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Spherical MgO nanoparticles with a hollow inside, that is, MgO hollow nanospheres, were created in Ar/O, plasma produced by
radio frequency (RF) impulse discharge using a Mg rod electrode. The hollow nanospheres were found on the SiO, plates placed
near the powered Mg electrode. The electron refraction pattern showed that each nanosphere was made of a single crystal of MgO.
Since the shape was spherical, these nanoparticles seemed to be created during the levitation in the plasma without touching any
walls. The formation mechanism with a quasiliquid cooling model was also discussed.

1. Introduction

Magnesium oxide (MgO) has been utilized as a transparent
film with favourable secondary electron emission coefficient
for a flat plasma display panel [1]. MgO is also used as a
buffer layer for the deposition of high T. superconducting
films and perovskite-type ferroelectric films. MgO has been
widely used as a refractory material in steel manufacture
because of its high corrosion resistance and high-melting
point. MgO is also used as an optical transmitter and as
a substrate for thin film growth. Various methods for the
production of MgO films were reported [2-5], where various
morphologies of MgO films, such as flat thin films, whiskers,
fishbone fractal nanostructures, and nanofibers, were
observed. Photoluminesence emission spectra in the UV
range were dependent on the size of MgO nanoparticles [6].

Here, a special shape of MgO nanoparticles with a hollow
space inside, that is, a hollow nanosphere or a spherical
nanoshell, is reported. Moreover, each particle is made of
a single crystal of MgO in spite of its spherical shape. This
kind of structure can be used to form an optical scattering
surface when they are coated on the surface homogeneously.
The mass to volume ratio can be reduced compared to a

conventional packed sphere. An improvement of electronic
properties such as field electron emission efficiency might be
expected. Another possible application includes packing of
foreign materials in the hollow.

Concerning with the formation of hollow microspheres,
several works have been reported. Ferrite hollow spheres
were prepared and fabricated by coating ferrite nanoparticles
on the surface of polystyrene spheres and removing of the
core polymer subsequently [7]. SiO, hollow spheres were
also prepared by heat treatment of a mixture composed
of SiCly and carbon microsphears [8]. Double shell hollow
spheres were prepared by encapsulating the polymeric
hollow spheres with a TiO; shell [9]. By using a pulsed laser
deposition method, hollow ZnO spheres have been prepared
after annealing the depositions [10]. All of these experi-
ments employed an additional chemical and heat treatment.
Recently, one-step synthesis of MgO hollow nanospheres
were demonstrated by a pulsed-laser ablation method, where
Mg target was melted, followed by surface oxidization [11].
However, only a simple sputtering method was employed
in Ar/O, plasma without chemical and thermal processes.
The formation technique was quite different from the above
methods.
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Ficure 1: RF impulse discharge system with plate and rod
electrodes. The gas was fed between glass plates with narrow gap
where the electric impulse discharge takes place. Inset shows a
waveform of the applied voltage.

2. Experimental Setup

The experimental configuration is shown in Figure 1 [12].
Using this system, deposition materials on the flat glass plates
made of SiO; can be easily analysed. Two glass plates were
placed with a narrow spacing gap as shown in Figure 1.
The spacing between the glass plates was fixed at 2 mm. To
ignite a discharge, a powered rod electrode was introduced
between the two glass plates. Another two grounded stainless
plate electrodes that sandwich the glass plates were also
placed. The inner rod electrode was made of a Mg rod
with a diameter of 1.7mm. The outer stainless electrode
was not fixed, so that the distance between the inner and
outer electrodes could be varied in the axial direction. In
this experiment, however, the distance between the inner and
outer electrodes was fixed at 5 mm.

The entire electrode system shown in Figure 1 was set
inside a cylindrical vacuum chamber of 50 cm in diameter
and 20cm in height. The working gases of Ar and O,
were introduced into a mixing vessel through mass flow
controllers independently, and finally the mixed gas was fed
to the discharge region through a gas inlet tube connected
to the inner electrode, as shown in Figure 1. The outgoing
gas from the discharge region was directly drained into the
chamber and evacuated by a rotary pump. Since the length
of the glass plate was short (=10 mm), the pressure in the
discharge region was nearly the same as that in the vacuum
chamber. The pressure of the chamber was fixed at 0.1 Torr
with a total gas flow rate of 20 sccm.

RF impulse voltage was directly supplied to the inner
electrode through a coaxial cable without using a matching
circuit and a blocking condenser, while the outer electrode is
grounded. As shown in an inset of Figure 1, the RF impulse
power supply provided one cycle of a sinusoidal waveform of
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10 ys in width with the repetition frequency wg. The pulse
amplitude and the repetition frequency can be changed. In
this experiment, the pulse repetition frequency was fixed at
4.5 kHz. The applied voltage can be increased up to 20 kV.

The surface morphology was analysed by scanning
electron microscopy (SEM) with a resolution of 5.0 nm and a
maximum magnification of 300,000 (JCM-5700, JEOL). The
transmission electron microscopy (TEM) analysis was also
employed to analyse the crystal structure.

3. Experimental Results

Figure 2 shows SEM images of the depositions on the glass
plate surface. Many small spherical particles were formed
as shown in Figure 2(a). Typical size of the particles was
200-400 nm. Here, spherical nanoparticles with diameters
less than 100 nm could be also observed. Figure 2(b) shows
a SEM image in the direction perpendicular to the glass
plate surface. The cross-sectional view of these particles
indicates that these particles seem to be just put on the glass
plate surface. So, it was supposed that these particles were
formed during levitation in the plasma discharge, and fallen
down and attached to the surface of the glass plate. It was
also found that these nanospheres had a quite symmetrical
ball structure, and so there was no indication that they
were grown up on the surface of the substrate. Therefore,
these particles should have grown in the plasma without
touching any places. The dependence of the depositions on
the experimental parameters was described in [13], together
with [12].

In order to evaluate the structure of these spherical
particles more in detail, a TEM image is shown in Figure 3,
where several spherical nanoparticles can be observed. Note
that most of particles are hollow spheres, although the size
is not the same; that is, most of these nanoparticles are
spherical and include spherical hollow inside. But, some of
them have nonuniform shell thickness. In order to check
the crystallite of those hollow spheres more in detail, a few
particles were chosen as shown in Figure 4(a). The electron
refraction pattern for these particles is shown in Figure 4(b),
where narrow refraction spots can be clearly observed. In
general, the relation D = AL/r(hkl) holds for the electron
refraction, where D is radius of the refraction ring, L is
the distance between the sample and screen, A is de Brolie
wavelength of the electron beam, and r(hkl) is lattice position
in the x, y, and z directions. It was obtained that r(111) =
0.244 nm, r(200) = 0.211 nm, r(220) = 0.149nm, r(311) =
0.127 nm, r(222) = 0.120 nm, and r(400) = 0.105nm. The
positions of these spots are found to be exactly coincident
with the radii of the rings related with the MgO with lattice
constant a = 0.4203 nm. Therefore, it is concluded that each
hollow spherical particle is made of a single crystal of MgO.

Figure 5 shows the relation between outer diameter D
and inner hollow diameter d of MgO nanospheres. The
hollow diameter d increases almost in proportion with an
increase of the outer diameter D. From a straight line drawn
in the figure, the ratio d/D was found to be about 0.6, and
the ratio d/D was almost independent of the particle size;
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F1GURE 2: SEM images of the nanoparticles deposited when Ar/O, mixing ratio is 3/1 and total pressure is 0.1 Torr. (a) top view, (b) side

view. The particles are spherical shape.

FiGure 3: TEM images of nanoparticles deposited near the electrode
when Ar/O, mixing ratio is 3/1 and total pressure is 0.1 Torr. The
size of nanoparticles is distributed mostly in the range 50-500 nm.
Most of particles have spherical hollow inside.

that is, larger particles had a larger hollow inside. However,
most of the particles smaller than 50 nm seemed to have
no detectable hollow inside. These phenomena would be
closely related with the formation mechanism of the hollow
nanospheres, as discussed in the next section.

The SEM image in the region of thick deposition is shown
in Figure 6. It can be confirmed that the depositions are in
principle consisted of many small nanoparticles. Moreover, a
few particles in Figure 6 are found to have an open hole on
the surface. This indicates that a thin part of the shell layer
surrounding the particle has been broken by chance, and
the inner hollow space was exposed through an open hole.
This structure also confirms that these particles are basically
hollow particles.

4. Discussion

Here, the formation mechanism of these hollow MgO
nanospheres is discussed. A diffusion model of oxygen into

a melted Mg nanosphere was proposed for a formation of
MgO hollow nanosphere in pulsed-laser deposition [11].
During the cooling, oxygen in gas phase penetrated into
Mg nanospheres to form a MgO layer on the surface. On
the contrary, Mg atoms in the core region diffused toward
the surface region, leaving a void in the core. This model
could not be directly applied to the present study, because
melted metallic Mg nanoparticles were not created initially.
Instead, nanoparticles contain both Mg and O atoms from
the beginning, because the reactions between Mg and O
would occur immediately after Mg sputtering from the Mg
rod electrode in the discharge plasma.

In this study, the following model was considered for
a formation of hollow MgO nanospheres. Owing to the
sheath potential in front of the Mg rod electrode during
the discharge, Mg atoms are sputtered by energetic Ar ions.
These Mg atoms react with O atoms in the plasma to form
MgO nuclei. Such MgO nanoclusters would coagulate and
grow in the plasma, and then nanoparticles containing Mg
and O atoms were produced. Note that in the plasma, strong
local electric filed occurs in front of the levitated nanopar-
ticles due to a sheath formation. Therefore, Ar ions are
accelerated towards the surface of nanoparticle and transfer
kinetic energy to nanoparticles, then the nanoparticles will
be heated up as discussed below and will reach a quasiliquid
state. It was also noted that these nanoparticles were charged
up negatively by an effect of electrons in the discharge.
Therefore, they can be confined electrically within positive
plasma potential for a long period. Since the nanoparticles
are in quasiliquid state, the shape will be spherical, as
schematically illustrated in Figure 7(a).

Since the impulse discharge was employed, these
nanospheres would have a chance to escape from the
discharge region during discharge off-interval. In this case,
these particles will be in turn cooled down owing to the
collisions with neutral Ar atoms before arriving at the surface
of the glass plate. The solidification of nanoparticles will
start from the particle surface, as shown in Figure 7(b).
During this process, Mg atoms will be subtracted toward
the surface for MgO crystal formation, because the number
of Mg atoms would be lacked near the surface, compared
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FIGURE 4: (a) TEM image of a few nanoparticles and (b) electron refraction pattern for these particles. The rings radii correspond to
refraction positions for MgO crystal. This dotted pattern shows that the spherical hollow nanoparticles are consisted of single crystal of

MgO.
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FIGURE 5: Relation between the diameters D and d of nanospheres
and spherical hollow inside, respectively, for nanospheres deposited
under the same condition in Figure 3. Solid line shows a slope of
d/D =0.6.
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F1GURE 6: SEM images of nanoparticles deposited near the electrode
when Ar/O, mixing ratio is 3/1 and total pressure is 0.1 Torr. There
observed several nanoparticles with circular hole on the surface.
These nanoparticles seem to be originally formed as hollow spheres.

Cooling process

FiGure 7: Cooling process of nanoparticles. Liquid, solid, and gas
regions are drawn by grey, black, and white, respectively. (a) Liquid
MgO droplets with spherical shape. (b) Outer surface starts being
cooled down to form MgO crystal by collecting Mg atoms from
the central core. (c) The crystallization proceeds toward the core by
expelling excess oxygen toward the centre. (d) Hollow nanosphere
of single crystal MgO.

with that of oxygen supplied from the gas phase. On the
other hand, excess oxygen inside the nanoparticles will be
expelled toward the melted core region, because outer surface
was solidified and crystallized, as shown in Figure 7(c). This
process will lead to a hollow inside filled with oxygen, as
shown in Figure 7(d). Since the cooling process is rather slow,
compared with the heating process, single crystal structure
of MgO would be formed. Here, it is also noted that in the
quasiliquid state, Mg and O will be ionised to form Mg**
and O?7, respectively. The electric force among these ions
inside the nanoparticles may also play a key role for driving
a collection of Mg* toward the surface (see Figure 7(b)) and
an expulsion of excess O~ toward the core (see Figure 7(c))
during crystal formation mentioned above.

The energy W;(J/s) transferred to the MgO nanoparticle
of radius R per second can be estimated by ion bombardment
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energy E; = eV, and ion flux J; = n;v;, that is, W; =
SpE,]i, where S, is the particle surface area (=47R?), n; is
ion density, v; =2eVs/m; is ion velocity, and V; is ion
acceleration voltage in the sheath in front of the nanoparticle.
On the other hand, the heat capacity H(J/°C) for increasing
the particle temperature is expressed by H = kM, where
k(J/kg°C) is specific heat, M = (4/3)ponR® is mass, and
po is specific gravity of MgO. Of course, the other heating
mechanisms, such as radiation heating and electron heating
and also the other cooling mechanism such as the collisions
with neutral Ar/O, gas should be also taken into account.
Here, however, as a dominant mechanism, the effect of ion
bombardment has to be discussed. In the case of a particle of
R =3 nm, for example, it is obtained that AT/t = 5.7 x 10* for
the time 7 required for increasing the particle temperature
AT. This shows that an expose of particles to the plasma
for T = 3.6s will lead to an increase of particle temperature
by about AT = 1000°C. Here, the impulse discharge with
repetition frequency wgp = 4.5kHz, V; = 10V, and #n; =
5%10°/cm?® was taken into account. The temperature rises
more quickly for smaller particles (T/t oc 1/R). If the
other heating mechanism mentioned above was considered,
the temperature rise time might be much shorter. In a
typical case, the discharge was continued for 10 minutes.
Therefore, nanoparticles growing in the plasma would be
heated up by the ion bombardment to reach a quasiliquid
state.

The volume of such a quasiliquid spherical droplet of
MgO shown in Figure 7(a) expands as a result of heating.
During the cooling, solidification proceeds from the surface
to the core region. Therefore, the outer diameter D of
particles will be maintained, and only the particles in the
core region will be rearranged to form a shell structure
of MgO crystal, as shown in Figure 7(d). If the number
of Mg atoms is preserved during the cooling, a relation
nV = noVy will be hold, where n is Mg density in the
droplet, V (=(4/3)r(D/2)?) is the droplet volume, ng is Mg
density in MgO crystal, and Vy (=(4/3)7[(D/2)*— (d/2)*])
is the shell volume. Then, the relation n/ny = Vo/V =
1-(d/D)* = 0.78 can be obtained. Here, d/D =~ 0.6 is
used from Figure 5. Therefore, the number ratio of atoms
in the quasiliquid MgO droplet can be estimated to be
Mg:0 =~ 1:1.28, containing excess oxygen. The density
of Mg in the quasiliquid MgO droplet would be almost
constant, independent of the particle size, as shown in
Figure 5. This is consistent with the constancy of the ratio
d/D.

A following trapping mechanism was considered for
the nanoparticles levitated in the plasma. The forces acting
on the charged nanoparticles levitated in plasmas were
electrostatic force, ion drag force, thermophoresis, gravity,
and neutral drag by the gas flow. Here, thermophoresis was
negligible because of no heating. Since the nanoparticles
were deposited on upper and lower sides of the glass
plates placed parallel to the horizontal direction, the gravity
was unimportant. Neutral drag by gas injection was also
negligible because it acted mainly in the horizontal direction.
Therefore, ion drag force would play a key role for the particle
transport toward the glass plates.

5. Conclusion

In conclusion, RF impulse plasma was produced within a
space between narrow glass plates using an Mg rod electrode
system. It was found that hollow nanospheres were deposited
on the glass plate surface. The particles were predominantly
deposited on the glass substrate close to the inner Mg rod
electrode. From the TEM image and electron refraction pat-
terns, these hollow nanospheres were found to be composed
with MgO single crystal. The average size of the particles
was several 100 nm. Further, the formation processes of such
spherical particles were discussed. A melting process of the
particles by the ion bombardment was considered during the
growth of MgO nuclei and cluster. Cooling process starting
from the outer surface of the particles will confine excess
oxygen in the core, resulting in formation of a hollow sphere
made of MgO single crystal. It is demonstrated that the RF
impulse discharge system employed here is very useful for
the formation of MgO hollow nanospheres.
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