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Abstract A sol-gel based novel technique is used to fabri-

cate Ba0.67Sr0.33TiO3 (BST) thin films with thickness up to

several microns. In this technique, surface-modified fine BST

particles are dispersed in a sol-gel precursor solution. The pH

value of the precursor solution is modified to achieve high

zeta potential for the dispersed powder, hence a very stable

and uniform slurry can be produced. The slurry is then spin-

coated onto Pt/Ti/SiO2/Si substrate, pre-heated and annealed

as in conventional sol-gel process. The resulting films show

well-developed dense polycrystalline structure with uniform

grain distribution. The metal-BST-metal structure of the films

displays good dielectric properties.
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1 Introduction

In recent years Bax Sr1−x TiO3 (BST) thin films have re-

ceived intensive research interest for their device applica-

tions, such as bolometers [1–3], gas sensor [4, 5], tunable

microwave filters [6] and radio-frequency microelectrome-

chanical (RF-MEMS) capacitive switches [7]. For most of the

cases, higher dielectric constant of BST makes it possible to

achieve smaller size or better performance of the devices. In

addition, lower loss tangent of BST enables lower dielectric

loss of the devices. BST film exhibits thickness dependent di-

electric constants and loss tangents; specifically, thicker BST

films have larger dielectric constants and lower loss tangents

[8]. Efforts have been made to prepare thicker and crack free

BST films [9, 10].
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Several methods have been developed to prepare fer-

roelectric thin films, such as RF sputtering, metal or-

ganic chemical vapor deposition (MOCVD), electron

beam evaporation, pulse laser deposition, hydrothermal

electrochemical method, and sol-gel deposition. Among

these methods, sol-gel process is widely used due to its good

reproducibility, low cost and the compatibility with IC pro-

cesses. However, the main limit of sol-gel process is the max-

imum film thickness that can be achieved. It is difficult to

deposit films with thickness up to 1 μm because of cracks

formation.

This paper presents a modified sol-gel method to prepare

crack free BST film with thickness up to several microns by

dispersing high energy ball milled nanoparticles into sol-gel

precursor solution to form a slurry which can be spin coated

on substrates of interest. The detailed process procedure, mi-

crostructure and electrical properties will be introduced in

the following sections.

2 Experiment

2.1 BST sol-gel precursor solution preparation

The sol-gel BST precursor solution was prepared using a

conventional route starting from raw metal organic mate-

rials of titanium (IV) butoxide, barium acetate, and stron-

tium acetate. Figure 1 illustrates the preparation of the

precursor BST solution with a Ba/Sr ratio of 67:33. Ti-

tanium (IV) butoxide was mixed with acetylacetone in a

molar ratio of 1:4 to form chelate complex for stabiliza-

tion consideration. Then, barium acetate and strontium ac-

etate powders were weighted and dissolved in acetic acid

at around 60◦C. De-ionized water was added in a molar

ratio of 1:4 (MTi:MDI) to promote the dissolution process.
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Fig. 1 Flow diagram for preparation of (Ba,Sr)TiO3 sol-gel precursor

solution

The dissolved (Ba,Sr) precursor solution was dripped into ti-

tanium butoxide precursor solution, and 2-methoxyethanol

was added to achieve a final concentration of 0.2 M.

The solution was filtered through a 0.1 μm Teflon micro-

pore filter to remove dust and other suspended particles in

solution.

2.2 High energy ball milling of BST powder

Commercial BST67/33 powder (from Kurt J. Lesker Com-

pany) was used as the particle source. High-energy ball

milling technique was applied to reduce the particle size

and promote the dispersion of particles in solution. A Fritsch

“Pulverisette 5” planetary ball-milling machine (from Fritsch

GmbH) was used. A container with tungsten carbide (93 wt%

WC + 6 wt% Co, ρ = 14.75 g/cm) vials and balls were used.

The vial has a volume of 250 ml with an inner diameter of

75 mm. The balls have diameters of 10 mm and 20 mm.

The BST powder was used with a weight ratio of 1:20 to

balls. The milling speed was set at 200 rpm. The milling was

carried out in 30 minutes cycles with 20 min of milling fol-

lowed by 10 min of pause to prevent the milling system from

overheating. The milling was continued for 42 h. The pow-

ders were agglomerated after ball milling because of high

surface energy of the powders. Hence a selected dispersant,

organic vehicle (ESL #400), was added into the milled pow-

ders to modify the surface of the powder. The mass ratio of

dispersant to powder was around 1:20. After the dispersant

was added, the powder was ball milled for another 6 h to

obtain a homogenous dispersion. Surface modified powder

was collected after milling. FESEM observation and laser

particle size analysis were carried out to estimate the particle

size.

2.3 pH modification for BST sol-gel precursor solution and

fabrication of slurry

The variation in pH of BST sol-gel precursor solution will

result in a different zeta-potential being developed on the sur-

face of the dispersed powder. This in turn can be used to alter

the electrostatic forces between particles. When the absolute

value of zeta potential is above 50 mV the dispersions are

very stable due to mutual electrostatic repulsion; and when

the zeta potential is close to zero, the coagulation (formation

of larger assemblies of particles) is very fast and this causes

a fast sedimentation.

The pH value of the BST precursor solution was varied

between 2 and 11 by adding acetic acid the ammonium hy-

droxide. The pH modified BST sol-gel precursor solution was

then added and mixed with the powder and was ball milled

for another 12 h. The mass ratio of solution to powder was

around 2:1. Zeta-potential measurement and sedimentation

test were carried out to study the stability of the slurries with

different pH values.

2.4 Film deposition and characterization

The films were obtained by the spin coating technique.

Before the BST composite film deposition, a pure sol-gel

layer was deposited as a buffer layer to enhance adhesion

between composite film and substrate. A final capping layer

of pure sol-gel film was applied to fill the micro-cracks on

the composite film. Each layer was spun on at 2000 rpm

for 30 s, then dried at 200◦C and pyrolyzed at 400◦C for 2

min. For all the films, 3 composite layers were deposited to

achieve the film thickness around 3 microns. The final spin

coated film was annealed for 1 h at 650◦C in an oven in air.

The crystallization and microstructure of the films were

studied using XRD and FESEM. The leakage current density

of the films were measured using an HP4155B Semiconduc-

tor Parameter Analyzer. The measurements of the dielec-

tric constant and dielectric loss were carried out using an

HP4284A Precision LCR Meter.

3 Results and discussions

3.1 Powder characterization

3.1.1 Particle size observation

Figure 2 shows the FE-SEM images of BST powder, (a) raw

powder and (b) high energy ball milled powder. Figure 3

shows the particle size distribution analyzed by a laser parti-

cle size analyzer. It is shown that the particle size of the raw

powder is around 650 nm. After high energy ball milling for

48 h the particle size shows two distributions. Most of the
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Fig. 2 FE-SEM images for BST powder (×10,000), (a) raw powder, (b) high energy ball milled powder
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Fig. 3 Particle size distribution for original powder (solid line) and

high energy ball milled powder (milled powder)

particles have reduced size of around 230 nm. Small amount

of particles maintain original size. It is believed that the

smaller particle size is beneficial to achieve denser and

smoother film.

3.2 Stabilization conditions

3.2.1 Zeta potential

For 0.2 M BST sol-gel precursor solution, pH value varied

from 1.2 to 6.5 depending on the volume ratio of acetic acid

and MOE added. The pH was further adjusted up to 11 by

adding ammonium hydroxide. In Fig. 4 the zeta potential

of the BST particles as a function of pH is presented. An

isoelectric point (IEP) is found at pH∼2.5. The highest ab-

solute zeta potential value is presented in the basic pH region.

Therefore, stabilization is probable at these pH values.

3.2.2 Sedimentation test

Sedimentation curves for pH of 2, 3.75 and 8.25 are shown in

Fig. 5. Some time after pouring the slurry into the test tube,
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Fig. 4 Zeta potential against pH in aqueous suspension of high energy

ball milled BST powder
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Fig. 5 Sedimentation test for BST powder suspended in BST sol-gel

precursor solution

an interface was evident between a perfectly clear region, at

the top of the tube, and a cloudy region at the bottom of the

tube. The height of such interface was measured as a func-

tion of the elapsed time. The sedimentation test results are
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Fig. 6 FESEM pictures of

surface morphology and cross

section of the films deposited

using slurry with different pH

value (a) pH 2, (b) pH 3.75 and

(c) pH 8.25

consistent with zeta potential measurement results. For pH

of 2, the zeta potential of the suspension is near IEP, there-

fore sedimentation happened very fast. For pH of 8.25, the

slurry is very stable. No significant sedimentation happened

even after 66 h of observation. The stability of the slurry with

suspension zeta potential of 3.75 is between those of pH of

2 and 8.25.

3.3 Film structure analysis

Figure 6 depicts the surface morphology of the films de-

posited using slurry with different pH values. For the film

deposited using slurry pH of 2, very uneven surface was ob-

served. That is because powder sedimentation already hap-

pened before spin coating. This will cause the non-uniform

powder distribution on the film surface. For pH of 3.75,

the film was better than that deposited using slurry with

pH of 2, but micro cracks were still observed on the sur-

face. The micro cracks are believed to be due to powder

agglomeration during spin coating. For the film deposited

using the slurry with pH of 8.25, denser and smoother

surface was obtained and no micro cracks were observed.

Figure 6 shows the FESEM pictures of the cross section of

the films.
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Fig. 7 XRD of films deposited using slurries with different pH values

Figure 7 shows the X-ray diffraction patterns of the films

deposited using slurry with different pH values. All peaks

can be identified for randomly oriented polycrystalline BST

film.

3.4 Electric properties

3.4.1 Leakage current of BST composite film

The thickness of deposited BST thin film using pH 8.25 slurry

is observed to be around 3 μm by SEM observation. E-beam

evaporated Au layer was deposited as top electrode. The leak-

age current behaviors of the film were characterized at room

temperature using an HP 4155B semiconductor parameter

analyzer. Figure 8 illustrates the leakage current behavior. It

is believed that the conduction behavior of Pt/sol-gel BST/Au

thin film capacitors is generally dominated by the Schottky-

barrier emission model, which has been commonly accepted

in the publications [11]. For our sol-gel films, the leakage

currents are asymmetric owing to the different top and bot-

tom electrodes used. It is revealed that the composite film

exhibits low leakage current and high dielectric breakdown

voltage.

3.4.2 Dielectric properties of BST composite film

The dielectric properties of the BST composite film was in-

vestigated using an HP 4284A LCR meter at the frequency

range from 10 Hz to 1 MHz. An oscillation level of 1 V was

applied to Pt/BST/Au capacitors without bias.

It is shown in Fig. 9 the film exhibits the dielectric dis-

persion in the frequency range from 10 Hz to 1 MHz. It is

believed the dielectric dispersion is due to the electronic de-

fects in the film.
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Fig. 8 I-V characteristic of BST composite film
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Fig. 9 Dielectric constant and dielectric loss versus the frequency for

BST composite film

4 Summary

A sol-gel based composite technique is used to fabricate

Ba0.67Sr0.33TiO3 films with thickness up to several microns.

In this technique, surface-modified fine BST particles were

dispersed in a sol-gel precursor solution. The pH value of

the precursor solution was modified to make the dispersed

powder have high zeta potential, hence very stable and uni-

form slurry was produced. It is found that the film deposited

using slurry with pH value of 8.25 has dense, crack free and

well developed polycrystalline structure. The film exhibits

low leakage current and high dielectric breakdown voltage.

At 1 kHz, the dielectric constant and dielectric loss were

measured to be 120 and 0.019.
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