crucible.
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Fig.3. X-ray diffraction pattern of the SrTiO; nanopowder obtained
by calcination at 1000°C for 1 h. Note that the background observed
below 20° is due to the sample holder.

which is accompanied by an exothermic event in differential
scanning calorimetry (DSC). Beyond 625°C, only a slight weight
change was observed until 1000°C. Although it is sufficient to
heat the dried precipitate from 25° until 1000°C for the forma-
tion of a well-crystallized nano-sized SrTiO; phase, our practical
experience is that such a slow heating from ambient temperature
always resulted in traces of SrCO; along with the SrTiO; phase.
It is also known that SrCOj; is a common product during
the preparation of nanopowders of alkaline titanates such as
BaTiO5 and SrTiO;. In order to avoid the trace impurity of
SrCO;, the dried precipitate is inserted into a furnace instantly,
which had been preset to 450°C and maintained at that tem-
perature for about 2 h. The furnace temperature is then subse-
quently raised to 1000°C at a rate of 10K/min. This is followed
by isothermal calcination for 1 h. This calcination procedure
resulted in a white-colored product of SrTiO; nanopowder
free of any carbonate residues as confirmed from the XRD
measurements.

Figure 3 presents the XRD pattern of the product obtained
upon calcination of the dried precursor at 1000°C for 1 h. Im-
purity phases such as SrCOj3 or TiO, were not observed and the
X-ray reflections of the calcined product indicated a well-crys-
tallized single phase of SrTiOs.

Figure 4(a) presents the TEM image of the nanopowder cal-
cined at 1000°C for 1 h. As indicated by selected-area electron
diffraction (SAED), all observed crystallites can be assigned to
the cubic structure of SrTiO;. The average grain size obtained
under this calcination condition is about 30+ 5 nm. The surface
area obtained using the BET technique was 47 m?/g, and the
calculated average particle size assuming a spherical shape is 25
nm, which is consistent with the size obtained by TEM. One
peculiar feature of the real structure becomes evident from
HRTEM micrographs along {100), which is the formation
of perfectly square-shaped defects; see Fig. 4(b). These defects
are frequently well aligned with respect to the cubic structure of
SrTiO;. Figure 4(c) presents the SAED pattern for the {100)
zone axis referring to the highly crystalline nature of the SrTiO;
nanopowder.

Elemental analysis was performed using the ICP technique.
In addition, EPR spectroscopy provided a qualitative estimate
of the presence of paramagnetic impurities such as Fe> ™, Mn?",
etc. The ICP analysis suggested that the total levels of impurities
such as Fe, Al, Na, Ca, Ba, Si, C, etc. are below 250 ppm, with
Fe being the major impurity at a level of 125 ppm. ESR analysis
has only shown the presence of Fe®>" paramagnetic impurity, but
no other impurities such as Mn?*, Cu®", etc. A qualitative
analysis of the peak area of the Fe®" signal in the SrTiO; nano-
powder provided an estimate for the amount of this iron impu-
rity to be about 60 ppm. The level of impurity that plays a major



Fig.4. (a) TEM image of SrTiO; obtained by calcination of the dried
precipitate at 1000°C for 1 h, (b) High-resolution TEM image recorded
on SrTiO; nanocrystalline powder oriented along the (100) zone axis.
(c) Selected area electron diffraction pattern along the <100 zone axis.

role for the defect chemistry was also quantified in an indirect
way by comparing the bulk conductivity values of the 2500 nm-
sized SrTiO; microcrystalline sample with that of an undoped
single crystal SrTiO;. Based on ICP as well as EPR results, it is
thus noticed that the bulk impurity, namely Fe>*, contributing
to the enhanced conductivity in 2500 nm microcrystalline sam-
ples, is about 100 ppm.

Table I summarizes briefly the salient features of the synthesis
of SrTiO; nanopowder using the modified peroxy-based co-pre-
cipitation method. It is worth mentioning that this method en-
ables us to achieve a fine powder of SrTiOs.
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Tablel. Summary of Synthesis of SrTiO3; Nanopowder Using
a Modified Peroxide-Based Route and Their Characterization

Starting materials and
other required organic
materials

Single phase of SrTiO;
Impurity phases such
as SrCO;3; and TiO,
Other impurities

Impurity level relevant
to the defect chemistry

Calcination
conditions

Average particle size
Specific surface area
Sr/Ti stoichiometry
Densification

Sr(NOs),, Ti metal (foil)
EDTA, NH;(aq), HNO;

Yes (XRD)
No (XRD)

Total impurities <250 ppm
(ICP, ESR); Major
impurities: Fe, Ba, Ca, Mn,
Ta, Si

Fe**, ~100 ppm (ICP, ESR,
comparison of conductivity
with known bulk behavior
of Fe-doped SrTiO3)

1000°C for 1 h

30+5 nm (TEM)
47 m?/g (BET)
1.005 (£0.005)
93% with grain size

<80 nm (see later)

EDTA, ethylene diamine tetraacetic acid; XRD, X-ray diffraction; ICP,
inductively coupled plasma; TEM, transmission electron microscopy.

(2) Shrinkage Behavior and Sintering

Figure 5 shows the heating-rate dependence of the shrinkage
behavior. It is seen that the sintering at a heating rate of 15 K/
min results in a maximum shrinkage of 23.3%, yielding 95% of
the theoretical density. However, significant grain growth oc-
curred, resulting in grain sizes in the range 300-500 nm. Figure 6
displays the FESEM image of the fractured surface of this dense
pellet. Sintering under similar heating conditions but in an inert
atmosphere such as nitrogen showed better performance,
achieving an average grain size of 200 nm (Fig. not shown),
however, with only about 90% density.

During two-stage sintering of nanocrystalline SrTiO;, the
best result was obtained when the pre-compacted pellet was in-
itially heated to 1220°C at a rate of 15K/min under nitrogen
atmosphere and subsequently cooled to 1000°C and isothermal-
ly held for about 20 h. Figure 7 presents an FESEM image of a
fractured pellet obtained through a two-stage sintering process
with an average grain size of around 150 nm. Although this
procedure was optimized to achieve fine grain size, the densifi-
cation does not occur uniformly throughout the pellet as seen

——7.5 K/min.
= =10 K/min.
- = =15 K/min.

AL/L (%)

=25 L 1 1
0 50 100 150 200
-24 Time (min.)

800 1000 1200
Temperature/°C
Fig.5. Dilatometric shrinkage curves of nanocrystalline SrTiO; as a

function of temperature as well as time (inset) under different heating
rate conditions (7.5, 10, and 15K/min) in vacuum.
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Fig.6. Field-emission scanning electron microscope image of freshly
fractured SrTiO; ceramic obtained by sintering at 1250°C for 15 min
under vacuum.

clearly from Fig. 7. Further compaction has been attempted by a
high-pressure two-stage sintering process using a hot press.

The two-stage sintering under high pressure was carried
out using a hot press (Dr. Fritsch KG, Germany) in nitrogen
atmosphere. The pre-compacted pellet of SrTiO; nanopowder
was heated in a graphite mold to 1060°C at a fast rate of 150K/
min in a nitrogen atmosphere and subjected to 125 MPa uniaxial
pressure for about 1 min. The temperature was then lowered to
1020°C and retained for 3 min, after which the furnace was
switched off. Figure 8 presents the FESEM image of a freshly
fractured surface of a pellet obtained using hot pressing. The
average grain size calculated from more than 100 grains is close
to 80 nm. It may be noted that the whole compaction procedure
using the two-stage hot-press sintering technique has been opt-
imized based on several trials. A fast heating rate and high-
pressure sintering along with dwell times less than 5 min enabled
us to avoid abnormal grain growth and to achieve nearly 93% of
the theoretical density. After the hot pressing, extra care was
taken to machine the surfaces of this sintered pellet so as to
avoid slight contamination by graphite.

(3) TEM Characterization

Figure 9 presents a TEM image of a nanocrystalline SrTiO3
sample, focusing rather on large grains in order to highlight the
presence of agglomerated defect structures. Agglomerates of
polyhedral-shaped defects were observed mostly within larger
grains. It is possible that these “‘square defects” remain from the

Fig.7. Field-emission scanning electron microscope image of SrTiO;
nanoceramic prepared using a pressureless two-stage sintering process
by heating under nitrogen atmosphere, up to 1220°C at a rate of 15K/
min and isothermal sintering at 1000°C for 20 h.

Fig.8. Field-emission scanning electron microscope image of a freshly
fractured surface of a nanocrystalline SrTiO; pellet obtained using hot
pressing, combined with a two-stage sintering process.

nanopowder (see Fig. 4(b)) or due to the porosity while forming
agglomerates of hard powder. No change in chemical compo-
sition was found in the agglomerate areas based on the EELS
analysis. However, thickness measurements performed by EELS
showed a smaller apparent thickness at the defect positions,
which shows that the defects are voids, presumably formed by
agglomeration of vacancies. The depth of such voids corre-
sponds with their lateral size, i.e., the voids are cube-shaped; see
also HRTEM micrograph in Fig. 4(b) for the SrTiO3; nanopow-
der. HRTEM studies revealed that grain boundaries as well as
triple-grain junctions are free from intergranular phases. Figure
10 shows a typical HRTEM image of a grain boundary.

From EELS (measurement of the Ti-to-O ratio, not shown)
and EDXS (measurement of the Ti-to-Sr ratio, Fig. 11), no var-
iation of the chemical composition across the grain boundaries
could be detected within the accuracy of the methods (a typical
detection limit for a segregation layer is a tenth of a monolayer).

In summary, within the detection limits, TEM studies show a
remarkable chemical homogeneity throughout the nanocrystal-
line material.

Fig.9. Transmission electron microscopy overview of the nanocrystal-
line sample showing cubic-shaped defects.

Fig.10. High-resolution transmission electron microscopy image of a
grain boundary in sintered nanocrystalline SrTiOj.
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Fig.11. Cationic concentration ratios ([Ti]/[Sr]) in nanocrystalline
SrTiOs, derived from EDXS measurements, starting in a grain, cross-
ing the grain boundary (GB), and continuing in the neighboring grain.
Spatial resolution was limited to 2-3 nm by the probe size and beam
broadening in the sample.

(4) Impedance Spectroscopy

(A) Electrical Conductivity: Figure 12 presents the im-
pedance plots for the microcrystalline (2500 nm) and nano-
crystalline (80 nm) SrTiO; samples at 420°C. Two semicircles
corresponding to both bulk and grain boundaries are clearly
identified for the microcrystalline SrTiO; (2500 nm). In nano-
crystalline SrTiOs, on the other hand, only one semicircle refer-
ring to the low-frequency signal remains. Thus, unlike
microcrystalline SrTiO;, which shows both bulk as well as in-
terfacial contributions to conduction, in nanocrystalline SrTiO;
(80 nm) the bulk contribution to the electrical conduction dis-
appears and space charge effects are observed throughout. In
order to know whether the electrical conduction is predomi-
nantly due to holes rather than accumulated excess electrons, the
PO, dependence of the conductivity was performed in the range
1-107° atm., yielding the exponent of +0.21 for the nanoce-
ramic, indicating a hole-dominated conduction process. The
space charge length 20" (A" = L\/4eAd/kT, where X is the De-
bye screening length (A = +/e¢,kT /(2¢%cre)) and A® is the space
charge potential) is deduced to be larger than the grain size, thus
confirming the appearance of a mesoscopic phenomenon where
the depleted hole regions overlap within the grains. At 420°C, in

6x10°F © 2500 nm 8x10°] o"o
O 80nm ° §°
Py, =1 atm. : 3
P Temperature = 420 °C 4104 S wj
g oll
E 3x10° | 0000000000 0 10 Bx10°
T [m I w
o =}
0 P '] %\ 2
0 3x10° 6x10°
Re Z*/Q

Fig. 12. Impedance plot for microcrystalline (2500 nm) and nanocrys-
talline (80 nm) samples where the high frequency signal is only present
for the microcrystalline sample. The large semicircle is due to grain
boundaries. The inset clearly reveals the bulk response at higher reso-
lution for the 2500 nm sample. The geometrical factors (length/area) for
the microcrystalline and nanocrystalline SrTiO3 ceramic pellets are 0.118
and 0.547, respectively.
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Fig.13. Variation of capacitance of nanocrystalline and microcrystal-
line SrTiO3 as a function of temperature. ® and M refer to the bulk
capacitance and the grain boundary capacitance of the microcrystalline
SrTiO; while O refers to the capacitance of nanocrystalline SrTiO5. The
values of dielectric constant derived from the capacitance at a selected
temperature (440°C) are also included for comparison.

the case of 80 nm grain size, we estimated A®~0.20 eV (by
taking 100 ppm to be the acceptor density (cg.) as determined by
ICP and ESR analysis) and determined the width of the barrier
A* to be 48 nm, which is more or less half the grain size. This is
consistent with the assumption that the whole grain is depleted
and no “bulk” region could be electrically detected (the same
calculations for the 200 nm sample, with A® now being higher
(0.43 eV) lead to a A* value of 71 nm, which is perceptibly less
than half the grain size). A detailed discussion of the analysis of
the impedance spectra is presented elsewhere.!

(B) Capacitance and Dielectric Constant: Figure 13
shows the variation of capacitance for microcrystalline as well
as nanocrystalline samples as a function of temperature. It is
interesting to note that even though the sample exhibits space
charge resistance due to overlap of space charges, it is charac-
terized by a bulk-like capacitance that no longer originates from
space char§e polarization (space charge does not change with
voltage).'®*° That is, the equ1valent circuit of the nanocrystallme
SrTiO; is made up of grain-boundary/space charge resistance in
parallel to the bulk capacitance.

It may be noted that the dielectric constant for the nanocrys-
talline samples and the bulk part of the microcrystalline samples
are also included in Fig. 13 for a selected temperature of 440°C.
These values are calculated from the total thickness and the area
of cross section of the respective samples. It can be noticed that
the effective dielectric constant of nanocrystalline SrTiOj is
nearly the same as that of the bulk of microcrystalline sample
Assuming the dielectric constant of the bulk and the grain
boundaries of SrTiO; to be nearly the same,'>!® the effective
thickness of the space charge length (21.") for the 2500 nm sam-
ple is estimated to be 110 nm.

It is often seen in the literature that the capacitance values
obtained on single crystals using electrical measurements are
quite sensitive to the type of electrodes used.**> Thus, to over-
come such disadvantages, a non-contact measurement such as
sub-millimeter optical spectroscopy measurement is highly de-
sirable for the estimation of the dielectric constants of the nano-
crystalline SrTiO; sample. Such a technique has been extensively
used on single-crystalline as well as microcrystalline SrTiOs at a
low temperature to look at their permittivity dispersion.*?

(5) Complex Dielectric Constant Using Quasi-Optical
Submillimeter Spectroscopy

The real part of the complex dielectric constant measured down
to 7 K in the THz frequency range (180—400 GHz) does not
show any dispersion. Therefore, we can consider that the meas-
ured frequency range is below the soft-mode frequency and as-
cribe the full contribution of the SrTiOs lattice modes to the
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Fig.14. (a) Dielectric constant of nanocrystalline SrTiO; sample at 300

GHz as a function of temperature (circles). The line represents a fit using

the Barrett expression [Eq. (1)]. (b) Inverse dielectric constant as a func-

tion of temperature. The dashed line represents a linear Curie—Weiss law

fit of the high-temperature part (above 50 K).

dielectric constant. The temperature dependence of the THz di-
electric constant is shown in Fig. 14(a).

At room temperature, the dielectric constant is equal to 225
and it grows upon cooling, reaching & =1520 at 7 K. At
temperatures above 50 K, the change of the dielectric constant
obeys the Curie—Weiss law as can be seen in Fig. 14(b), which
presents the inverse dielectric constant as a function of temper-
ature. Below 50 K, the measured behavior of dielectric constant
deviates from the Curie-Weiss law and tends to saturate. Such a
behavior is typical for SrTiO3, which belongs to the class of in-
cipient ferroelectrics. The temperature behavior of ¢ in this case
is better described by the Barrett expression, which models the
quantum paraelectric behavior,*?

C

/
T)= b+
#(T) o D cotn(@) — 1o

M

where T = hv/kg is a characteristic temperature (v is the eigen-
frequency of a quantum oscillator), 7} is the generalized Curie—
Weiss temperature, C the Curie—Weiss constant, and ¢, the tem-
perature-independent part of the dielectric constant. For T
> T, €(T) given by Eq. (1) asymptotically approaches the
Curie—Weiss law. The fit of the measured data using Barrett’s
expression is shown in Fig. 14 (a) and describes the data rather
accurately. The fit parameters are 7, =137 K, T;=34.4 K,
C=5x10% and g, = 35. These values are similar to those found
for SrTiO; single crystals.** However, the important difference
between single crystal and nanocrystalline samples is the value at
which the dielectric constant saturates at low temperatures. In
OUr €ase, €max~ 1500 whereas in SrTiOj single crystal34 €max
reaches 20 000. This fact indicates that the lattice contribution to
the dielectric constant is strongly suppressed in the nanocrystal-
line SrTiO;. It was also reported for nanocrystalline SrTiO; with
a smaller grain size®® (less than 44 nm, but only about 50%
dense) where the value of the dielectric constant at low tem-
peratures is below 800. A similar effect, however, not so pro-
nounced, has been observed in microcrystalline ceramics>>
where €;,,,~8000. It was explained by suggesting the dielectric
constant of grain-boundary regions to be lower compared with
the bulk of the grains. Thus, the average measured dielectric
constant of the ceramic sample is suppressed. This suppression
can be appreciable in the case of nanocrystalline ceramics where
the number of grain-boundary regions having a reduced dielec-
tric constant is rather large. It is well known that diffuse phase
transitions can be observed in ferroelectrics with a large defect
concentration, including high grain-boundary density. This
might also be the reason for the reduced dielectric constants
that were attained for nanocrystalline SrTiO;.

IV. Conclusions

A synthesis procedure has been described for the nanocrystalline
SrTiO3. The nanopowder is characterized by XRD, TEM, ICP,
and ESR measurements. The nanopowder with a well-crystal-
lized cubic phase was found to have a total impurity level less
than 250 ppm. Different sintering approaches to obtain a dense
ceramic with grain size less than 100 nm have been described.
The best sintering result has been achieved by a two-stage sin-
tering process using a hot press yielding 80 nm grain size with a
density of 93%. HRTEM analysis of the grain boundaries of the
nanoceramic revealed the absence of an amorphous or an in-
tergranular phase. EELS and EDXS characterizations across
the grain boundary shows no chemical inhomogeneity within
the detectability limits. Square-shaped well-aligned holes are
formed both in the nanopowder as well as in the nanoceramic
and the reason for this is still not clear. An exciting result based
on the impedance spectroscopy measurement is that only a low-
frequency semicircle corresponding to the grain boundary and
its space charge response appears, and the bulk response disap-
pears due to the overlap of depleted space charge regions. As a
result of this mesoscopic situation, although the sample is char-
acterized by the space charge resistance, the capacitance is bulk-
like and no longer ascribed to the space charge polarization
(space charge does not change with voltage). Evaluation of the
low-temperature complex dielectric constant of nanocrystalline
SrTiO; has been performed based on THz optical spectroscopy
(non-contact) measurement. Temperature dependence of the di-
electric constant suggests an incipient ferroelectric behavior at
least down to 7 K, quite similar to what is observed in single
crystals. However, the dielectric constant values are strongly
suppressed at low temperatures and this is attributed to
the influence of a high density of grain boundaries present in
nanocrystalline SrTiOs. The dielectric constant values of nano-
crystalline SrTiO; obtained from both the impedance as well as
optical measurements are found to be nearly the same.
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