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Abstract A simple sol-gel process incorporating slow
precursor injection technique was employed to synthesize
homogeneous Bag 5Sry sTiO3 nano powders. The Bag 5Sry 5
TiO; samples were subjected to calcination temperatures
from 600 to 1,100 °C and sintering temperatures from
1,250 to 1,350 °C for the study of phase formation, crys-
tallite size, particle distribution, and dielectric properties.
Single phase BagsSrgsTiO; with a cubic perovskite
structure was successfully synthesized after calcination at
800 °C. The average size of the nano particles is 42 nm
with a narrow size distribution, and a standard deviation of
10%. The highest values recorded within the investigated
range for dielectric constant, and dielectric loss measured
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at 1 kHz are 1,164 and 0.063, respectively, for Bag sSrg 5
TiO; pellets calcined at 800 °C and sintered at 1,350 °C.
Leakage current density measured at 5V for the
Ba 551 sTiO5 pellet was found to be 49.4 pA/cmz.

Introduction

Barium Strontium Titanate (Ba,Sr;_,TiO3) (BST) oxide
system has attracted much attention for applications in
electronic devices due to its high dielectric constant, high
breakdown field strength, small dielectric loss, and good
thermal stability. In particular, BST thin film is considered
one of the most promising dielectric materials for high
density capacitors in dynamic random access memories
(DRAMs) [1, 2] with high charge storage density and low
leakage current density which translate to minimum
refreshing time required. The composition can be easily
controlled due to the absence of volatile lead oxide [3].
BST thin films are expected to replace the conventional
SiO, or Ta,Os dielectrics which cannot provide the
required charge storage capacity. On the other hand,
Bay 551y 5TiO5 has been found to be an attractive choice by
combining the structural stability of SrTiOz and high per-
mittivity of ferroelectric BaTiO3 [4].

Various film deposition techniques such as metal-
organic chemical vapor deposition (MOCVD) [5], pulsed
laser deposition (PLD) [6, 7], charge liquid cluster beam
(CLCB) method [8], sputtering [3, 4, 9-11], and sol—gel
methods [12] have been commonly used for the synthesis
of the BST films. However, the film density and thickness
uniformity which ultimately influence the dielectric per-
formance of the BST films are strongly dependent on the
particle size and homogeneity of the BST powder ceramics.
Hence, precise control of particle size and homogeneous
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distribution of nano-scale BST particles are important pre-
requisites for the deposition of high quality BST films.

In order to apply BST thin films in DRAM capacitors, it
is crucial to achieve extremely low leakage current and as
highly possible as dielectric constants [13]. In memory
devices, small leakage current (<100 nA/cm2) level is
necessary for stable operation in thin dielectric layers. If
1.5 V voltage is applied to BST film of 50 nm, a leakage
current density level of less than 100 nA/cm? is therefore
required for the resistivity of the material to be larger than
3 x 102 Qcm [14]. It is understood that dielectric con-
stant, dielectric loss, and leakage current of BST thin films
depend upon the deposition method, composition, dopant,
electrode, microstructure, interfacial quality, and thickness
of the films [15].

In general, BST powdered ceramics are prepared using
the conventional solid-state reaction [16, 17]. However, the
synthesis of BST by solid-state reaction is time consuming,
requires high temperature (above 1,100 °C) during syn-
thesis. The synthesized powders normally have large par-
ticle size in the order of micrometers with a wide particle
size distribution. Wet chemical routes, on the other hand,
have been effective in lowering the synthesis temperature
and reducing the particle size into nanometer range such as
in precipitation techniques [18, 19], hydrothermal pro-
cesses [20-23], solvothermal methods [24, 25] and sol-gel
processes [26-29]. Nevertheless, the precipitation tech-
niques [18, 19] require critical control of a large number of
process variables such as pH that could complicate the
synthesis process. In addition, phase impurity and stoichi-
ometric deviation need to be taken into consideration.
Hydrothermal [20-22] and solvothermal processes [23, 24]
have the advantages of using much lower synthesis tem-
perature (below 400 °C) and at low equipment cost.
However, these methods tend to produce irregular-shaped
nano particles with relatively wide size distribution, high
degree of agglomeration, as well as significant phase
impurity and stoichiometric deviation.

On the other hand, sol—gel processes [25-28] are com-
monly applied in the preparation of BST powders and thin
films due to the precise control of composition, ease of
homogenous distribution of elements, cost effective, and
simple process requirements. However, the particle size,
phase, and distribution control could be further improved.
Most reported works in BST powder preparation by sol—gel
process focused on injection of mixed precursor solutions
by using pipette, syringe or programmable peristaltic
pump. As the flow rate of the precursor solution could not
be controlled exactly by syringe and pipette and in view of
the relatively high cost of peristaltic pump, a simple drip-
ping system with 21G (0.723 mm) diameter syringe was
used in this study in order to provide slow injection of
the Barium/Strontium precursor solutions into the mixed

solutions of titanium iso-propoxide and ethylene glycol
ethyl during the powder synthesis. This slow injection of
precursor solutions offers improved rate-control of sol—gel
synthesis and helps to assure good particle size control and
phase homogeneity during the BST synthesis. The effects
of the calcination temperature and the sintering tempera-
ture on the particle size control and also the dielectric
performance of BagsSrysTiO; are then investigated.
Bag sSrg5TiO3 has been chosen due to superior electrical
properties in the paraelectric phase as well as minimum
aging and fatigue effects at room temperature [2]. In
addition, reasonably high dielectric constant, low dielectric
loss and low leakage current density [29] are possible. The
higher content of Barium in Ba,Sr;_,TiO; would lead to
higher dielectric constant and charge storage density. At
x > 0.65, the cubic structure eventually transformed into
tetragonal phase which exhibits stronger ferroelectric nat-
ure, better tunability, and a nearly zero temperature coef-
ficients [30, 31]. However, there are limited reports on the
preparation and characterization of BagsSrgsTiOz using
sol-gel technique. In this paper, we investigated the new
and relatively easy way of preparation of Bag 5Sry 5TiO3 by
slow injection sol-gel technique and its phase formation,
surface morphology, and dielectric properties.

Experimental
Materials

Barium acetate (99%, Aldrich—24367), strontium acetate
(99.995%, Aldrich—437883), and titanium (IV) iso-prop-
oxide (97%, Aldrich—205273) were used as starting
materials for the BST synthesis. Acetic acid was used as
solvent, while the particles size and stability of the titanium
iso-propoxide solution was controlled by adding ethylene
glycol ethyl (99%, Aldrich—128082). All the acids and
chemicals were of Analytical Reagent (A.R.) grade.

Sample preparation

At the initial stage of BagsSrgsTiO5; synthesis, stoichi-
ometric ratio of barium acetate, and strontium acetate were
dissolved separately in acetic acid (Glacial 100%). The two
precursor solutions were then mixed together to form
20 mL of barium strontium which was subsequently drip-
ped into the solution containing titanium iso-propoxide and
ethylene glycol ethyl using a syringe with diameter
0.723 mm (21G) at a flow rate of 2 mL/min. The resultant
solution was constantly heated at 70 °C with continuous
stirring at 240 rpm for 15 min over pH value in the range
of 3.5-5. The slow-rate injection procedure enabled bet-
ter control of the reaction to form the transparent gel.
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The sol-gel process was accomplished in less than 30 min.
The as-prepared BST gels were dried at room temperature
for 24 h in air. The BST-dried gels were subsequently
calcined at 600, 700, 750, 800, 900, 1000, and 1100 °C for
3 h, respectively, in a Carbolite muffle furnace and even-
tually ground into powder form by agate mortar and pestle.

Thermal analysis and surface morphology

The thermal properties of the BST-dried gels were char-
acterized using Thermal Gravimetric Analyzer (Mettler
Toledo, TGA/SDTAS851e) and Differential Thermal Ana-
lyzer (DTA, Perkin Elmer DTA 7) in the temperature range
of 25 to 1,000 °C at the rate of 10 °C/min. The phase purity
of the BST powders were examined by X-ray powder
diffraction method (XRD, PW 3040) with CuKu radiation,
J = 1.5406 A in the 20 range of 20° to 80°. The crystallite
size was calculated according to Scherrer’s formula.

Transmission Electron Microscopy (TEM) (Philips
HMG 400) was deployed for the study of surface mor-
phology and particle size of calcined barium strontium
titanate powders. The calcined powders were initially
sonicated for 10 min at 50 Hz. Subsequently, the samples
were dropped onto 300 mesh Formvar grid and viewed
under TEM. The average particle size of the samples was
measured with the assistance of SIS (Soft Imaging System)
iTEM software.

Nano particle size analyzer (Nanophox, Sympatec with
software Windox 5.0) was employed for the study of par-
ticle size and the distribution of the calcined barium
strontium titanate powders. The samples were dispersed in
acetone as a dispersant prior to measurement. The particle
size distribution [PSD] was analysed using dynamic light
scattering (DLS) as a non-selective method to measure the
cumulative size distribution and standard deviation. The
results produced only one single peak for every multimodal
technique.

Dielectric characteristics
Sample preparation

Pellets of Bag 5SrysTiO5 calcined at 800, 900, 1000, and
1100 °C were prepared by a stainless steel die measuring
12 mm in diameter. Sufficient amount of powders were
added, cold pressed uniaxially, and then sintered in order to
increase the mechanical strength and to reduce the inter-
granular resistance in the pellets. The Bag 551y sTiO3 pel-
lets, with an average thickness of 1.90 mm and a disc
diameter of 12 mm, were then sintered in a heat-cool cycle
at 1250, 1300, and 1350 °C, respectively, at a rate of 5 °C/
min and a soaking time of 3 h. The entire process flow is
summarized in Fig. 1.
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Fig. 1 The flow chart illustrating the major process steps involved in
the synthesis of Bag sSrysTiO; nano powders and sintered ceramics

For capacitance measurements, both surfaces of the
sintered Bag 5SrgsTiO3 pellets were polished by roll grin-
der (Buehler Handimet 2) and grinder polisher (Imptech 10
V). Electrodes were attached using silver pastes that were
dried at 250 °C for 10 min. LCR meter (HP 4284A with
test fixture 16451B) was employed to measure the capac-
itance (Cp) and dielectric loss (D) of the samples at ambient
temperature. The LCR meter was calibrated for 1 V (rms)
for C, — D measurements. The measurement frequency
was varied from 100 Hz to 1 MHz and the corresponding
C, — D data were recorded. The dielectric constants
(corrected for geometric factor) were calculated by
using the standard equation as given by & = C,/C,
where ¢ = dielectric constant and C, = the free space
capacitance.

Leakage current characteristics

The BST pellets were calcined at 800, 900, 1000, and
1100 °C, respectively, prior to final sintering at 1,350 °C.
Samples attached with silver electrodes were tested for the
leakage current using precision semiconductor parameter
analyzer (Agilent 4156C). The leakage current measure-
ments were conducted by varying the voltage from —10 to
10 V at temperatures 27 and 175 °C.
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Results and discussion
DTA/TGA analysis

The DTA and TGA thermograms of the dried BST gels
heated from 25 to 1,000 °C are shown in Fig. 2a and b,
respectively. The first endothermic peak observed around
119 °C in DTA thermogram corresponds to 60% weight
loss in TGA which may be attributed to the dehydration of
solvents or moistures. The second endothermic peak
observed around 341 °C and the exothermic peaks around
190, 273, and 453 °C in DTA thermogram which corre-
spond to 20% weight loss in TGA could be due to the
pyrolysis of residual organics. The weight loss stabilized
once beyond 500 °C, indicating that most residual organics
were removed. From these results, it is found that the initial
formation of the BagsSrgsTiO3 phase took place above
500 °C [32], followed by crystallization. The relatively
broad exothermic peaks feature around 610 and 710 °C
could be due to the crystallization of various transient
phases. As the calcining temperature was increased, the
intensity of the transient phases weakened, and fully dis-
appeared at the calcining temperature of 800 °C which is
illustrated in Fig. 3.

Crystalline structure

The phase formation of BST-dried gel was investigated at
different calcination temperatures ranging from 600 to
1,100 °C. From the XRD patterns in Fig. 3, the samples
calcined at temperatures below 800 °C have not been fully
reacted. The reflection planes belonging to recalcitrant
barium strontium carbonate (ICDD no: 47-223) at 20 of
24.48° and 34.9548°, respectively. In addition, extra peaks
corresponding to TiO, is discernable at 27.41°. This clearly
indicates that these calcination temperatures are not high
enough to complete the desired chemical decomposition,
and therefore, higher calcination temperatures are required
for samples to reach thermo equilibrium [33]. Single phase
Bag 5Srp sTiO; was formed evidently at calcination tem-
perature of 800 °C and above. This sample could be fully
indexed based on cubic perovskite structure, and space
group, Pm-3m, with a =b=c=23.9537 A and o=
p =17 =90° respectively. This agrees reasonably well
with the ICDD number (00-039-1395). The BST samples
prepared by solid-state method required minimum calci-
nation temperature of 1,150 °C and firing duration between
2 and 5h [16, 17]. However, co-precipitation method
required minimum calcination temperature of 800 °C and a
duration of 4 h [34]. The phase pure BST samples prepared
in our work need only 800 °C for 3 h. The minimum cal-
cination temperature for the formation of single phase BST
nano powder is therefore lower than that of the solid-state
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Fig. 3 XRD patterns of BST powders calcined at (a) 600 °C,
(b) 700 °C, (c) 750 °C, (d) 800 °C, (e) 900 °C, (f) 1000 °C, and
(g) 1100 °C. (open circle indicates position of intermediate phases of
titanium oxide and barium strontium carbonate detected)

reactions [16, 17] and completed in faster time duration
than that of co-precipitation method. On the other hand, the
dried gels calcined at higher temperatures (900, 1000, and
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Table 1 The crystallite sizes

Calcination
from Scherrer formula based on

Crystallite size  Average particle Particle size analyzer

. . . temperature (°C) by XRD (nm size by TEM (nm
XRD analysis, the particle sizes P (°C) by (pm) Y (nm) Average size (nm)  Standard deviation (nm)
from TEM/particle size analyser
for Bag 5SrysTioz nano crystals 800 36 42 43 348
calcined from 800 to 1,100 °C, 900 37 56 76 4.13
tivel
respectively 1,000 42 77 93 7.09
1,100 51 145 166 16.60
o 100 25 different calcination temperatures were calculated using
S —a— 300, CD 5 . . .
- —=— 900, CD " Scherrer’s formula as listed in Table 1. It is observed that
—— 1000, CD . . . . . .
2 801 _e—1100.cD - 20 °: crystallite size increases with the calcination temperature.
£ .o g The sample which was calcined at 800 °C exhibits the
é 60{ 2= s - 15 § smallest crystallite size of 36 nm.
2 2
; 40 1 - 10 E Particle size analysis
£ E
-g' 20 -5 g The size of the Bay sSrysTiO3 nano particles as measured
5 by the nano particle size analyzer are summarized in
04 - - 0 Table 1. Baj 551 sTiO3 sample calcined at 800 °C has the
10 100 1000

Partide size / nm

Fig. 4 Cumulative distribution and standard deviation of BST
calcined at different temperatures

1100 °C) show higher intensities in their reflection planes,
indicating better crystallinity in the structure. The crystal-
lite sizes of the BaysSrysTiO3 nano crystals formed at

Fig. 5 TEM images of

Ba 5Sry 5TiO5 calcined at

a 800 °C, b 900 °C, ¢ 1000 °C,
and d 1100 °C

(a)

@ Springer

smallest particle size with an average particle size of 42 nm
which is in good agreement with that calculated using
Scherrer’s formula. The standard deviation of the particle
size is only +4 nm, indicating clearly that the particles in
the Bagy sSrgsTiO3 sample are highly uniform with a nar-
row particle size distribution. However, there is an
increasing trend in average particle size and the standard
deviation when the calcination temperature increased,

200nmn

(c)
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above 800 °C, as shown in Fig. 4. The increment of particle
size at higher temperature is probably due to the agglomer-
ation as evidently shown in TEM images (Fig. 5a—d).

Table 1 showed the BagsSrgsTiO;5 crystallite size and
particle size measured by different methods. Particle size is
referred to the diameter of a grain and crystallite size is the
size of a single crystal inside the grain, therefore, it is
expected that crystallite size is smaller than the particle
size. Both TEM and Particle Size Analyzer were used to
measure particle size. TEM was used to identify the shape
as well as the diameter of the specific individual particles;
as for Particle Size Analyzer, the measurement is based on
laser diffraction method to determine the distribution of
particle size from large amount of particles randomly.
Based on Table 1, as the calcination temperature increased,
both crystallite size and particle size increased; this is due
to the grain growth as calcination temperature increased.
The standard deviation value calculated from the particle
size distribution by Particle size analyzer indicated that the
synthesized powder has good uniformity with a narrow
particle size distribution.

The TEM images of the calcined Ba 5Srq sTiO5 samples
from 800 to 1,100 °C are shown in Fig. 5a—d. In general,
Bay 5Sr( sTiO;3 particles are of cubic shape and with certain
degree of agglomeration; the particles are larger as the
calcination temperature increased (from Fig. 5a to d). The
average particle size of the samples was measured with the
help of SIS (Soft Imaging System) iTEM software attached
with the TEM, Philips HMG 400) system. In addition,
highly homogenous nano particles with an average particle
size of 42 nm and the smallest particle size of 36 nm were
observed for the Bag 5Sry sTiO; nano particles calcined at
800 °C. As listed in Table 1, the TEM data complement
well with both results obtained by XRD and particle size
analyzer. In addition, it is shown that the particle size of the
Bag 5S1y.5Ti03 nano particles increases with the calcination
temperature. At temperature above 1,000 °C, the particles
experienced grain growth process and subsequently formed
larger particles due to higher temperature during calcina-
tion process.

Dielectric constant and dielectric loss

Figure 6a, b shows the variation in the dielectric constant
and the dielectric loss measured at a frequency of 1 kHz for
Bag 5S1g5TiO3 pellets calcined from 800 to 1,100 °C, and
sintered from 1,250 to 1,350 °C, respectively. Similar
trends are observed for frequencies from 100 Hz to 1 MHz
from the capacitance measurements. There is an obvious
correlation between the decrease in dielectric constant and
the increase in dielectric loss with the increase in the
particle size of the sintered samples, when the calcina-
tion temperature was increased under similar sintering
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Fig. 6 The room temperature variation of a dielectric constant, and
b dielectric loss as a function of calcination temperature and
sintering temperature for Ba 5Sry sTiO5 samples, measured at 1 kHz,
respectively

conditions. On the other hand, the dielectric constant
increased and the dielectric loss decreased when the sin-
tering temperature was increased at similar calcination
conditions. Higher sintering temperature usually contrib-
utes to denser sample and thus, the observed dielectric
performance. As a result, relatively higher dielectric
constant and lower dielectric loss are obtained for
Bay 5Srg sTiO; samples calcined at 800 °C and higher
sintering temperatures. The highest values recorded within
the investigated range for dielectric constant and dielectric
loss measured at 1 kHz are 1,164 and 0.063, respectively,
for the Bag sSrgsTiO5 pellets calcined at 800 °C and sin-
tered at 1,350 °C.

Leakage current measurements
Figure 7a—d shows the I-V characteristics of BST pellets
coated with silver as electrodes, calcined at 800, 900, 1000,

1100, and sintered at 1350 °C, respectively. Measurements
were made at the temperatures of 27 °C (300 K) and

@ Springer
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Fig. 7 I-V characteristics of (a) &7 (c) &7
Bag 581y 5TiO5 calcined at —+— 800,27°C —a— 1000,27 °C
a 800 °C, b 900 °C, ¢ 1000 °C, 1 soamte —— 100,175 °C
. e-8 1e-8
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175 °C (448 K), respectively, in order to identify the
dominant leakage mechanism in the BST samples. The
symmetry of the curves indicate the same barrier height for
both silver top and bottom electrodes due to the similar
work function [35]. In Fig. 7a, when the calcination tem-
perature was 800 °C and at measuring temperatures of 27
and 175 °C, the slopes are not obvious, meaning that the
resistance in BST oxide material is high and hence lower
leakage current density. However, when the calcination
temperature was increased to 900 and 1,000 °C, two dis-
tinctive slopes in the 0-5 V and 5-10 V regions, respec-
tively, are observed. But, when the calcination temperature
was increased to 1,100 °C at the measuring temperature of
175 °C, the low voltage region is extended to 0-7.4 V. The
leakage mechanism of BST is usually described by Ohmic
conduction in the low voltage region, and by Poole—Fran-
kel emission or Schottky emission in the high voltage
region [6]. It is clear from the results that the BST calcined
at 1,100 °C, which contains a large average grain size of
145 nm, exhibits a much higher leakage current density of
7.72 and 1.93 pA/cm? measured at 175 °C and room
temperature, respectively. In contrast, BST calcined at the
calcination temperature of 800 °C, with an average grain
size of 42 nm, shows the lowest leakage current density of
73.5 nA/cm? measured at 175 °C, and 49.4 pA/cm2 at
room temperature which are below the typically required
leakage threshold. In general, the leakage properties
of BST samples depend on a variety of factors such
as microstructure, stoichiometry, electrode materials,

@ Springer

sintering treatments, charge density, and distribution [36].
The variation in leakage currents may include slight
changes in microstructure or composition caused by slight
variations of the processing parameters, as leakage will be
very sensitive to the defect microstructure [37]. The results
shown here are likely attributed to the grain boundary
effect, i.e., large grains developed in the BST at higher
calcination temperature. However, lower calcination tem-
perature could result in smaller grain size, and therefore,
large number of grain boundaries. These grain boundaries
are highly resistive in nature, which inhibits charge-transfer
across the material [38, 39]. At a constant applied voltage
(5 V), larger number of grain boundaries leads to decrease
in the voltage per grain boundary and hence decrease of the
leakage current. Even at the measuring temperature of
175 °C, the leakage current changes according to the cal-
cination temperature, which effectively determine the grain
morphology of the BST. On the other hand, this is also
likely due to a wider energy band-gap in which samples
with smaller grain size exhibit larger band-gap energies and
longer leakage pathway if compared to samples with larger
grains [40]. Hence, it has been concluded that the leakage
currents are found to increase with preliminary calcination
temperature for the same sample. This result suggests that
the electrical properties of the BST can be tailored by
controlling the calcination temperature, resulting in the
different grain size in the BST films. Further work in
vaporising BST on Ni—Fe thin films on copper substrates for
BST thin film based capacitors are in progress.
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Conclusions

Highly uniform nanoparticles of Bag 5Srg sTiO3 were suc-
cessfully synthesized using a simple slow precursor injec-
tion procedure in standard sol-gel process. Single phase
cubic perovskite structure of Bag 5Srg sTiO; was achieved
at a calcination temperature of 800 °C. The Bag 5Sry sTiO3
nano powder synthesized is highly homogenous with a
narrow size distribution. At room temperature, optimum
dielectric constant and dielectric loss can be achieved in
sintered Bag 5SrysTiO5; ceramics calcined at 800 °C and
sintered at 1,350 °C, with the lowest particle size and the
lowest leakage current density for a Bag sSrysTiO3 pellet
capacitor.
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