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Abstract

Nano-structured BaTiQXBTO) thin films were electrophoretically deposited from BTO nanoparticle suspensions. The microstructural proper-
ties of the nanoparticles and thin films were examined through XRD, HR-TEM, and SEM techniques. BTO nanocrystallites in a pseudo-cubic
perovskite phase with an average particle size of about 10 nm were synthesized by a high-concentration sol-gel process. By dispersing a
piece of BTO bulk gel into a mixed solvent of 2-methoxyethonal and acetylacetone, the well-dispersed and stable suspensions of BTO
nanocrystallites were obtained. From these suspensions, crack-free nano-structured BTO thin films with different thickness from 100 nm to
several micrometers were deposited on Pt/TifBBDsubstrates by electrophoretic deposition (EPD). The prepared films exhibited a uniform
nanostructure, and a smooth surface with a roughness under 10 nm. The microstructural and dielectric properties of sintered BTO thin films
were evaluated.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: Films; BaTiG; and titanates; Electrophoretic deposition; Microstructure-final; Sol-gel process

1. Introduction an electric field (electrophoresis). In the second step, the par-
ticles collect at one of the electrode and form a coherent

Barium titanate (BaTig@) has become the basic ce- deposit on it (depositionl® Compared with other methods,

ramic capacitor dielectric material in use todagaTiOs EPD offers advantages of low cost, process simplicity, unifor-

(BTO) family ceramic films having been widely investi- mity, rigidly control of thickness and deposition on complex

gated for electronic applications, such as multilayer capaci- shaped substratés.

tors, dynamic random access memory and tunable microwave Several papers described electrophoretic deposition of

devices>™ With the development of thinner multilayer ca- BTO thick films from micro or sub-micro particles suspen-

pacitors and the possibility of integration with standard semi- sions have been publishéé:1*However, in order to fabricate

conductor structures, deposition of high quality and reliable BTO nano-structural thin films and understand the mecha-

BTO thin films onto metal electrodes on silicon substrates is nisms of EPD, the electrophoretic deposition of BTO films

of great interest. from mono-dispersed nano-patrticles suspension is needed. In
As one of the most used method for fabricating films, the present research, the synthesis of mono-dispersed BTO

electrophoretic deposition (EPD), has been developed to fab-nano-particles suspension and electrophoretic deposition of

ricate advanced coatings, nanocomposites, laminated struchano-structural thin films were investigated.

tures, functional graded materi&s EPD is essentially a

two-step process. In the first step, particles suspended in a

liquid are forced to move toward an electrode by applying 2. Experimental

* Corresponding author. Tel.; +81 92 583 7528; fax: +81 92 583 7528. Schematic representation of preparing BTO nano-
E-mail addresseswutiger74@yahoo.com (Y.J. Wu), particles and nano-structural BTO thin films is shown
kuwabara@asem.kyushu-u.ac.jp (M. Kuwabara). in Fig. L The BTO nano-particles were prepared by a
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oven in air. Then some of them were sintered at 8D@or
30min in an infrared imaging furnace (RHL-E48, ULVAC
RIKO, Japan). For dielectric properties measurement, Al cir-
cular electrodes with a diameter of 0.2 mm were deposited
Stirring 24 hours by vacuum evaporation on the top of the films.

Ti(OIC3H,), The microstructures of the BTO nano-particles were
o evaluated by high-resolution transmission electron mi-
SrEiry 24 R croscopy (HR-TEM, EM-002BF, Topcon, H-9000NAR, Hi-
tachi, Japan) and X-ray diffraction (XRD, M18XHF, Mac
Science, Japan). The surface morphology and thickness of

Ba(OC;Hy), } \ CH,OH + CH;0C,H,0H (3:2) |

A
| Precursor solution ‘

Hydrolysis the deposited films were evaluated by field emission scan-

Aging 90°C/1h ning electron microscopy (FE-SEM, S5000, Hitachi, Japan)
A on the surface and the cross-section, respectively. The di-
E)gel electric properties as functions of frequency (1-1000 kHz)
CH,0C,H,0H were characterized by an impedance analyzer (HP 4192A,

Hewlett-Packard, Japan).

ultrasonicating
Acac

ultrasonicating
A

| BTO Suspension I

3. Results and discussion

Electrophoretic deposition Fig. 2shows the representative TEM micrograph of BTO
A nano-particles prepared by the high-concentration sol—gel
BTO film method. Uniform nano-particles having a near-spherical mor-

phology were observed. It can be seen that the particles are
Fig. 1. Schematic representation of preparing nano-structural BTO thin Well crystallized and the average particle size is about 10 nm.

films. The selected area electron diffraction pattdfig( 2, inset)
can be indexed to cubic symmetry, suggesting BTO nano-
high-concentration sol-gel methdel® At first, high pu- particles to be in the perovskite cubic phase. For XRD mea-

rity barium diethoxide (Ba(OgHs)2, >99%) was dissolved  surement, the suspension was dried on a glass plate at room
in a mixed solvent of methanol (G®H, >99%) and 2-  temperature to form a thin film. The XRD pattern of BTO
methoxyethanal (CkDC,H4OH, EGMME, >99.8%) witha  nano-particles is shown Fig. 3(a). All the diffraction peaks
volume ratio of 3:2 and stirred for 24 h. Then, titanium tetra- can be indexed to cubic BaT¥®JCPDS 31-0174). The crys-
iso-propoxide (Ti(OiGH7)4, >99%) was added to form BTO  tallize size calculated by Scherrer equation was consistent
precursor solution and again stirred for 24 h. The concentra-with the results of TEM. The BTO nano-particles can be
tion of the precursor solution was 1.0 mol/l. The obtained well dispersed in a mixture of EGMME and Acac with a vol-
precursor solution was then hydrolyzed by adding a mixed umetric ratio of 9:1. The suspension with a concentration of
solution of distilled water and EGMME with a volume ra- 0.075 mol/l was transparent and stable.

tio of 1:1. The molar ratio of KO and BTO was 10:1. All
above processes were performed in a dgydmosphere.
After stirring for 10 min, the hydrolyzed solution was sealed

in an autoclave and aged in a 9D oven for 1 h. After ex-
traction, the residual liquid, the BTO gel was dispersed into
EGMME by untrasonication for several hours. Then acety-
lacetone (Acac, CECOCH,COCHg, >99%) was added and
again ultrasonicated to form BTO suspension. The volume
ratio of EGMME and Acac was 9:1 and the concentration of
the suspension was controlled to be 0.075 mol/l.

The BTO green thin film was electrophoretically de-
posited from the above suspension. A Pt substrate in a size
of 1cmx 1cm with a Pt/Ti/SiQ/Si structure was used as
cathode and the same size plate of stainless steel was used as
anode. The distance between the cathode and the anode was
2cm. A DC voltage from 1 to 15V provided by a DC volt-
age source (HP4140B, Hewlett-Packard, Japan) was applied
to the electrodes to electrophoretically deposited BTO thin Fig. 2. High-resolution TEM image of BTO nano-particles. Inset: Selected
films. The as-deposited BTO thin films were dried in 260 area electron diffraction pattern.
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Fig. 3. XRD patterns of (a) BTO suspension and (b) as-deposited BTO green
thin films.

Fig. 4 shows the SEM micrographs of as-deposited BTO
green thin film. It can be seen that crack-free BTO thin film
was compactly deposited on Pt/Ti/SiSi substrates. A uni-
form microstructure and a very smooth surface were ob-
served, indicating the ability of electrophoretic deposition to
produce a homogeneous and thickness-controlled BTO green
thin film. The XRD pattern of the as-deposited thin film was
shown inFig. 3(b). It confirmed the film consisted of cubic
BTO phase.
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Fig. 5. SEM micrographs of EPD-formed BTO thin films sintered at&D0
for 30 min: (a) surface and (b) cross-section.

The SEM micrographs of sintered BTO thin film are
shown inFig. 5. The micrograph on the surface showed a
dense microstructure. However, the micrograph on the cross-
section showed a porous microstructure. This maybe at-
tributed to the characteristics of the infrared imaging furnace.
The surface layer irradiated directly by the infrared radiation
which promotes the densificatiofig. 6 shows the dielectric
properties of sintered BTO film as functions of frequency. A
dielectric constant of 94 and a t&wf 0.017 were observed

100 0.10
9 e
= 9F —v—tand 40.08
'g 90 A—A—A—b A a4 & s A s 4 s s a a4 ) o
& Joos o
© =
L 85F S
= ]
8 80 40.04 ©
© - o]
- {0.02
H—ng—v—ﬁva ........ LA
70 L L . L 0.00
0 200 400 600 800 1000
3.0 kV X380.8K 1.808rm
Frequency (KHz)
Fig. 4. SEM micrographs of as-deposited BTO thin films: (a) surface and Fig. 6. Dielectric properties of EPD-formed BTO thin films sintered at

(b) cross-section.

800°C for 30 min.
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at 1kHz. In order to improve the dielectric properties, the 2. Tavernor, A. W,, Li, H.-P. S., Bell, A. J. and Stevens, R., Improved

sintering parameters should be optimized.

4. Conclusions

Mono-dispersed BTO nano-particles with an average size
of about 10nm were synthesized by a high-concentration
sol-gel method. The mixture of EGMME and Acac were
found to be an efficient media for BTO nano-particles sus- g

compaction in multilayer capacitor fabricatioh. Euro. Ceram. Soc.
1999,19, 1691-1695.

. Scott, J. F. and Paz de Araujo, C. A., Ferroelectric memdsieience

19809, 246, 1400-1405.

. Zimmermann, F., Voigets, M., Menesklou, W. and Ivers-Tiffee, E.,

Bag 6Srp.4TO3 and BaZp 3Tip 703 thick films as tunable microwave
dielectrics.J. Eur. Ceram. Soc2004,24, 1729-1733.

5. Yao, K. and Zhu, W., Barium titanate glass-ceramic thin films

pension. Transparent and stable suspensions were prepared

by dispersing awet BTO gel into a mixed solvent of EGMME
and Acac with a volumetric ratio of 9:1. Nano-structural BTO
thin films were fabricated on Pt/Ti/Syl5i substrates by elec-

trophoretic deposition. The as-deposited film exhibited avery g
smooth surface and a uniform microstructure. The dielectric

properties of BTO thin film sintered at 80C for 30 min
were measured:=94 and tas =0.017 at 1 kHz.
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