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Abstract

Mechanism and kinetics of electrophoretic deposition in an MgO/acetone cell were studied. Linear relations of the deposition
yield with voltage applied, time and particle concentration was experimentally veri®ed at both very low concentration levels (�0.02
wt.%) and short deposition times (�5 s). Deposition was constantly cathodic with a particle mobility of 2.5�10ÿ4cm2/V.s. Results
were similar for all substrate materials employed. An optimum voltage range for obtaining uniform and su�ciently adherent ®lms
was established. Scanning electron micrograph observations revealed each particle to be independent in both migration and
deposition processes. Under clean conditions, ®nely porous MgO ®lms were reproducibly formed in suspensions of low con-

centrations. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Electrophoretic deposition (EPD) has been used for
the preparation of thick ®lms of many electroceramic
materials.1ÿ3 Sarkar and Nicholson in their feature
paper4 have thoroughly covered the background litera-
ture. The deposition of MgO thick ®lms on metal sub-
strates, as heat resistant insulators, is of technical
signi®cance.5ÿ7 Such ®lms are also ®nding applications
in fabrication of Josephson devices.8 Hamaker prepared
MgO ®lms by EPD in a methanol suspension,5 Avgus-
tinik et al. in ethylalcohol,6 and Rao and Subbarao
formed MgO bodies by EPD in benzyl alcohol and
dichloromethane.7 Acetone, due to its low viscosity (Z)
and high dielectric constant (Er) 3.1 � 10ÿ4 Pa s and
20.7 respectively, both at 25�C, is one of the popular
solvents for EPD.1,2,9 However, it has been neglected in
the case of MgO, perhaps, because of the low value of
the electrokinetic potential (z) previously reported.10

In this work we investigated the electrophoresis of
MgO particles in acetone. The aim was to obtain higher
levels of precision, reproducibility and control in the
EPD process, to facilitate deposition of micro-thick
high temperature insulators on semiconducting and
metallic substrates. In this respect, relationships
between the deposition process and the related basic
parameters were studied. These studies were extended
down to very low MgO concentrations (�0.02 wt.%)
and short deposition periods (�5 s).

2. Experimental

The MgO powder used was ``light extra pure'' grade
(MERCK, 105862). Our XRD analysis revealed the
powder to be periclase. The particle size distribution
was studied by a laser particle size analyser (Fig. 1). The
particles were also examined by SEM, showing that they
were ¯aky with thicknesses below 0.1 mm. The solvent
used was a ``residue analysis'' grade acetone (MERCK,
12) with a purity stated as 99.8 wt.%. The exposure of
the powder, solvent, and suspensions to the open air
was minimized. To avoid the e�ect of impurities our
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experiments were carried out on a clean bench normally
used for hybrid circuit fabrication.11

A suspension of �5 wt.% MgO in acetone was pre-
pared in an airtight borosilicate glass container. It was
placed in an ultrasonic bath for 15 min. Five min were
allowed for the sedimentation of the larger particles.
The slurry of ®ner particles was then poured into a sec-
ond similar vessel. The concentration of the latter was
adjusted to about 2.0 wt.% by the addition of more
acetone. This suspension was our supply slurry and its
concentration was monitored frequently by weighing
the residues obtained by drying 1 cc samples. Suspen-
sions of lower concentrations were prepared by adding
proper volumes of the supply slurry to the acetone in
the cell. The suspensions were stable within the duration
of each experiment.
The electrophoresis cell consisted of a borosilicate

glass beaker, within which glass holders for the cathode
and the anode had been constructed. The electrodes
were both made of glass slides. One face of each was
covered with a gold thick ®lm, deposited by pyrolysis of
a commercially available gold resinate (Degussa,
GZ11712). The e�ective surface areas of both cathode
and anode were 4 cm2 each. The distance between the
anode and the cathode (d) was constantly 15 mm. The
schematic diagram of the cell and the circuit used for
the electrical measurements is presented in Fig. 2.
The voltage source was a regulated D.C. power sup-

ply. A storage oscilloscope was used to record the elec-
tric current vs. time, I(t), curves. The voltmeter was
temporarily disconnected during such recordings to
eliminate its leakage current. These curves proved to be
useful for monitoring the contaminations11 and cell
conductivity, facilitating comparison of the results from
di�erent experiments. A typical example of observed I t� �
curves is given in Fig. 3. Since the electric ®eld intensity
(E) within an electrophoresis cell is far from constant,4

our experimental results are presented with respect to
the applied voltage V� � rather then E. An average E
value can be deduced from V=d in each experiment.
Deposition time t� � was controlled by an electronic
timer connected to an electromechanical switch. The
mass deposited on the cathode was obtained from the

di�erence in the cathode weights before and after each
experiment. The EPD yield Y� � was calculated by
dividing the said mass by the e�ective surface area of
the cathode. All of the measurements were carried out
at room temperature (25�C). The cell temperature,
monitored by a thermometer, was usually about 5�C
lower, due to acetone evaporation.

3. Results and discussion

In order to prevent the particles from possible inter-
actions during their migration,6,7 suspensions with con-
centration levels of c<0.6 wt.% were employed. At
such concentrations the possibility of various ¯occula-
tion mechanisms caused by the migrated ions near the
cathode,12 would have also been removed. The deposi-
tion was constantly cathodic. The adherence of the
deposit to the cathode was adequate for V > 60 V. For
V < 40 V the adherence was not acceptable and the
deposits were partially washed away as the cathode was
being extracted from the cell.
The experimental relationships of Y with V; t, and

c are shown graphically in Fig. 4(a)±(c), respectively.
The dotted lines have been drawn by assuming linear
relationships between the respective parameters and a

Fig. 1. Particle size distribution of the MgO powder used.

Fig. 2. Schematics of the electrophoresis cell employed and the sup-

porting electric current.

Fig. 3. A typical l t� � curve observed on the storage oscilloscope.
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constant particle mobility (m) of 2.5�10ÿ4cm2/V.s. The
results obtained basically support Hamaker's linear
model of the process.5 This is the ®rst experimental
veri®cation of validity of these proportionalities at very
low concentration and short deposition times.
The nonlinear behavior of Y(V), observed particularly

at low voltages [Fig. 4(a)], can partly be attributed to
the errors caused by a weak adherence of the deposit to
the cathode. A gradual decay in deposition rate due to
both solution depletion at long deposition runs13 and
electrode covering by layer deposited14,15 is also obser-
vable in Fig. 4(b) and (c). However, the intensity of
these hindering e�ects are subsided by the low con-
centration levels and short deposition time employed.
Apart from gold substrates, EPD yield measurements
were carried out on aluminum, stainless steel, graphite
and silicon wafer with similar results.
A rough estimation of the �-potential is then a�orded

through � � ��="; "r,
16 where ", is permitivity of vaccum.

The result, � � �42 mV, is about an order of magnitude
higher than the result of a previous measurement.10

MgO/acetone cell is very impurity sensitive11 and such
discrepancies can be attributed to the e�ect of impu-
rities.
The SEM micrographs of the deposits formed on the

cathode, at various stages of a deposition process, are
shown in Fig. 5(a)±(d). These, and many more similar
micrographs studied, support the concept of indepen-
dent migration and deposition of the particles in an
EPD process. This rules out the occurrence of the
deposition due to various ¯occulation mechanisms near
the cathode.
These micrographs also revealed that at the lower end

of the voltage range applied (e.g. �80 V), particles ten-
ded to be deposited on the bare cathode surface, result-
ing in uniform deposits. At a medium V (e.g. 200 V), the
positioning of the particles occurred randomly and were
not in¯uenced by the already deposited particles. How-
ever at V > 400 V, particles favoured deposition on the
already deposited particles rather than the bare cathode
surface, resulting in a rough surface for the layer

Fig. 4. The variation of deposition yield vs. (a) applied voltage at t � 30

s and c � 0:1 wt.%, (b) duration of deposition atV � 250V and c � 0:1
wt.% and (c) concentration of suspension at V � 250 V and t � 30 s.

Fig. 5. SEM micrographs of the deposits obtained at V � 100 V, c �
0:03 wt.% and (a) t � 0:5 s, (b) t � 2 s, (c) t � 7 s and (d) t � 30 s.
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deposited. By a further increase in V the roughening
intensi®ed and as the process progressed, strings of
particles were formed along the lines of force, within the
liquid. Observation of such particle strings had also
been mentioned by other workers17. Furthermore, at
low voltages, the ¯aky particles were deposited on the
cathode mainly with their base parallel to the surface of
the substrate. The directional deposition could be
maintained for a few particle layers. This indicates the
potentials of the EPD for forming anistropic ceramic
layers.18,19

Thus an optimum range of V, 60 V < V < 400 V, for
the deposition of uniform and acceptably adherent thick
®lms was experimentally established. Films deposited at
the optimum conditions are uniform but porous as
shown in Fig. 5d. Working on a clean bench and in low
solid concentration suspensions, deposits of reproducible
uniformity and pore texture were obtained. Particle by
particle deposition mechanism renders a uniform micro-
pore distribution, making the technique attractive for the
fabrication of devices such as ceramic gas sensors.

4. Conclusions

A. Acetone was found to be a suitable medium for the
EPD of MgO thick ®lms.
B. An optimum voltage range for depositing uniform

and acceptably adherent thick ®lms was experimentally
established.
C. Deposition yield was proportional to V, c and t at

very low concentration levels and short deposition periods.
D. EPD yield measured was independent of the materi-

als employed as substrates.
E. Particles were deposited independently on the sub-

strate; no ¯occulation or coagulation of the particles
prior to deposition, was observed.
F. Control of the EPD process was achieved by

adjustments of the c, V and t in clean conditions. Trade
o�s between these parameters were also possible. Lower
concentrations a�orded further precision and reprodu-
cibility.

References

1. Kao, C. H., Tang, H. Y., Shiue, Y. S., Sheen, S. R. and Wu,

K. M., Fabrication of BiPbSrCaCuO superconducting ®lms on

silver substrates by electrophoretic deposition technique. J. Mat-

ter. Sci. Lett., 1993, 12, 1793±1794.

2. Chu, C. T. and Dunn, B., Fabrication of YBaCuO super-

conducting coatings by electrophoretic deposition. Appl. Phys.

Lett., 1989, 55, 492±495.

3. Nagai, M., Yamashita, K., Umegaki, T. and Takuma, Y., Elec-

trophoretic deposition of ferroelectric Barium Titanate thick

®lms and their dielectric properties. J. Am. Ceram. Soc., 1993, 76,

253±257.

4. Sarkar, P. and Nicholson, P. S., EPD, mechanisms, kinetics and

application to ceramics. J. Am. Ceram. Soc., 1996, 79, 1987±1992.

5. Hamaker, H. C., Formation of a deposit by electrophoresis.

Trans. Faraday Soc., 1940, 36, 279±283.

6. Avgustinik, A. I., Vigdergauz, V. S. and Zhuravlev, G. I., Elec-

trophoretic deposition of ceramic masses from suspensions and

calculation of deposit yields. J. Appl. Chem. USSR (English

Trans.), 1962, 35, 2090±2095.

7. Krishna Rao, D. U. and Subbarao, E. C., Electrophoretic

deposition of magnesia. Am. Ceram. Soc. Bull, 1979, 58, 467±

471.

8. Fukumoto, Y., Shigaki, I., Kajikawa, H., Ogawa, R. and

Kawate, Y., Detection of 110 Ghz millimeter-wave signal using

DyBaCuO step edge junction. IEEE Trans. Appl. Supercond,

1993, 3, 2238±2239.

9. Kuwabara, K. and Noda, Y., Electrophoretic preparation of

antimonic acid ®lm. J. Mater. Sci., 1993, 28, 5257±5261.

10. Brown, D. R. and Salt, F. W., The mechanism of electrophoretic

deposition. J. Appl. Chem., 1965, 15, 40±48.

11. Hosseinbabaei F, Raissidehkordi, B. Impurity dependence of

electrophoretic mobility in MgO/acetone cell. In: Proceedings of

the Nineth CIMTEC (Florence, 1998) Vol. 20, pp. 65±70.

12. Hamaker, H. C. and Verwey, E. J., Role of forces in electro-

deposition and other phenomena. Trans. Faraday Soc., 1940, 36,

180±185.

13. Zhang, Z., Huang, Y. and Jiang, Z., Electrophoretic deposition

forming of SiC±TZP composites in a nonaqueous sol media. J.

Am. Ceram. Soc., 1994, 77, 1946±1950.

14. Mizuguchi, J., Suzuki, M., Yamato, H. and Matsumura, M.,

Characterisation of YBa2Cu3O7ÿX layers prepared by EPD. J.

Electrochem. Soc., 1991, 136, 2942±2946.

15. Koura, N., Tsukamoto, T., Shoji, H. and Hotta, T., Preparation

of various oxide ®lms by electrophoretic deposition method. Jpn.

J. Appl. Phys. Part 1, 1995, 34, 1643±1647.

16. Hennicke J., Hennicke H. W. Electrophoresis. In. Ceramic

Monographs, Handbook of Ceramics, 1.4.3. Verlag Schmid

GmbH Frieburg, Germany, 1982, pp. 1±5.

17. Koelmans, H., Suspensions in nonaqueous media. Philips

Research Reports, 1955, 10, 161±193.

18. Huang, S. L., Dew-Hughes, D., Yang, M., Morgan, C, Grove-

nor, C. R. M., Goringe, M. J., Jenkins, R., Storey, R., Jones, H.,

Zheng, D. N., Campbell, A. M. and Astill, D. M, Highly repro-

ducible high critical current density in partial-melt BiSrCuO/Ag

tapes fabricated by electrophoretic deposition. Supercond. Sci.

Technol, 1995, 8, 32±40.

19. Sarkar, P., Mathur, S., Nicholson, P. S. and Stager, C. V., Fab-

rication of textured BiSrCaCuO thick ®lm by electrophoretic

deposition. J. Appl. Phys, 1991, 69, 1775±1777.

2168 F. Hosseinbabaei, B. Raissidehkordi / Journal of the European Ceramic Society 20 (2000) 2165±2168


