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INTRODUCTION

Ferromagnetic semiconductors (FMSs) have attracted
great interests for their potential applications in semiconductor
spintronics devices'. Cobalt doped ZnO has been predicted to
be one of the most promising candidate ferromagnetic semi-
conductors for achieving room-temperature Curie temperature
and thus, it has been receiving great attentions in recent years>.
Zn,.{Co,O thin films have been fabricated via various methods,
including pulsed laser deposition, magnetron co-sputtering,
molecular-beam epitaxy, chemical vapor deposition, ultrasonic-
assisted solution, ion-beam sputtering and sol-gel method. Both
intrinsic and extrinsic ferromagnetism have been experimen-
tally observed™*. There is no conclusion on which deposition
method is best for achieving ferromagnetic ordering films. The
magnetic behaviours of the films are found sensitive to the
deposition conditions>’. Therefore, controllable tuning of the
morphologies and structures of the films is of great importance.

Electrophoretic deposition method is a two-step process
for film fabrication and nano-structure synthesis'*". In a
traditional electrophoretic deposition, precursor colloidal is
carefully prepared, which acts as the working fluid. Under the
action of electric field, electrically charged colloidal particles
in the colloidal moved to certain electrode and deposition on the
substrate or in the template holes. After subsequent treatments,
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Zn0:Co semiconductor films were synthesized by a two-step electrophoretic deposition method. Various morphologies, including solid, |
crystal-grain or nanorod-array film, could be obtained by tuning the deposition conditions. Careful characterizations indicate the
morphologies and structures have great effect on the magnetic and optical properties of the films. Significant difference of magnetism was
investigated in the films prepared under different deposition potentials. The origination of the magnetism difference and the mechanism

thin film or micro-structural materials are obtained. In this
work, Zny5C00sO thin films were fabricated via DC electro-
phoretic deposition method under different deposition potential
and time. Carefully characterizations indicate the obtained
films have different morphology and structure. Magnetic
investigation shows that they are of room-temperature ferro-
magnetic. The mechanism of electrophoretic deposition is
discussed.

EXPERIMENTAL

All the reagents used in this experiment are of analytical
grade, purchased from Shanghai Sinopharm Chemical Reagent
Co. Ltd. The Si(111) substrate used in this work is 99.999 %
in purity. The substrates were first soaked in boiling sulfuric
acid (98 %) for 1 h, then rinsed ultrasonically in deionized
water and finally dried in a vacuum oven. The water used in
all process is tri-distilled water.

Experiments and characterizations: The Zn9sC00s0
films were grown on Si (111) substrates by an electrophoretic
deposition method. Electrophoretic deposition was performed
in a tri-electrodes system, using Zn(OAc),:Co(OAc),composite
colloid as electrophoretic solution. An Si(111) slice (2 cm x 4
cm), acted as working electrode (negative electrode) and a
reeled Pt thread acted counter electrode. The electrophoretic
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deposition is a two-step process. A direct potential of 4.5 V
was applied on the electrodes and sustained 90 s for the first
step deposition. After 100 s quick annealing, a ZnO seeds film
was obtained. For the second deposition, a direct potential of
5.0, 6.5 and 8.0 V was applied on the electrodes and sustained
for 45 min, the corresponding films were named as F50, F65
and F80, respectively. Then the prepared samples were annealed
at 500 °C for 6 h in air atmosphere.

The scanning electron microscopy (SEM) images were
obtained by a JSM-5600LV SEM equipped with energy disper-
sive spectrometer (EDS). The structure variations were charac-
terized by using Rigaku D/Max-2200 XRD with CuK,, (1.54 A)
line. The magnetic properties were characterized by VSM
(LakerShore 7410) at 300 K.

RESULTS AND DISCUSSION

SEM images (Fig. l1a-c) show the surface and the cross-
section (the inset patterns) morphologies of the ZnyysC0¢0s0O
films. It is seen that the thicknesses of F50, F65 and F80 are
2.63, 6.39 and 7.24 pum, respectively. The thickness is increasing
with the electrophoretic potential, which leads to the deference
of the deposition rate. The surface morphologies of the films
are obviously different. The dense degree of F65 film is obvi-
ously lower than that of the F80, but higher than that of F50.
In fact, from the cross-section patterns, it could be found that
the F50 film is composed of isolated nanorods. It has also been
proved by the investigation of the transmission electronic
microscopy (not shown). The EDS spectrum (Fig. 1d) suggests
that the films are only composed of Zn, Co and O elements.
The atomic ratio of Zn to Co is measured as 81:4, very close
to the nominal Co doping ratio.
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Fig. 1. (a)-(c) the surface SEM images of F50, F65 and F80 films,
respectively. The insert shows their corresponding cross-section
images. (d) The EDS spectra of the F50 film

Fig. 2a shows the XRD spectra of the Zng4sC0.0sO films,
the spectrum of a Si(111) substrate is also present for compa-
rison. All the Zn 9sC00 5O films are found of hexagonal structure
similar to that of Wurtzite ZnO (JCPDS number: #65-3411).
There are only one peak at 34.26° in all the XRD patterns,
which indicates the deposited films have complete (002)
preferred growth. The FWHM (full width at half maximum
peak) of the F50 (002) peak is much higher than that of the
other two for the formation of the isolated nanorods. According
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Fig. 2. XRD spectra of F50, F65, F80 films and Si(111) substrate

to the Sherrer formula, the diameter of the nanorods is estimated
to be 35-40 nm, close to the SEM and TEM results. The diff-
raction peak at 28.4° are corresponding to the Si(111) crystal
plane. Its intensity decreases with the increase of the electro-
phoretic potential for the decreasing of the thickness and dense
degree.

Fig. 3 shows the magnetization of the ZngssC00sO films
measured by VSM at room temperature. All the samples show
room-temperature ferromagnetism. The magnetisms of F80
and F65 are 2.593 x 107 and 6.702 x 10~ emu/cm’, respec-
tively. While the magnetism of F50 is much higher, to reach
15.961 x 10~ emu/cm’. It is believed that in ZnO: Co system,
bound magnetic polarons (BMPs) model plays an important
role in mediating the ferromagnetic interaction'*"”. Therefore,
in the same Zng.sC000s0O system, the magnetism should be in
a similar scale. The significant difference of magnetism, espe-
cially for the sharp magnetism increasing of F50, should be
originated from the structural difference of the films. The
perceptible coercivity of F50 is smaller than that of F65 and
F80, as shown in the inset of Fig. 4.
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Fig. 3. M-H curves and the coercivety (the inset pattern) of F50, F65, F80

films detected by VSM at 300 K

The microstructure of the ZnyysC00sO films is closely
related to the electrophoretic parameters. At the beginning of
the electrophoretic deposition, the ZnO: Co colloidal particles
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with a little adsorbed liquid moved to cathode (Si substrate
with crystal seeds) when the external electric field was applied
to the electrodes. Then, there present a high ZnO: Co concen-
tration area near the Si substrate surface. Under the induction
of the crystal seeds, the colloidal particles deposited and finally
formed the film. The ZnO: Co concentration near the substrate
is decided by the electrophoretic potential, if other parameters
keep unchanged. If the precursor concentration is too high, the
deposition rate is out of control of the induction of the crystal
seeds. As a result, solid films formed, just as the F80 film.
Furthermore, in such a rapid growth, some of the Co ions will
not properly doped in ZnO crystal seeds second-phase Co;0,
present. Only in a merely supersaturation condition the induc-
tion of the crystal seeds is dominant, then nanorods arrays
formed, just as the F50 film.

Conclusion

Zn0:Co semiconductor films with various structures,
including solid film, crystal-grain film and nanorod-array films,
were controllably synthesized by an electrophoretic deposition
method. Careful investigations indicated the morphologies,
structures and magnetisms of the films were closely related to
the electrophoretic deposition potential. The mechanism of
electrophoretic deposition was also discussed.
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