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Abstract

In this work, electrophoretic deposition (EPD) technique was employed for fabricating the barium titanate (BaTiO;) films on the Si substrate
modified with the ordered conducting polyaniline (PANI) layers. Firstly, surface polymerization of ordered conducting PANI layers on the Si
substrate modified with the aniline-bearing silane self-assembled monolayer was performed by polymerization of aniline monomer in an acidic
aqueous solution. Then, EPD of BaTiO; films was fulfilled using the conducting PANI layers coated Si wafer as the cathode. The analytical results
demonstrate that the crack-free, relatively dense and smooth BaTiO; films have been accomplished on the PANI layers modified Si substrate with
the appropriate suspension concentration and the deposited film thickness can be changed expediently by adjusting EPD process parameters. This
method provides a potential route for fabricating ceramic films on the non-conductive Si or glass substrates using EPD technique.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Barium titanate (BaTiO3) ceramic films have gained much
attention for applications in the optoelectronic devices, dynamic
random access memory, non-volatile memory, multilayer capac-
itors, and tunable microwave devices, etc.!'? Various methods
have been developed to fabricate thin and/or thick BaTiOs3 films
such as sputtering, spin-coating, dip-coating, metallorganic
chemical vapor deposition (MOCVD), pulsed laser deposi-
tion (PLD), sol-gel, and electrophoretic deposition (EPD).3-3
Among these, EPD technique is attracting considerable research
interest in the area of ceramic integration for several advan-
tages such as process simplicity, low raw material and equipment
cost, high deposition rate, and ease to deposition of multilayer
films with controlled thickness on complex-shaped or -patterned
substrates.®3 As well known, EPD is a colloidal process wherein
ceramic bodies are directly shaped from a stable colloidal
suspension by adc electric field. Therefore, only electrically con-
ductive materials, such as metals or graphite, are commonly used
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as electrodes for EPD deposition.”!” Nowadays, the fast devel-
oping micro-electromechanical systems (MEMs) are focused
for their superior performance with low unit cost and silicon,
polysilicon, silicon carbide, and other functional ceramic materi-
als are the main elements for building this systems.!! Therefore,
it will be a promising research innovation how to use EPD tech-
nique to fabricate ceramic coatings (for example BaTiO3 films)
on these semi- or non-conductive substrates.

Recently, polyaniline (PANI), owing to its promising elec-
tronic and optical properties, as well as the ease of synthesis
and relative environment stability, has been extensively investi-
gated in conductive polymers and can be prepared by chemical
or electrochemical polymerization.'>!3 Specially, the chemical
deposition of conducting PANI thin layers on various materi-
als, such as plastics, glass, metals, as well as on micro- and
nano-porous materials finds extensive applications in the fields
of optoelectronics, microelectronics, MEMs, sensors, and so
on.'* Wu et al.!>!% have reported that ordered PANI layers with
good adhesion and excellent conductivity can be synthesized
on aniline-primed Si substrate by electroless surface polymer-
ization. However, up to now, relatively little work has been
published on the fabrication of ceramic films using the ordered
PANI layers as the electrode material by EPD technique except
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Fig. 1. Schematic illustration of the fabricating process for BaTiO3 films on a
Si substrate.

that Al,O3 coating has been achieved by EPD process using the
conductive polypyrrole layers coated ceramic substrates as the
cathode.? In this paper, a monolayer of CsHs NHC3HgSi(OMe)3
was firstly formed on the single crystal Si substrate via molecu-
lar self-assembly technique. Then, the chemical polymerization
of conducting PANI layers was carried out by reaction of the
aniline-bearing silane self-assembled monolayer with aniline
in an acidic aqueous solution in the presence of an oxidant of
(NH4)2S,0g. Atlast, EPD of BaTiO3 films was performed using
the synthesized conducting PANI layers as the cathode. The
detailed experimental process for fabricating BaTiO3 films on
the Si substrate is schematically shown in Fig. 1. The structure
of the as-deposited BaTiO3 films was determined with the X-ray
diffraction analysis (XRD), while the thickness and morphology
of the films were analyzed by means of surface profiler and field
emission scanning electron microscopy (FE-SEM), respectively.

2. Experimental
2.1. Materials

Ammonium persulfate, (NH4)>S>0g, and pure aniline
monomers (>99%) were obtained from the Wako Co.
and used as received. N-[3-(Trimethoxysilyl)-propyl]aniline
(C¢HsNHC3HgSi(OMe)3, coded as NTPA) and barium titanate
nanosize powders (BaTiO3, 99%) were purchased from the
Aldrich Co. 1-Methyl-2-pyrrolidinone (NMP, >99%, HPLC
grade) was received from the Sigma-Aldrich Co. Ultrapure
water and reagent grade solvents were used in the experiments.

2.2. Preparation of conducting PANI layers

The self-assembled NTPA monolayer (for short NTPA-
SAM) was prepared according to the literatures,'>!® using
single-crystal silicon wafers polished on one side and cleaned
sequentially with chloroform, acetone, and ethanol as the sub-
strates. After immersing in the mixed solution of 30% H,O, and
concentrated HySO4 (“Piranha” solution) at 90 °C for 40 min,
the wafers were placed into the methanol solution containing
11 mM of NTPA at room temperature for 20h, to allow the

formation of self-assembled NTPA-SAM. Finally, the wafers
were washed sequentially with methanol, followed by drying
in nitrogen. Chemical synthesis of the PANI layers on NTPA-
SAM (coded as PANI/NTPA-SAM) modified Si substrates was
performed by dipping the substrates in aniline/HCl aqueous
solution and then (NH4)>S20g was added. After polymeriza-
tion (5 min-5 h) at 0 °C, the PANI films were dipped in ethanol
(EtOH) and undergone an ultrasonic treatment for 1 min, then
washed with copious amounts of water and blown dried with
nitrogen gas.

2.3. Fabrication of BaTiO3 films on the as-synthesized
PANI layers coated Si substrate using EPD technique

Suspensions for the EPD experiments were prepared

as follows. Two types of organic solvent mixtures,
EtOH/acetylacetone (Acac) and 2-methoxyethanol
(EGMME)/Acac, were used as the suspension media,

respectively. The suspensions (3.0-30.0g/L) were prepared
by ultrasonically dispersing BaTiO3 powders in the mixed
solvents. The BaTiOj3 films were electrophoretically deposited
from the prepared suspension. A Si wafer modified with
conducting PANI layers after protonation with 0.5M H>SO4
in a size of lcmx [.5cm was used as cathode and the
same size plate of stainless steel was used as anode. The
separating distance between the cathode and the anode was
1-2cm. A dc voltage ranging from 0 to 30V provided by a
dc voltage source (HP4140B, Hewlett-Packard, Japan) was
applied to the electrodes to electrophoretically deposit BaTiO3
thin films and the varied thickness of films was obtained
by changing the EPD process parameters. The as-deposited
BaTiO3 films were dried in a 40°C oven in air for several
hours.

2.4. Characterization of the prepared samples

Surface morphology and thickness of the prepared samples
were evaluated by field emission scanning electron microscopy
(FE-SEM, JEOL JSM-6340F). The microstructure and sur-
face morphology of PANI layers were also investigated using
scanning probe microscopy (SPM, Nano-R system, Pacific Nan-
otechnology, USA) in “close contact” mode. All scans were
taken at room temperature in air. The zeta potential measurement
and particle size distribution analysis of the BaTiO3 particles in
the suspensions were performed using a Zetasizer Nano Instru-
ment (Nano-ZS, United Kingdom Malvern Instruments Ltd.)
and the final data were obtained by averaging 10 measurements
for each sample. The phase structure of the BaTiO3 powders and
the as-deposited BaTiO3 films were determined on a D/max-RB
X-ray diffractometer (XRD, Rigaku Corp., Tokyo, Japan) with
Cu Ka radiation at 40kV and 40 mA with a scanning step of
26 =2.0°/min. The thickness of the prepared PANI layers and
BaTiOs3 films was measured with an Alpha-Step IQ Surface Pro-
filer (KLA-Tencor Corp. USA) and the final thickness data were
obtained by averaging five to six measurements at different spots
of each sample surface.
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3. Results and discussion
3.1. Characterization of the synthesized PANI layers

For comparison, the PANI layers are also prepared on the
bared Si substrate under the same experimental conditions. It
can be obtained that the PANI layers grown on NTPA-SAM
primed substrates have much better adhesion compared to those
grown on unmodified Si substrates and PANI layers deposited on
unmodified substrates are easily washed off with splash water,
while PANI layers on NTPA-SAM modified Si substrate pass the
peeling test.'® In addition, the synthesized PANI layers cannot
be wiped out by solubility test with NMP solution or ultrasonic
treatment process, which indicates that the resulting PANI lay-
ers have excellent adhesion due to the covalent anchor between
PANI chain and the Si substrate.

The thickness of the as-synthesized PANI layers on the
NTPA-SAM modified Si wafer is measured with the surface pro-
filer and the relationship curve between the thickness of PANI
layers and the polymerization time is shown in Fig. 2. When the
concentration of aniline monomer is 0.15 M and the molar ration
of aniline to oxidant (NH4),S,Os is kept constant value of 1, the
thickness of the PANI layers increases when the polymerization
time is increased up to 25 min, then it approaches a saturation
value of 220 nm for a much longer polymerization time of 5 h,
which corresponds to 440 aniline units. !>

The top views and cross-sectional view of FE-SEM micro-
graphs for the as-synthesized PANI layers on the NTPA-SAM
modified Si wafer are shown in Fig. 3. From the micrograph
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Fig.2. Effectof polymerization time on the thickness of PANI layers synthesized
on the NTPA-SAM modified Si substrate.

of low magnification (Fig. 3a), it is obvious that a crack-free
PANI layer is compactly synthesized on the NTPA-SAM mod-
ified Si substrate and the surface is fairly uniform and smooth
with a little of aggregated polymer particles. Moreover, it can
be seen from the high magnification micrograph (Fig. 3b) that
the PANI layers is composed of tightly packed spherical poly-
mer particles and displays scalelike morphology, and there is
no fibril morphology, which has been observed previously in
electrochemical polymerized polymer.!” From the view of cross-
section (Fig. 3c), a visible PANI layer with the thickness of about

PANI/NTPA-SAM Layers

——————

Si Substrate

Fig. 3. FE-SEM micrographs of PANI layers on NTPA-SAM modified Si substrate.
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Fig. 4. AFM images (10 wm x 10 wm) of (a) NTPA-SAM on Si and (b) as-synthesized PANI layers on NTPA-SAM.

220 nm has been achieved under the deposition conditions of
0°Cand 5h.

In order to get more detailed information on the microstruc-
tures, the surface morphologies on the process of synthesizing
PANI layers are also observed by using AFM. Fig. 4 shows
the AFM images taken over regions 10 um x 10 wm, where (a)
refers to the NTPA-SAM on the oxidized Si wafer and (b) to the
as-synthesized PANI layers on NTPA-SAM. It is clearly shown
that the surface of the NTPA-SAM (Fig. 4a) is very smooth
and homogeneous with lower surface root-mean-square (RMS)
roughness of 1 nm. After the synthesis of the PANI layers on the
NTPA-SAM under the polymerization conditions of 0 °C and
5 h, significant differences are visible in the corresponding AFM
image (see Fig. 4b). Namely, the as-synthesized PANI layers
are constitutive of spherical polymer particles and the surface of
PANTI layers is bumpy with a higher RMS roughness of 55.5 nm,
which is almost consonant with the morphology determined by
SEM analysis.

Regarding the conductivity of the synthesized PANI layers in
the protonated state, the surface resistance measured with mul-
timeter changes from a big surface resistance of about 1 MQ/U]
(where the [J is 1cm wide and 1cm long) for the pristine
silicon wafer to a surface resistance of 2155 /(] for the PANI
layers with a thickness of 220 nm after protonation with 0.5 M
H>SO4. Using the average thickness of 220 nm for the PANI
layers prepared on the silicon surface, a surface conductivity of
21.1 S/cm can be calculated, which is similar with the results
reported by other researchers.!*!® Therefore, the as-synthesized
PANI layers have the excellent conductivity and can be used as
the electrode material for the following EPD experiment.

3.2. EPD of BaTiOs3 films on the as-synthesized conducting
PANI layers

The XRD pattern (dotted line) of the BaTiO3 nanosize pow-
ders after being dried at 100°C in oven for 2h is shown in
Fig. 5. Peaks at 20=22.1°, 31.6°, 39.1°, 45.4°, 51.1°, 56.3°,
66.1°,70.4°, and 75.0° are ascribed to the (100), (110), (11 1),
(200),(210),(211),(220),(300), and (3 10) lattice planes of
pure cubic perovskite phase BaTiOz (JCPDS card no. 31-0174).
A typical micrograph of the BaTiO3 powders is presented in
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Fig. 5. XRD pattern of BaTiO3 powder (dotted line) and BaTiO3 films (solid
line) deposited on the PANI/NTPA-SAM layers modified Si substrate using EPD
method.
Fig. 6, which shows that the BaTiOs particle has an average
size of about 50 nm and is roughly spherical in shape with some
apparent particle agglomerations.

It is well known that the EPD technique utilizes the phe-
nomenon of the movement of colloidal particles suspended in a

Fig. 6. SEM image of BaTiO3 powders.
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dispersive medium under a dc electric field. So, it is of great sig-
nificance to select a suitable suspension medium for the BaTiO3
powders.' BaTiO; films deposited through EPD technique were
attained by using some inappropriate organic solvents such as
diethylene glycol dimethylether, 1-nitropropane, and pyridine
due to their chemical toxicity.'>*’ Recently, some environment
beneficial and cost-effective organic solvents such as acetone,
EtOH, Acac, isopropyl alcohol/ethyl acetate, EGMME/Acac,
chloroform/methylene chloride, EtOH/acetone, etc. have been
used as the dispersive media for preparing BaTiO3 EPD sus-
pensions and validated availability.®%1%?0 Nagai et al.'"” and
Louh et al.?% reported that the mixed solvent of EtOH/Acac had
a better dispersive performance for the micrometer or submi-
crometer scale BaTiOs3 particles and the optimal volumetric ratio
of EtOH and Acac for obtaining the maximum EPD efficiency
was 1: 1. While in our previous work,*® the mixed solvent of
EGMME/Acac with a volume ratio of 9: 1 was proved possess-
ing an ideal dispersive capability for the 10 nm BaTiOj3 particles.
In the present study, in order to obtain a relatively stable and
well dispersed BaTiO3 suspension for the EPD experiment, two
kinds of mixed suspension media, EGMME/Acac with a volume
ratio of 9: 1, or EtOH/Acac with a volume ratio of 1: 1, have
been tested. After two kinds of suspensions with the concentra-
tion of 3 g/L. were prepared and held still for several hours, the
supernatant fluid was extracted and used for the measurement of
particle size distribution with the Zetasizer Nano Instrument, and
the result is presented in Fig. 7. It is noted that the size distribu-
tion of BaTiOj3 particles in the suspension media of EtOH/Acac
is approximately between 50 and 350 nm (see Fig. 7a), and the
average particle size is about 96 nm. It can be concluded that,
according to the estimation from SEM analysis and the reported
size of 30-50 nm provided by the vendor, the most of BaTiO3
accumulations in the suspension media of EtOH/Acac exists in
the accumulated state of 2-3 single BaTiO3 particle. While the
size distribution of BaTiOj3 particles in the suspension media of
EGMME/Acac is approximately between 400 and 2000 nm (see
Fig. 7b), and the average particle size is about 685 nm, reveal-
ing that serious agglomeration of BaTiO3 particles has been
happened in this case. So, the suspension media of EtOH/Acac
has a better dispersive performance for the employed BaTiO3
particles than that of EGMME/Acac. Moreover, the zeta poten-
tial value of BaTiO;3 particles dispersed in suspension media
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of EtOH/Acac is about 37 mV, determined by the laser elec-
trophoresis zeta-potential analyzer, indicating that the BaTiO3
particle is positively charged. The surface charging mechanism
of BaTiOs particles in the suspension media of EtOH/Acac can
be explained with the DLVO theory.!? The measured opera-
tional pH reading of BaTiOj3 particles in the suspension media
of EtOH/Acac is ~5.5, mensurated with a pH meter (PC 300
series, Asone Ltd.). The operational pH reading in a non-aqueous
solvent can be defined by the following equation®'?:

_PH—AE;

- 25°C
PoR = "5o5016. 20 ©)

where pH is the operational pH reading measured in the non-
aqueous solvent, and poy is the negative logarithm of proton
activity in the non-aqueous solvent, or the pH in an equiv-
alent aqueous medium; AE; is the difference between the
liquid-junction potentials encountered in the standardization and
testing step of a standard pH meter, which has a positive value
for the EtOH/Acac solvent mixture. Therefore, the equivalent
aqueous pH value in the suspension media of EtOH/Acac is less
than 5.5. While Paik et al.>! have pointed out that the isoelectric
point (pHjgp) of BaTiO3 particles in water is ~9.8 in non-dilute
solid concentrations. Consequently, it can be concluded that the
zeta potential value of BaTiOj3 particles in the suspension media
is positive and high because the equivalent aqueous pH value of
5.5 in the suspension media of EtOH/Acac is far lower than the
pHiep of 9.8, which agrees well with the measured higher value
of 37mV. So, the BaTiO3 suspension prepared in the suspension
media of EtOH/Acac is employed for depositing BaTiOs3 films
by EPD technique.

During the EPD process, it was seen that the BaTiO3 particles
were only deposited on the cathode and no deposition occurred
on the anode, which also demonstrated that the BaTiOs3 particles
were positively charged in the prepared suspension. The effects
of some parameters such as applied voltage, deposition time,
suspension concentration and separating distance between two
electrodes, on the thickness of the as-deposited BaTiO3 films
were investigated and the measurement was performed with the
surface profiler. When the suspension concentration and elec-
trode distance are kept at constant values of 9 g/L and 2cm,
respectively, the effect of applied voltage and deposition time
on the BaTiOj3 films thickness is shown in Fig. 8a. It is evident
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Fig. 7. Size distribution of BaTiO3 particles in the different suspension media.
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Fig. 8. (a) Effects of EPD voltage and deposition time on the thickness of deposited BaTiO3 films, (b) dependence of the deposition current density with the deposition
time at the different applied voltages, and (c) thickness variation of the deposited BaTiO3 films against various suspension concentrations at the different electrode

distances.

that, for each applied voltage, the thickness change of deposited
BaTiO3 films with deposition time can be divided into two
regions. First, the film thickness increases quickly and almost
linearly with the increase of deposition time when the time is
less than 10 min. Then, the thickness of deposited films increases
slowly with the increase of deposition time and approaches a
saturation value for a much longer deposition time. The change
trend of the deposited BaTiO3 film thickness with the deposi-
tion time is correlative with the variation of deposition current
density with the deposition time and the dependent curves at
the different applied voltages are exhibited in Fig. 8b. It reveals
distinctly that the change process of current density with the
deposition time also can be separated into two major sections
for each applied voltage. First, as the deposition time increases,
the current density decreases quickly when the deposition time
is less than 10 min. Thereafter, with increasing the deposition
time, the current density decreases slowly and reaches a steady
value, which can be attributable to these effects, the resistance
of substrate is enhanced as long as more of BaTiOs3 particles are
deposited on the substrate to build thicker layer, the electrode
polarization, and the decrease of suspension concentration.>’
Furthermore, under the same deposition time, it is displayed
obviously in Fig. 8a that the thickness of deposited BaTiO3
films increases with the increase of applied voltage. Since the
thickness of deposited BaTiO3 films gets the saturation value
after 10 min deposition at different applied voltages, the deposi-
tion time will be kept at constant value of 10 min for the rest of
experiments. When the applied voltage is setat 10 V, the relation-

ship between the film thickness and suspension concentration at
different electrode distances is depicted in Fig. 8c. It indicates
that the thickness of deposited BaTiO3 films increases with the
increase of suspension concentration at each electrode distance.
On the other hand, for a given suspension concentration and
applied voltage, the higher deposition thickness can be achieved
when the smaller separating distance between two electrodes
is employed. So, the thickness of deposited BaTiO3 films can
be controlled easily by changing EPD process parameters and
the similar experimental phenomena has also been reported by
Zhang and Lee® and other researchers.>2"

For the sake of obtaining the smooth, dense, and crack-free
BaTiO3 films on the conducting PANI layers coated Si sub-
strate, EPD process was carried out with various concentration
BaTiOs3 suspensions, while the applied voltage, deposition time,
and the separating distance between two electrodes were kept at
10V, 10 min, and 2 cm, respectively, and the SEM micrographs
of the deposited BaTiOs3 films are shown in Fig. 9. It is clear
that a half-baked BaTiO3 film is presented with the lower sus-
pension concentration of 3 g/L. (see Fig. 9a), indicating that no
enough BaTiO3 particles are absorbed on the surface of PANI
layers to form a complete BaTiO3 film under so low suspension
concentration. While with higher suspension concentration of
30 g/L, there are obvious cracks appeared on the film surface
(see Fig. 9b), although the deposited BaTiOs3 film is so dense
and smooth. However, in virtue of suspensions with the appro-
priate concentrations of 6-15 g/L, an integrated and crack-free
film can be fabricated and the typical SEM micrographs of the
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Si-substrate

Fig. 9. FE-SEM micrographs of BaTiO3 films deposited by EPD process.

BaTiO3 films deposited with the suspension concentration of
9 g/L are shown in Fig. 9c—e. From the top surface micrograph
(Fig. 9c), it can be found that a flat and smooth BaTiO3 film
has been deposited compactly on the PANI layers and no obvi-
ous cracks are observed. From the cross-sectional micrograph
at different magnifications (Fig. 9d and e), it is obvious that the
BaTiOs3 film is formed by the deposition of BaTiO3 particles on
the surface of conducting PANI layers (see Fig. 9¢) and a rela-
tively dense BaTiO3 film with a uniform thickness of about 8 um
(see Fig. 9d) has been achieved, which accords with the thick-
ness value determined by the surface profiler. The microstructure
of above mentioned BaTiO3 film is also characterized by XRD
analysis and is indexed as pure cubic BaTiO3 (see solid line
in Fig. 5). Moreover, the absence of a typical diffraction peak
from the single crystal Si substrate indicates that the as-deposited
BaTiOs3 filmis so integrated and thick enough that the underlying
Si substrate is covered completely.

4. Conclusions

In this work, EPD technique was employed for fabricat-
ing the BaTiO3 films on the Si substrate modified with the
ordered conducting PANI layers. Firstly, surface polymeriza-
tion of ordered conducting PANI layers on aniline-primed Si
substrate was performed by polymerization of aniline monomer
in an aqueous solution. It could be found that a dense, smooth,
and strong adhered PANI layer had been executed on the
aniline-primed Si substrate and the synthesized PANI layers
had an excellent conductivity. Secondly, EPD of BaTiO3 films
was fulfilled using the PANI/NTPA-SAM layers modified Si
wafer as the cathode. The effects of some parameters such
as applied voltage, deposition time, suspension concentration,
and separating distance between two electrodes, on the thick-
ness of the as-deposited BaTiO3 films were investigated. It was
obtained that, when the suspension concentration and electrode
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distance were kept constant, the thickness of deposited films
increased quickly and almost linearly with the increase of depo-
sition time when the time was less than 10min. Under the
same deposition time, the deposited film thickness increased
with the increase of applied voltage. On the other hand, when
the applied voltage and deposition time were kept constant,
the thickness of deposited BaTiO3 films increased with the
increase of suspension concentration at each electrode dis-
tance. Furthermore, for a given suspension concentration and
applied voltage, the higher thickness could be achieved when
the smaller separating distance between two electrodes was
employed. All these results demonstrated that the thickness of
the as-deposited BaTiO3 films could be changed expediently
by adjusting EPD process parameters. The analytical results
from SEM images indicated that a relatively dense and smooth
BaTiO3 films with the uniform thickness could be attained
on the PANI layers modified Si substrate when applying an
appropriate concentration suspension. The advantage of this
method is focused on the fact that the EPD technique can
be employed for the fabrication of ceramic films on the non-
conductive Si or glass substrates, which is expected to be a
potential fabricating route in micro-electronic devices and other
areas.
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